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ABSTRACT

The isotope composition of barium (Ba) in the mineral barite (BaSO4) is emerging as a powerful tracer
of the pelagic Ba, carbon, and sulfur cycles. However, it is critical to identify and constrain processes
that may alter the primary isotope composition of Ba, §'38Ba, in BaSO4, particularly during early
diagenesis. To this end, we analyzed the Ba isotope composition of porewaters and co-located BaSO4
in sediments from the Equatorial Pacific and performed a series of laboratory experiments with these
same BaSO4 to assess rates of Ba isotope alteration. We find that sedimentary BaSO4 exhibit Ba isotope
compositions ~+0.1%o and are offset by ~ —0.16%o relative to ambient porewaters. Experiments using
isotope-labeled seawater show extensive and rapid transfer of Ba ions between the solid and fluid phase
through coupled BaSO4 dissolution-precipitation, even at chemical equilibrium. Using published values
for Ba isotope fractionation during BaSO4 precipitation and dissolution, we calculate that co-located
BaSO4 and porewaters should exhibit Ba isotope offset of —0.17%o at isotopic equilibrium, similar to
the offsets observed in Equatorial Pacific sediments. Altogether, the field data, laboratory experiments,
and calculations indicate that ion exchange occurs in Equatorial Pacific sediments and that this process
also drives the observed Ba isotope offsets between pelagic BaSO4 and porewaters. This finding implies
that ion exchange may alter the isotope composition of Ba in sedimentary BaSO4, though the degree of
alteration will depend on the proportion of Ba held in the solid phase. More broadly, this study provides
an example of how ion-exchange-mediated processes are widespread in marine geochemistry and that

these processes likely affect other metals and minerals beyond Ba and BaSOj.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Barite (BaSO4) in pelagic sediments has long been used as an
archive of seawater isotope compositions of sulfur, oxygen, stron-
tium, and calcium, as well as the impacts of microbial sulfur
cycling on seawater sulfur isotopes (Paytan et al., 2004, 2002;
Turchyn and Schrag, 2006, 2004). In addition to its chemistry, the
accumulation rate of BaSO4 in pelagic sediments offers a record of
marine export productivity over centennial to millennial timescales
(Dymond et al., 1992; Paytan and Griffith, 2007). Recent advances
in Ba stable isotope geochemistry have added a new dimension for
studying Ba cycling, including refinement of the global marine Ba
cycle (Cao et al.,, 2020; Crockford et al., 2019; Horner et al., 2015;
Hsieh et al., 2021; Hsieh and Henderson, 2017), tracking Ba sources
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to aquatic and marine environments (Bridgestock et al., 2021; Cao
et al., 2021, 2020; Guo et al,, 2020; Hodgskiss et al., 2019), tracing
deep water mass mixing (Bates et al., 2017; Geyman et al., 2019;
Hemsing et al., 2018; Horner et al., 2017), and reconstructions of
Ba cycling from the rock record (Bridgestock et al., 2019; Yu et al.,
2022; Zhang et al., 2022). The latter application assumes, implic-
itly or otherwise, that BaSO4 accurately preserves the primary Ba
isotope composition set during mineral formation. However, this
assumption has yet to be fully investigated during early diagenesis,
that is, during the chemical changes which occur after deposition
and burial of the mineral on the seafloor.

Barite diagenesis under anoxic, suboxic, and sulfidic conditions
is well studied (Gingele et al., 1999; McManus et al., 1998; Rutsch
et al., 1995), and morphological and geochemical criteria exist to
screen sedimentary BaSO4 for diagenetic alteration that occurs un-
der these conditions (e.g., Griffith and Paytan, 2012). Under oxic,
sulfate-replete conditions, chemical alteration of many sulfate min-
erals, including BaSO4 has also been observed without visible
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changes to crystal morphology (Gorski and Fantle, 2017; Klinken-
berg et al., 2014). In these cases, alteration occurs through surface-
mediated processes that allow ions to exchange between the min-
eral and a surrounding fluid without affecting the morphology of
the mineral itself (Bosbach et al., 2010; Brandt et al., 2015; Curti et
al,, 2010; Klinkenberg et al., 2014; Torapava et al., 2014; Vinograd
et al, 2013). A recent study showed that the isotope composi-
tion of Ba in synthetic BaSO4 is susceptible to alteration through
surface-mediated ion exchange under oxic, sulfate-replete ambient
conditions (Middleton et al., 2023); however, it is unknown if sim-
ilar alteration of Ba isotopes occurs for pelagic BaSO4 buried in the
oxic, sulfate-replete sediments found in the marine environment.
Here, we investigate the potential of ion-exchange-mediated di-
agenesis to alter the Ba isotope composition of pelagic BaSOj.
To achieve this, we studied the Ba isotope composition of sedi-
mented pelagic BaSOy4, co-located porewaters, and the overlying
water column in samples collected from the Equatorial Pacific.
These sediments offer an ideal opportunity to evaluate the role of
ion-exchange-mediated diagenesis, as sedimentary pelagic BaSO4
and porewaters remain in contact over millennia (Murray et al.,
1995). We first report results which identify the presence and rate
of ion exchange (Rjx) between modern pelagic BaSO4 and seawa-
ter using bench-top isotope tracer experiments. These rates were
then compared to modeled rates of ion exchange between pore-
waters and BaSO4 in sediment cores from the Equatorial Pacific.
We then constructed a two-box model of porewater-BaSO4 interac-
tions in the sediments, which implies significant fluxes of Ba ions
between the mineral and fluid. These fluxes occur with porewaters
near chemical equilibrium with respect to BaSO4 and affects the Ba
isotope composition of BaSO4 and dissolved Ba in porewaters. The
rate of ion exchange, associated rate constants of BaSO4 precipi-
tation, and magnitude of Ba isotope fractionation derived through
the model agree well with laboratory results and prior literature.
These findings suggest that ion-exchange-mediated diagenesis is
an important control on Ba isotope compositions in sedimentary
porewaters and, in some environments, co-located BaSOyj.

