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ARTICLE INFO ABSTRACT

Editor: Dr. Oleg Pokrovsky Pelagic barite (BaSO4) and related proxies are useful tools for reconstructing the marine carbon cycle. The factors
controlling pelagic barite dissolution in the ocean water column are poorly understood, which adds uncertainty
to Ba-based reconstructions. Here, we conducted static laboratory incubations to test the sensitivity of barium
sulfate dissolution rate to a range of commonly occurring seawater pH, salinity, and temperature conditions. We
observed relatively rapid dissolution rates ranging from 1.7 + 0.4 to 3.4 + 0.8 pg BaSO4 day ™! for these ex-
periments, and we did not observe statistically significant differences in the rate of dissolution with varying pH,
salinity, or temperature. The slowest dissolution rate observed in these experiments suggests that an average
barium sulfate crystal would survive in the ocean water column just 6.2 + 0.3 days. We estimate that an average
isolated pelagic barite crystal would take 67 years to sink down through the water column, so our experiments
imply that solitary pelagic barite crystals do not survive this transit. We conducted an additional experiment on a
roller table to assess the impact of organic matter aggregates on barium sulfate dissolution. Free barium sulfate
crystals incubated on the roller table dissolved even more rapidly than crystals in the static experiment (19 + 7
pg BaSO, day 1), but barium sulfate crystals incubated with organic matter aggregates showed little sign of
dissolution over time. Our findings suggest that organic matter aggregates play a vital role in shielding pelagic
barite from dissolution in the water column. This implies that pelagic barite in ocean sediments records the
arrival of organic detritus to the seafloor, not just barite crystal formation in sinking organic matter in the upper
water column. Additional work is needed to determine which aspects of the marine carbon cycle the pelagic
barite proxy captures.
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1. Introduction production of organic carbon out of the surface ocean, and organic

carbon burial at the seafloor (Lopes et al., 2015).

The biological pump, or the export of atmospheric carbon dioxide to
the deep ocean and marine sediments in the form of organic carbon,
plays an important role in regulating global climate on timescales of tens
to thousands of years (DeVries, 2022). Quantifying how the biological
pump responds to variable climate, biogeochemical, and ecosystem
conditions is vital to accurately predicting how the marine carbon cycle
will function in the future (e.g., Fakhraee et al., 2020; Nowicki et al.,
2022). Reliable proxies for various components of the marine carbon
cycle are required to achieve a nuanced understanding of the past and
present biological pump (e.g., Lam et al., 2011; Ma et al., 2015; Winckler
et al., 2016). However, proxy interpretation can be complicated by the
decoupling of primary productivity in the surface ocean, export

Pelagic barite is a promising tool for reconstructing various aspects
of the marine biological pump (Carter et al., 2020; Horner et al., 2021).
Barite is a naturally occurring mineral consisting of barium sulfate
(BaS0O4), while pelagic or marine barite specifically refers to barite that
forms in the ocean water column (e.g., Paytan and Griffith, 2007; Yao
et al., 2020). Pelagic barite is ubiquitous in seawater and ocean sedi-
ments (Dehairs et al., 1980; Paytan and Griffith, 2007) and occurs as
microcrystals that are, on average, approximately 1 pm in length and
have a mass of 9-11 pg (Bu et al., 2023; Dehairs et al., 1980; Light and
Norris, 2021; Robin et al., 2003). It is thought to precipitate in micro-
environments within organic matter aggregates during microbial
oxidation, as first proposed by Chow and Goldberg (1960). Given the
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link between organic matter remineralization and barite precipitation,
pelagic barite accumulation rates in ocean sediments have been widely
used to reconstruct marine export production (e.g., Costa et al., 2016;
Niirnberg et al., 1997; Paytan et al., 1996; Torfstein et al., 2010).
However, uncertainties surrounding pelagic barite precipitation and
preservation limit it from achieving its full potential as a proxy.

Previous investigations have studied barium sulfate dissolution ki-
netics and dynamics, particularly in the context of inorganic chemistry
and formation of scale in pipelines and well equipment in the oil and gas
industries (Higgins et al., 1998; Kamal et al., 2018; Nancollas and Liu,
1975). Observations of barium sulfate dissolution in a closed system
reactor demonstrate that barite dissolves with a reaction order of 0.2
with respect to the barium sulfate saturation state (Qggso,) of the sur-
rounding fluid (Zhen-Wu et al., 2016), as defined by the equation:
Apart x Aso,

QBaS04 = K
BaSO,

where a is the activity of the specified species and Kggso, is the equi-
librium constant for the dissolution of solid BaSO, into aqueous Ba2*
and SOZ~ ions. The rate-limiting step of barite dissolution is the
detachment of a Ba?" ion from the barite surface, which is followed by
the relatively fast dissolution of a neighboring SO~ ion (Becker et al.,
2005). Factors such as temperature, concentrations of background
electrolytes, and presence low molecular weight organic compounds
and organic chelators can affect the rate of barium sulfate dissolution (e.
g., Christy