2. Methods

2.1. Field setting and sampling

Field samples were collected in the Equatorial Pacific in 1992
(sediments and porewaters) and 2016 (seawater; Fig. 1). Full sam-
pling protocols for sediment and porewater collected during the
Joint Global Ocean Flux Study (JGOFS) TTNO13 may be found in
Paytan and Kastner (1996). Briefly, sediments were collected using
a multi-corer and had well-preserved sediment-water interfaces.
Sub cores were transferred to a 2 °C cold room immediately upon
arrival onboard and sectioned in a nitrogen atmosphere glove-
box. Porewaters were extracted by centrifugation and filtered to
0.45 pm through a pre-washed Nucleopore filter, then acidified to
pH 2 with nitric acid. Cores were oxic and sulfate replete over
the depth sampled (Paytan and Kastner, 1996). Barite samples
were previously separated by Paytan and Kastner (1996). Seawa-
ter samples from the ProteOMZ expedition (FK160115; Saunders
et al,, 2022) were collected using Niskin-X bottles mounted on
a trace metal rosette and filtered in a fabricated cleanroom on
the ship. Samples were filtered to 0.2 pm through acid-washed
polyethersulfone (PES) filters and collected into acid-washed high-
density polyethylene (HDPE) bottles, then acidified to pH 2 using
hydrochloric acid. Samples were stored for three years prior to
analysis. Exact sample coordinates and identifiers are found in Ta-
ble 1.
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Fig. 1. Sampling sites for the Joint Global Ocean Flux Study (JGOFS) and ProteOMZ
projects. Exact sampling coordinates for water column, sediment, and porewater
samples are given in Table 1. Surface silicate concentration from World Ocean Atlas
(Garcia et al., 2018) is shown as a proxy for dissolved surface [Ba].

2.2. Isotope-tracer experiments

A matrix experiment was carried out to assess the rate of
ion exchange between seawater and BaSO4. Two types of sea-
water were tested—filtered seawater (FSW) from Vineyard Sound,
Massachusetts, and artificial seawater (ASW)—as were two types
of BaSOg4: natural, isolated from Equatorial Pacific sediments, and
synthetic (Alfa Aesar BaSO4 powder; Lot #24177). Filtered seawater
was used to identify whether Ba ion exchange occurred in nat-
ural seawater and whether there were any differences compared
to artificial seawater (ASW). Filtered seawater was collected at the
Environmental Systems Laboratory at Woods Hole Oceanographic
Institution (WHOI) using the flow-through seawater system and
collected into 1 L acid-washed HDPE bottles, then filtered through
a 0.4 pm acid-washed PES membrane in a clean room. Experimen-
tal setup, seawater-, and BaSO4-characteristics are given in Table 2.

The rate of Ba ion exchange between BaSO4 and fluid was quan-
tified following the protocol of Middleton et al. (2023). Briefly,
a known quantity of BaSO4 powders were added to a fluid and
kept under constant agitation for a period of up to six months. In
each experiment, the dissolved pool was amended with a solution
enriched in 136Ba, such that (*®Ba:'**Ba)qyignitiat = 0.35 + 0.03
(£2SE, n =4). The BaS0Oy, in contrast, possessed natural Ba isotope
abundances (i.e., 3¥Ba:13%Ba ~ 9.1; de Laeter et al., 2003). Thus,
if ion exchange were to occur between BaSO4 and dissolved Ba,
(138Ba:136Ba)q,iq would evolve from the initial value toward nat-
ural abundances. Barium-136 additions were adjusted to achieve
Qparite of 1.3, calculated using the aqueous geochemical modeling
program PHREEQC (Parkhurst and Appelo, 2013). The slight ini-
tial oversaturation was intended to limit dissolution of BaSOy4, such
that changes in (133Ba:'36Ba)g,iq should derive solely from ion ex-
change. Initial conditions for experiments are shown in Table 2.
Aliquots of 2 mL were sampled over 174 d and filtered through a
0.22 pm PES membrane filter prior to analysis of (13Ba:135Ba)qy;q.
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Table 1
Sites of porewater, sedimentary BaSO4, and water column data. In some cases, geographically near sites are considered together. This is indicated by the sample group.
Sample group Water column Pore fluid BaSO4
name Cruise Stn Lat Long Cruise Core Lat Long Core Lat Long
4°N K 11 4.00 —140.00 JGOFS MC113 4.04 —139.85 MC113 4,04 —139.85
Eq 160115 12 0.00 —139.80 EqPac MC48 0.12 —139.74 MC48 0.12 —139.74
5°S 13 —4.23 —142.23 TT013 MC34 —4.97 —139.74 MC27 —2.89 —139.83
Table 2
Initial conditions for isotope-tracer experiments.
ID Fluid?® Barite® Fluid mass Barite mass Initial [Ba] +2SE Lbarite® Initial
(2) (mg) (nmolL™1) ("38Ba/"*Ba)ayiq
ASW1 Artificial SW Synthetic 1018.5 13 282 14 0.9950 0.32
ASW2 Artificial SW Pelagic 1017.2 15 283 14 0.9956 0.33
FSW1 Filtered SW Synthetic 1017.4 17 272 14 0.9963 0.38
FSW2 Filtered SW Pelagic 1016.0 13 273 14 0.9951 0.37

2 Artificial seawater was prepared following Smith et al. (1975) and brought to pH ~ 8.1 by the addition of concentrated potassium hydroxide (KOH) solution. Filtered
seawater was collected 400 ft offshore from 4.5 m and filtered to 0.4 pm using a Supor polyethersulfone filter.
b Synthetic BaSO4 (Puratronic, Alfa Aesar Lot #24177) and marine pelagic BaSO4 from 4°N site (JGOFS TTNO13 Stn117 MC7 at 15 cm downcore).

€ Fraction of Bagyta in BaSO4, where Bagrai = Bagissovied + Babarite-

A control experiment was used to assess Ba adsorption onto
bottle walls. This experiment was conducted under the same con-
ditions as the isotope-tracer experiments, with two differences:
dissolved Ba came from a BaCl, - HO solution (possessing nat-
ural Ba isotope abundances) and no BaSO4 was added. The control
experiment was sampled at its initiation and at 180 d.

2.3. Sample preparation and analysis

2.3.1. Sample preparation

Barite samples were dissolved through an alkaline dissolution
in perfluoroalkane vials by addition of 1 M Na;CO3 solution to
form (Ba,Ca)COs3 as in Breit et al. (1985). The Na;CO3 solution was
added to achieve BaSO4:NayCO3 of 1:10 by mass, then 18.2 MQ
water was added such that there was 10 mg of BaSO4 per 2 mL
of solution. Samples were then sonicated for 60 minutes at room
temperature and then heated to 80°C for >16 h. After cooling,
the fluid was decanted and two further rounds of Na;CO3 addi-
tion, sonication, heating, and decantation were performed. Samples
were rinsed with 18.2 M water and the remaining solid, BaCOs,
dissolved with 2 M HCl. An aliquot of this solution was equili-
brated with a 13Ba-135Ba double spike of known concentration to
achieve a spike- to sample-derived [Ba] ratio of between 1-2 and
reconstituted in 250 pL of 2 M HCI ready for ion-exchange chro-
matography.

Porewater and seawater samples were prepared for Ba isotope
analysis following the procedure outlined in Bates et al. (2017).
Briefly, dissolved samples were equilibrated with the double spike
and then co-precipitated into (Ba,Ca)CO3 by drop-wise addition of
1 M Na,COs. The precipitate was then dissolved in 250 pL of 2 M
HCI for chromatography.

Barium was purified from matrix elements by passing all sam-
ples twice through 500 pL of AG 50W-X8 (200-400 mesh) cation-
exchange resin (Bio-Rad), following the protocol described by
Horner et al. (2015).

2.3.2. Sample analysis

Purified Ba was analyzed for Ba isotopes using a ThermoFinni-
gan Neptune multi-collector inductively coupled plasma mass
spectrometer in the WHOI Plasma Facility. Isotope compositions
were calculated using the three-dimensional geometric interpre-
tation of the double-spike problem (Siebert et al., 2001) with
additional processing for isobaric corrections (36Xe and 136Ce
on 136Ba, 138Ce and '38La on 13%Ba; Horner et al,, 2015). Barium

isotope compositions were calculated relative to NIST by standard-
sample bracketing. Four procedural blanks were found to range
from 305 to 489 pg, below the long-term average NIRVANA Labs
procedural blank (692 pg). A further four analytical blanks were
found to range from 14 to 301 pg. The contribution of the high-
est blank to the sample with the lowest [Ba] was < 3%. Given the
low blank contribution and poor constraints on the true Ba isotope
blank value, no blank correction was applied. Barium isotope com-
positions are reported as deviations in the 13¥Ba/!3Ba ratio in a
sample relative to the NIST SRM 3104a standard, hereafter ‘NIST":

8"3%Ba (%) = [(**®Ba/"**Ba)sample/('**Ba/"**Ba)nist — 1] x 1000.
(1)

Uncertainties are reported as either a long-term measurement of
uncertainty (2 SD about the mean; & 0.03%., Horner et al., 2015)
or pooled 2 SE from n sample analyses, whichever was greater.

Accuracy of isotope measurements was monitored by process-
ing two internal reference materials alongside samples: the Alfa
Aesar BaSO4 powder and GEOTRACES SAFe D1 (northeast Pacific
seawater; 1,000 m). The BaSO4 and SAFe D1 possessed §'38Ba =
—0.02 £ 0.03%0 and +0.33 & 0.04%o, in agreement with previ-
ous measurements of —0.04 £+ 0.07%o (n = 7, +2SE; TJ. Horner
pers. comm.) and +0.31 £ 0.03%o (Cao et al., 2020; Geyman et al.,
2019; Hsieh and Henderson, 2017), respectively.

A 100 pL aliquot was taken from the isotope tracer subsam-
ples and diluted to 1900 pL with 2% HNOs and spiked with 100 pL
indium (In)—an internal standard—to achieve a final [In] of 1 ng
mL~!. All samples were diluted and measured at a salinity of 1.75
to minimize non-spectral matrix effects. Filtered samples were an-
alyzed for 138Ba:136Ba on a reverse quadrupole ICP-MS (iCAP-RQ,
Thermo Fisher Scientific) and measurement uncertainty was calcu-
lated to be & 0.05 in ('3®Ba:13%Ba) space.

3. Results
3.1. Environmental data

3.1.1. Barium in the water column of the equatorial Pacific

Seawater in the Equatorial Pacific show the characteristic verti-
cal profile of [Ba]sw, with low surface values (~30 nmol L~!) and
higher values at depth (~140 nmol L~!; Fig. 2). In all locations,
[Ba]sw is constant in surface waters above ~200 m, where [Ba]sw
=344 1 nmol L~! and §'3¥Ba = 40.60 £ 0.01%o (n = 17, £2SE)
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Fig. 2. Ba concentration in the water column (diamonds), bottom water (inverted pentagons), and porewaters (inverted triangles). The mean deep water [Ba] is shown as
dark blue shading in the water column. Sampling location of the water column and sediment are notated in the top right and bottom right corners, respectively. Porewater
[Ba] originally measured by Paytan and Kastner (1996) are shown in lighter shades in the sediment. The slightly greater [Ba] measured here reflects evaporation during 25 y

of storage, with four samples significantly evaporated.
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Fig. 3. Ba isotopes in the water column (squares), bottom water (pentagons), and porewaters (triangles). The mean deep water §'38Ba is shown as dark blue shading in the
water column. Sampling location of the water column and sediment are notated in the top left and bottom right corners, respectively. Sample evaporation during 25 y of

storage does not affect §'38Bapyy.

before decreasing toward deep-water values of [Ba]sw = 125 +
3 nmol L™! and §'38Ba = 4+0.26+ 0.03%0 (n = 12, +£2SE). Bar-
ium concentration profiles in this region co-vary with dissolved
silicate, whereby both elements exhibit maxima near 2,500 m (Fig.
S1). Values of §'3®Ba generally mirror [Ba]sw, becoming isotopi-
cally heavier as [Ba]sw decreases, in agreement with published

profiles (Figs. 2 & 3; Horner et al., 2015); thus, samples from this
region also fall along the §'38Ba-1/[Ba] array (Fig. 4).

3.1.2. Barium in the sediments and porewaters of the equatorial Pacific

In the Equatorial Pacific sediments, the §'3®Ba of BaSO4
(8138Bap,yice) are consistent between sites with a mean of 4+0.09 =+
0.03%0 (n = 32, £2SE; Fig. 5), similar to those of suspended par-
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Fig. 4. Global array of 1/[Ba] and §'*®Ba in the water column (diamonds) and bot-
tom water (inverted pentagon). Porewaters (inverted triangles) are also plotted.
Water column measurements previously made by Horner et al. (2015), Bates et
al. (2017), Hsieh and Henderson (2017), Bridgestock et al. (2018), Hemsing et al.
(2018), Geyman et al. (2019), and Cao et al. (2020) are in grey. Newly produced wa-
ter column and bottom water data fall along the global array, whereas porewater
data do not.

ticulate Ba (Horner et al., 2017; Cao et al., 2020) and the predicted
Ba isotope composition of sedimented pelagic BaSO4 (Bridgestock
et al., 2018). Barites are offset from surface waters (0 - 200 m)
by A'®Bapaite-dga = —0.51 £ 0.03%0 (n = 32, £2SE), where
AV38Bap ite-dpa = ' 38Baparite — 8!13%Bagp,. This value is in line
with the magnitude of fractionation previously observed between
pelagic BaSO4 and dissolved Ba in marine environments (Bridge-
stock et al., 2018; Horner and Crockford, 2021).

Porewater [Ba] ([Ba]pw) are similar between sites and agree
with previously measured [BaJpw for the same samples, though
four samples exhibited significant evaporation during storage
(Fig. 2; Paytan and Kastner, 1996). Excluding these samples, the
sites had a mean [Ba]pw of 288 + 23 (£2SE, n =11), 325 4+ 39
(£2SE, n=9), and 261 + 41 (£2SE, n =8) nmols L~! at 5°S, the
Equator, and 4°N, respectively. Porewater profiles exhibit a maxi-
mum of ~300-400 nM at the sediment surface before decreasing
to a relatively constant value by 1.5 cm core depth (266 £ 21 nmol
L=1, n = 21, £2SE).

Porewater 5'38Ba (§138Bapy) are also similar between sites.
Porewaters exhibit mean §133Bapw of +0.28 + 0.04%o (£2SE, n =
11), +0.26 + 0.03%0 (£2SE, n =9), and +0.25 + 0.02%¢ (£2SE,
n = 8) at 5°S, the Equator, and 4°N, respectively (Fig. 3). Seawa-
ter Ba isotopes measured within 5 m of the sediment surface were
found to be +0.24 £ 0.03%o (£2SE, n =2), +0.19 & 0.03%o (+2SE,
n=1), and +0.25 £ 0.03%o (£2SE, n = 1) at 5°S, the Equator, and
4°N, respectively (Fig. 3). These values were similar to core-top
8138Bapy at 4°N and 5°S and slightly lower than §138Bapy at the
Equator. Notably, §'38Bapy is heavier than co-located §'3®Baprite
at all locations by between 0.09 and 0.25%q.

3.2. Isotope-tracer experiments

The rate of Ba ion exchange between BaSO, and dissolved
Ba was quantified through a series of experiments whereby al-
most all dissolved Ba in ASW was represented by dissolved
1363, whereas BaSO4 possessed natural isotope abundances. Ini-
tial (138Ba:136Ba)g,iq was 0.32 + 0.002 in experiments using ASW
(n = 3, +2SE) and 0.36 + 0.004 in experiments using FSW (n =
3, +2SE). The ('38Ba:136Ba),iq of the synthetic BaSO4 was 9.13 +
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0.3 (n = 3, + 2SE). Similarly, pelagic BaSO4 had ('3®Ba:'36Ba)qiq
= 913 £ 0.01 (n = 25, £ 2SE). Adsorption of Ba to vessel walls
was assessed using a control trial containing no BaSO4; [Ba] was
invariant over 180 days, indicating no significant adsorption (Mid-
dleton et al, 2023; Fig. S2). The highly varying proportions of
136Ba and '3%Ba in solution preclude the calculation of [Ba] us-
ing a conventional external calibration. Instead, we use the total
(138Ba4136Ba)q,,q ion beam intensities, as ion counts per second
(CPS), to qualitatively monitor the Ba content of fluids at each
timepoint, assess potential changes in (138Ba:136Ba)q,iq due to any
initial dissolution of BaSO4, and monitor the approach to chemi-
cal equilibrium. Chemical equilibrium was assumed to occur when
[Ba] is no longer changing, which we defined as being the case
when at least three consecutive time points had (138Ba+'3¢Ba)qyiq
CPS within analytical uncertainty of one other. In the ASW2, FSW1,
and FSW3 trials, the system remained at chemical equilibrium for
the duration of the experiment (174 d; Fig. S3). The ASW1 trial
reached chemical equilibrium after 2.7 hours following an initial
increase in [Ba].

After attaining chemical equilibrium, (1*®Ba:'36Ba)qyiq of all tri-
als continued to evolve toward (!38Ba:'36Ba)iq (~9.13; Fig. 6).
In ASW1 and ASW2, (138Ba:136Ba)q,iq progressed significantly to-
ward (138Ba:136Ba),,;iq over 174 d, reaching values of 6.34 and
8.44, respectively. The FSW1 and FSW2 trials showed significantly
smaller changes in ('38Ba:13Ba)q,;q, reaching values of 1.89 and
1.34, respectively. In each experiment, the solid fraction (BaSO4)
contained the vast majority of Ba in the system, which we quan-
tify using Lparite. Here, Lparite refers to the fraction of Ba in the
BaSO4-fluid system held by BaSO4. Due to the high Lp,ee of all
trials (mean of 0.9955), the fluid phase had little leverage to al-
ter (138Ba:136Ba)iq (Table 2). Indeed, at such high Lyite, €ven
complete uptake of all dissolved *6Ba into BaSO4 would impart
a maximum possible change in (138Ba:!3Ba)siq of 0.04. As this
is the same magnitude as analytical uncertainty, ('3¥Ba:'36Ba)qiq
was not monitored over the course of the experiment.

4. Discussion

4.1. Barium isotope equivalence between porewaters and bottom
waters: chicken or egg?

The Ba isotope distribution in the water column is thought
to be largely set by three processes: BaSO4 formation in surface
waters, which preferentially removes isotopically light Ba from
seawater with an offset of ~ —0.5%o¢, non-fractionating regener-
ation of BaSO4 at depth, and conservative mixing of water mass
8138Ba and [Ba] along the global overturning circulation (Fig. 3;
Horner and Crockford, 2021). Assuming the same processes gov-
ern the relationship between [Balpw and 8'*®Bapy near chemi-
cal equilibrium, we can predict two characteristics of sedimented
BaSO4 and associated porewaters in the Equatorial Pacific: 1) that
8138Bay e Of sedimented pelagic BaSOy4 is offset from the over-
lying surface ocean §'38Ba by A'3®Bapite.dga &~ —0.5%0 (Horner
and Crockford, 2021) and 2) BaSO4 dissolution will lead to pore-
water with §'38Bapy ~ 813Bap,ite across a range of [Ba]pw in
the oxic sediments studied here (Murray and Grundmanis, 1980;
Paytan and Kastner, 1996). In the first case, the observed over-
lying water column composition of §38Ba = 40.60 & 0.01%0 (n
= 17, £2SE; Fig. 3) is expected to produce pelagic BaSO4 with
8138Bap i &~ +0.10%0. As expected, BaSO4 measured here have
an average value of §138Bapyrie = +0.09 +0.03%0 (n = 32, +2SE;
Fig. 5).

However, in the second case, we do not observe the expected
result, whereby 8'33Bapw = 8'3®Bay,,rite. Rather, §'38Bapy is gen-
erally more enriched in heavy Ba isotopes than expected by non-
fractionating BaSO4 dissolution, with porewaters offset from co-
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located BaSO4 by +0.16 & 0.04%0 (n = 11, +2SE) on average
(i.e., A13®Bapyrite-dpa = —0.16 & 0.04%o). Intrusion of bottom water
(BW) into sediments is unlikely to explain §!38Bapw as there is a
significant concentration gradient between [Ba]gw (=125 nM) and
[Ba]pw (~300-400 nM). Indeed, Paytan and Kastner (1996) iden-
tified that these porewaters were a net source of dissolved Ba to
bottom water, consistent with other literature showing a general
efflux of dissolved Ba from sediments to overlying bottom water
(e.g., McManus et al., 1998). Sustaining the Ba concentration gradi-
ent between porewaters and bottom water requires an additional
source of Ba to porewaters, such as dissolution of various sed-
imentary phases (e.g., organic matter, carbonates, BaSO4; Paytan
and Kastner, 1996). Porewaters in these particular Equatorial cores
are close to chemical equilibrium with respect to BaSO4 after the
first few centimeters with no significant change in §'3®Bapasite as
[Balpw decreases, indicating pelagic BaSO4 as the dominant source
of BaSQ4, rather than net authigenic precipitation (e.g., Paytan and
Kastner, 1996). Thus, the Ba isotope offset between porewaters and
co-located BaSO4 requires another process operating in the sedi-
ments themselves. One possibility is that there is benthic precip-
itation of BaSO4 within porewaters. Given a porewater Ba source

with §138Bapy ~+0.25%0, net authigenic precipitation would be
expected to drive §'3®Bap,ie <<+0.1%o, unless the fractionation
factor was significantly smaller than that previously observed in
laboratory and field settings (between —0.3 and —0.5%o). Such
a scenario is certainly possible since several studies showed that
mineral-fluid isotope fractionation factors are sensitive to the rate
of mineral precipitation (DePaolo, 2011), solution chemistry (Tang
et al., 2012; Wasylenki et al., 2008), and pressure (Polyakov and
Kharlashina, 1994). These effects are, however, unconstrained for
Ba in barite-fluid systems.

An alternative explanation is that Equatorial Pacific sedimen-
tary BaSO4 and co-located porewaters are at isotopic equilibrium.
Indeed, the observed offset of A'38Bap,rite-dga = —0.16 £ 0.04%0
(n = 11, £2SE) observed in the Equatorial Pacific sediments is
identical, within uncertainty, to that observed for BaSO4 in equi-
librium with seawater-like fluids that have undergone significant
ion exchange (A'*®Bay,rite-dga = —0.10 & 0.05%0; Middleton et al.,
2023). While the similar offsets could be coincidental, it is also
possible that ion exchange similarly occurs in Equatorial Pacific
sediments. To test this, we performed isotope-tracer experiments
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to determine the magnitude and rates of ion exchange between
pelagic BaSO4 and seawater, described next.

4.2. Evidence of ion exchange in sedimentary barite from the equatorial
Pacific

4.2.1. Isotope-tracer experiments

Isotope-tracer experiments were used to assess whether ion
exchange occurred between Equatorial Pacific BaSO4 and dis-
solved Ba. To accurately interpret variations in (1*®Ba:!36Ba)qiq,
we first rule out two unrelated processes which may influence
(138Ba:136Ba)qiq: Ba adsorption onto reactor walls and net BaSO4
dissolution. We assume that any net precipitation has a neg-
ligible effect on (!3%Ba:'3®Ba)g,iq, as the magnitude of change
in (138Ba:136Ba)q,q is well beyond what is possible by isotope
fractionation during BaSO,4 precipitation. Dissolved [Ba] remained
constant over 180 d in a control experiment, implying that ad-
sorption is negligible (Fig. S2), in agreement with the findings
of Heberling et al. (2018). Net BaSO4 dissolution would increase
(138Ba:13%Ba)gyiq, as (13¥Ba:130Ba)yarite>>(138Ba:13%Ba)gyiq at the
start of each experiment. In ASW2, FSW1, and FSW2, [Ba] in the
fluid was invariant, indicating no net dissolution of BaSO4 (Fig.
S3). In ASW1, Ba in the fluid increased upon BaSO,4 addition, in-
dicating net dissolution. We calculated a conservative estimate of
the related change in ('3®Ba:136Ba)q,iq using a two-endmember
isotope mixing equation (see Supplement for full calculation). In
ASW1, initial BaSO4 dissolution increased ('38Ba:13Ba)q,q by 0.27,
a small fraction of the final value of 6.34. Thus, having ruled out
significant adsorption of Ba to reactor walls and constrained the
influence of net BaSO4 dissolution, we interpret further changes in
(138Ba:136Ba)q,iq as representative of ion exchange between dis-
solved Ba and BaSQy4.

For all experiments, (138Ba:13%Ba)q,iq increased toward (13¥Ba:
136Ba)iite Of ~9.13 (Fig. 6). The magnitude of the increase was
strongly dependent on the nature of the fluid, but not the solid;
natural and synthetic BaSO4 behaved similarly to one another in
each fluid. That is, ASW1 and ASW2 approached (13¥Ba:136Ba)qiq
final values of 6.34 and 8.44 over 174 d, respectively. Compara-
tively, FSW1 and FSW2 approached final (138Ba:136Ba)q,q values
of 1.89 and 1.34 over the same time period. For experiments with
the same fluid source, differences in final (3®Ba:136Ba)q,;q closely
track Lparite (Fig. S4). As ion exchange is a surface-mediated pro-
cess, an increase in apparent exchange rate with available surface
area (i.e., Lparite) is consistent with previous findings (e.g., Heber-
ling et al., 2018; Middleton et al., 2023; Vital et al., 2020; Zhen-Wu
et al,, 2016).

We used a numerical model of ion exchange to quantify Rjx
(hereafter the “Tracer Model”; see Supplement for a full descrip-
tion). Briefly, Rix was calculated by fitting fluid data to a time-
dependent model of mineral-fluid ion exchange. Tracer Model ini-
tialization accounted for reactor-specific parameters, including ini-
tial [Ba], solution volume, and the mass of BaSO4. The Rjx was
adjusted to minimize the residual sum of squares between exper-
iment data and model output. lon exchange rates were calculated
to encompass the range of BaSO4 crystal diameters observed in the
ocean, 0.5 to 5 pm (Yao et al., 2021), and surface area-normalized
assuming spherical grains to allow comparison of Rjx between re-
actors containing differing quantities of BaSO4. The isotope tracer
experiments using ASW produce modeled Ry between 5.3 and
9.7 pmolm~2s~!, in agreement with previous studies (Table 3).
In contrast, experiments using FSW exhibited lower Rjx between
0.8 and 1.0 pmolm~2s~'. The reason for slower Ry in FSW is
not immediately apparent, since both the ASW and FSW had sim-
ilar concentrations of major marine salts and trace metals, Lparite,
and pH. Given these overall similarities in inorganic chemistry and
the similar rate behavior for both natural and synthetic BaSO4, we
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speculate that the slower rate of exchange in FSW may relate to
the presence of dissolved organic matter, which may complex Ba or
otherwise influence ion activities at the mineral-fluid interface and
inhibit reactivity. Similar organic matter mediated reaction inhibi-
tion has been suggested to slow dissolution of calcite (Naviaux et
al,, 2019). Regardless, our isotope-tracer experiments offer strong
evidence of ion exchange in both synthetic and natural BaSO4 and
in both ASW and FSW.

4.2.2. Comparison of ion exchange rates with previous estimates

The isotope-tracer experiments show that Equatorial Pacific
BaSO4 incubated in natural seawater at ambient conditions un-
dergo of ion exchange at rates ~1 pmolm~2s~!. We now put
these rates into context by comparing them against Rjx calculated
by mass balance for the sediments of the Equatorial Pacific sedi-
ments and previously measured literature values. First, mass bal-
ance calculations using a two-box model in which ion exchange
was allowed were used to constrain environmental Rjx (Fig. 7).
Calculations assumed: (1) the Ba distribution in the sediments is
at steady state; (2) the rates of burial, export, and efflux may be
parameterized as described by previous literature for this region
(Paytan and Kastner, 1996; Table S1); (3) Ba ion exchange is al-
lowed between BaSO,4 and Bapyw and these are the only Ba-phases
capable of ion exchange (Fig. S5; see Supplement for full equa-
tions). As in the Tracer Model, Rix was calculated assuming BaSOg4
crystal diameters of 0.5 and 5 pm and surface area-normalized as-
suming spherical grains. As in previous studies, Rix is taken from
the forward rate of Ba exchange into BaSO4 (Bosbach et al., 2010;
Curti et al., 2010; Torapava et al., 2014; Brandt et al., 2015; Heber-
ling et al., 2018). For 5 pm grains, environmental Ry for the 5°S,
Equator, and 4°N sediments are 0.51, 0.57, and 0.34 pmolm—2s~ I,
respectively (Table 3). The modeled environmental Rjx of 0.34 to
0.57 pmolm~2s~! agree well with the Tracer Model results for
modern pelagic BaSO4 in FSW of 0.8 pmolm~2s~! (Table 3).

To allow a second point of comparison, the forward rate con-
stant (k) was calculated using the rate of ion exchange following
the formulation of Kang et al. (2022), where

B —0.25
Rix=k ! L
Ix="%f . [Balpw 2
2. 10w g5

5 <[Ba]PW.[SO4])O‘5_1 2 (2)
ksp,barite

—Ea (1 1
xexp| — | = —=—=—=—=) 1.
[ R (T 298.15)]

with the apparent activation energy Ea = 30 kjmol~! (Palandri
and Kharaka, 2004), the gas constant R, [SO4] = 29 mM (Blake et
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Table 3
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Modeled rates of Ba ion exchange (Rjx) into BaSO4 from experimental and field data. High and low estimates for the modeled Rjx represent the rate assuming a BaSO4 crystal
diameter of 5 and 0.5 um, respectively, spanning the range of pelagic BaSO4 crystal sizes (Yao et al., 2021). For previous works, the maximum and minimum Rjx are provided
for comparison. However, we note that prior studies investigated Ba ion exchange in far-from-marine conditions. The one exception comes from Curti et al. (2010), whose
slowest Rix occurred in a trial investigating ion exchange at near neutral pH in highly ionic fluids. The rate constant of the forward reaction (ks) was calculated follow Eq
(2) for the 5 um grain size and represents the upper estimate for this value. Predicated k; for marine and aquatic environments from Kang et al. (2022) are provided for

comparison.
Site Lbarite Rix, 0.5 um grains  + 2SE Ry, 5 pm grains +2SE  [Ba]/[SO4] kg A38Baparite.dpa = 2SE
(pmolm~2s~1) (pmolm—2s~1) (nM/mM)  (pmolm~2s~1') (%)

ASW, synthetic BaSO4 0.9949 0.53 53
ASW, modern pelagic BaSO4  0.9956 1.0 9.7
FSW, synthetic BaSO4 0.9963 0.10 1.0
FSW, modern pelagic BaSO4 0.9951 0.08 0.8
5°S, JGOFS TT013 M(C34 0.9993 0.05 0.001 0.51 0.01 1.20E-05 212 —-0.14 0.20
Equator, JGOFS TT013 M(C48 0.9998 0.06 0.001 0.57 0.01 1.20E-05 8.8 —0.12 0.60
4°N, JGOFS TT013 MC113 0.9998 0.03 0.001 0.34 0.01 1.20E-05 7.8 —0.18 0.50
Curti et al. (2010) 0.9900 28 16

0.9974 567 255
Torapava et al. (2014) 0.99998 174

0.99996 694
Brandt et al. (2015) Not reported 5

Not reported 4630
Heberling et al. (2018) Not reported 110 60

Not reported 1400 200
Kang et al. (2022) Seawater 3.87E-06 0.8

Groundwater 4.66E-04 46.0
River water 3.78E-03 175.0
al,, 2006), and temperature and pressure corrected pks, = —8.39 Ry, steady state mass balance of §'38Bapy and 8'38Bap,ie neces-

(Rushdi et al.,, 2000). Using this formulation, ks for the 5°S, Equa-
tor, and 4°N sites are 212, 8.8, and 7.8 pmolm~2s~! and fall
between ky predicted for seawater and groundwater (Kang et al.,
2022; Table 3). The agreement between modeled Rix in sediment
cores and experiments, combined with the agreement between
calculated and predicted ky, suggests that ion exchange of Ba oc-
curs between porewaters and BaSO4 in the Equatorial Pacific.

4.2.3. Evaluation of the significance of ion exchange in equatorial
Pacific barites

We now assess the potential impact of ion exchange on
8138Bapyw and §138Bap,rite by performing an isotope mass balance
calculation that considers the above-calculated rates and ambi-
ent [Ba]pw. The isotope mass balance calculation assumes that
(1) the isotope compositions of the porewaters and BaSO4 are at
steady state, (2) the forward reaction, BaSO4 precipitation, frac-
tionates Ba isotopes with &/precip. = 0.99968+0.00002 (where o =
(138Ba/134Ba)product /(1 Ba/13*Ba)reactant; von Allmen et al,, 2010),
(3) sinking pelagic BaSO4 has a Ba isotope composition of +0.10%o
(Horner et al.,, 2017; Cao et al.,, 2020), and (4) the system is at
Ba isotopic equilibrium with respect to ion exchange. With re-
gards to the fourth assumption, it is important to remember that
other mineral phases, including clays, likely adsorb some fraction
of [Ba]pw. This is an important process and may fractionate Ba iso-
topes in the porewaters at the time of occurrence. However, Ba
adsorption onto riverine particulates has been shown to be rapid
and Ba desorption has not been found to significantly occur in the
absence of large salinity changes (Bridgestock et al., 2021; Gou et
al., 2020). Given that these sediments appear to maintain a con-
stant A138Bap,ite.qga OVer the millennia represented by the core
depth investigated here (Murray et al., 1995) and that the down
core porewater salinity can be assumed to be relatively constant
over these core depths in the Equatorial Pacific (as in Hammond
et al, 1996), we evaluate Ba isotope fractionation with respect to
BaSO4-fluid ion exchange alone. Using the modeled environmental

sitates micro-scale dissolution of BaSO4 related to ion exchange
to fractionate Ba isotopes with an average magnitude of ogjss, =
0.99985+0.00006 (n = 3, £ 2SE; Table 3). This value is consistent
with the findings of Middleton et al. (2023), where BaSO4 disso-
lution was predicted to have og4jss. = 0.99978+0.00006. The com-
bined effect of micro-scale precipitation and dissolution during ion
exchange imparts a modeled offset of A'3®Baprite-dga= —0.17%o.
Further study is needed to interrogate the role of reaction rate,
porewater chemistry, and pressure effects. Given the agreement of
Rix, kf, and agiss, with previous findings (Kang et al., 2022; Mid-
dleton et al., 2023), we suggest that BaSO4-fluid ion exchange plays
a role in setting A'38Bapite-dpa in these sediments.

While these results suggest that ion exchange has a role in me-
diating sedimentary Ba isotope behavior, our results do not resolve
the mechanism of Ba isotope fractionation predicted during BaSO4
dissolution. In general, the mechanism of dissolution can affect iso-
tope fractionation (e.g., Kiczka et al., 2010; Wetzel et al., 2014;
Wiederhold et al., 2006) and it is noteworthy that previous studies
found BaSO4 dissolution mediated by Na,COs3 is non-fractionating
when >10% of the mineral dissolves (van Zuilen et al., 2016; von
Allmen et al., 2010). However, carbonate-for-sulfate substitution
and witherite (BaCO3) formation is unlikely in these cores given
the much lower carbonate ion concentrations compared to the hot
alkaline solutions used to dissolve BaSO4 for subsequent isotope
analysis. Further study is needed to directly constrain the magni-
tude of Ba isotope fractionation during BaSO4 dissolution under
marine-relevant conditions.

4.3. Implications for barite-based proxies

4.3.1. Barium isotopes in barite

Use of §138Bapite as a proxy for past seawater 5133Ba assumes
that the isotope composition of Ba recorded by BaSO4 remains un-
changed over time. While ion exchange appears to affect §13%Bapy,
as discussed in Sections 4.2.3, the high Lparite in the sediments of
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the Equatorial Pacific ensures only minimal change of §'3®Bayprite.
Such systems are likely to remain viable for proxy applications for
considerable spans of time. Specifically, mass balance calculations
indicate that in systems with a degree of isotopic disequilibrium
similar to that observed in the present study, sediments with Ly,yite
>0.78 are protected from measurable changes in 8'*®Bapyiwe, as
the total §'38Ba of the system is strongly controlled by the solid.
Assuming no advection of porewaters, all cores in this study have
Lparite > 0.99 (Table 3). However, should dissolved Ba in porewa-
ters undergo some amount of turnover, the effective Lpaite in the
system may be lower, as new input of [Ba]pw reduces the rel-
ative leverage of BaSOy4. In such a scenario, §'3¥Bap, . may be
vulnerable to change after deposition. Marine sediments with high
overturning of [Ba]pw include those experiencing diffusive fluxes
(McManus et al., 1998), hydrothermal (Snelgrove and Forster, 1996)
or cold seep circulation (Hu et al.,, 2019; Rooze et al., 2020), and
submarine groundwater discharge (Hong et al., 2019). In the cores
studied here, [Ba]pw must overturn between ~3,000 - 16,000
times to lower Lparite from ~0.995 to 0.78. Based on the Ba ef-
flux rate for these sediments (~14 nmols cm~2 y~'; Paytan and
Kastner, 1996; McManus et al., 1998), overturning of the dissolved
Ba pool may occur over a timespan of 40-250 years. Accounting
for this overturning can shift the modeled offset at isotopic equi-
librium between §3®Bap,yite and §'38Bapy from —0.17 to —0.15%.
It should be noted that these time spans represent the most rapid
overturning of the dissolved Ba pool possible in the system, espe-
cially since large diffusive fluxes are not expected downcore, where
[Ba]pw is relatively constant.

Maintaining effective leveraging of L. >0.78 will generally
allow sedimented pelagic BaSO4 to faithfully retain its initial Ba
isotope composition that reflects surface-ocean conditions. How-
ever, estimating Lpasite may be challenging in systems where no
co-existing porewaters are available, such as for ancient rocks or
if no porewaters were collected. We suggest two paths forward.
First, one might use radiogenic strontium (Sr) isotopes in sedi-
mented BaSO,4 to screen for low Lpite. As with Ba, BaSO4 also
records ambient seawater 87Sr/36Sr at the time of precipitation
(e.g., Paytan et al., 1993). Strontium, being a chemically similar
element to Ba, is also likely to undergo ion-exchange-mediated
diagenesis. Thus, BaSO4 that have undergone considerable ion ex-
change will exhibit 87Sr/36Sr that differs from the ratio expected
of BaSO4 of that age. Such BaSO4 are also unlikely to be suitable
for reconstructing §138Basy. Second, if Sr isotope screening is not
possible, we suggest avoiding over-interpreting down-core varia-
tions in 813®Bapayite that are smaller than 0.17%o, as such changes
fall within the range of Ba isotope variation attributable solely to
ion-exchange-mediated diagenesis.

4.3.2. Trace elements in barite

The finding of Ba ion exchange between dissolved Ba in pore-
waters and sedimented pelagic BaSO4 suggests that other isotope
systems measured in BaSO4 may also be affected, particularly
those that are chemically similar to Ba. Radium (Ra) is one such el-
ement, with 226Ra commonly measured in BaSO4 to construct sed-
iment age models. This chronometer assumes that BaSO4 acts as
a closed system with respect to Ra (i.e., Ra ion exchange does not
occur). Indeed, previous studies observed that downcore profiles of
[225Ra] in Equatorial Pacific BaSO, showed exponentially decreas-
ing concentrations, which was interpreted to reflect closed-system
behavior (e.g., Paytan et al., 1996). Such behavior seems likely if
Ba and Ra ion exchange are occurring concurrently (e.g., Heber-
ling et al.,, 2018) and thus we suggest an alternative explanation
that is consistent with co-occurring Ba and Ra ion exchange. In the
original study, Paytan et al. (1996) suggested closed system behav-
ior due to sedimented BaSO4 exhibiting surface water 239Th/?32Th
values, 226Ra/Ba ratios in BaSO4 remaining lower than expected
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if a partition coefficient (Dg,) of 1 is assumed, and the Ra de-
cay product radon (#22Rn) appearing anomalously low despite no
known escape mechanism. Subsequent work has challenged these
underlying assumptions: Ra ion exchange with BaSO4 is known to
occur (Bosbach et al., 2010; Curti et al., 2010), Ra partitioning into
BaSO4 during ion exchange exhibits Dg, as low as 0.08 (Curti et al.,
2010), and 222Rn is known to preferentially escape BaSO4 during
226Ra decay (Hosoda et al., 2016). Thus, an alternative explanation
is that the aforementioned processes were occurring within a reac-
tive system whereby total 226Ra was dominated by that in BaSOj.
A BaSOg4-leveraged system would be expected to produce the same
decay trends as the case where BaSO,4 acts as a closed system,
even if rapid exchange of Ra were occurring between porewaters
and BaSOy4, as originally suggested by Church and Bernat (1972).
Even if ion exchange of Ra were occurring, the 226Ra content of
BaSOy still offers a valuable means for constructing age models so
long as the total 225Ra content of the system is dominated by the
226Ra content of BaSO4. Additional study is needed to quantify the
impact of ion exchange on 226Ra in sedimented BaSO4. Likewise,
ion exchange may affect the partitioning and isotopic composition
of other chemically similar elements in BaSO4 such as Ca and Sr.
Ideally, such effects should be studied across a range of Lp,yite-

5. Conclusions

We present results suggesting that ion exchange—coupled
surface-mediated precipitation-dissolution—occurs between pore-
waters and pelagic BaSO4 in Equatorial Pacific sediments at chem-
ical equilibrium. These interpretations were derived using data
from field samples and laboratory experiments. Field samples show
that sedimented pelagic BaSO,4 are offset relative to co-located
porewaters by —0.16 & 0.04%. and that porewaters and bottom
seawater exhibit Ba isotope equivalence. These observations are
difficult to reconcile with our current understanding of the ma-
rine Ba cycle. Using a series of isotope labeled lab experiments,
we show that pelagic BaSO4 undergoes extensive Ba isotope ex-
change with ambient fluids at chemical equilibrium. The rate of
exchange was found to depend on the nature of the fluid, proceed-
ing more slowly in natural, rather than artificial seawater, though
not on the solid, occurring at similar rates in both natural and
synthetic BaSO4. The observed ion exchange rates of 0.03-0.57
pmolm~2s~! are both geologically reasonable and consistent with
previous lab-based estimates. Using estimates of Ba isotope frac-
tionation during precipitation and dissolution, we show that ion
exchange can impart small but measurable changes in the Ba iso-
tope composition of porewaters and BaSO4. These changes occur
because the processes of precipitation and dissolution impart op-
posing, but unequal Ba isotope effects which result in a modeled
offset of A'3®Bapite-aga= —0.17%0 when isotopic equilibrium is
reached. The net result is that BaSO4 and porewaters that achieve
isotopic equilibrium through ion exchange will exhibit this charac-
teristic offset %o. We thus propose that the process of ion exchange
explains the Ba isotope offset between BaSO4 and co-located pore-
waters in the Equatorial Pacific. If correct, our results imply that
ion exchange can alter the Ba isotope composition of sedimen-
tary BaSOg4. The extent to which this effect will manifest in natural
samples will depend on the degree of isotopic disequilibrium and
on the fraction of the total Ba in the barite-fluid system that is
present in BaSO4 (i.e., the leverage). Systems with high leverage
should be robust to ion exchange-mediated alteration over geo-
logical timescales, whereas systems with low leverage will not.
A number of potential screening criteria are suggested, though
we acknowledge that in some settings it may be impossible to
constrain leverage. In such systems one should avoid over inter-
preting temporal variations in §'3®Bapaite <0.17%o, as this would
fall within the range of variation that could derive solely through
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ion exchange. More broadly, our study adds to a growing body
of evidence indicating that ion-exchange-mediated processes are
widespread in marine geochemistry and that this process likely
impacts other metals and minerals beyond Ba and BaSO4.
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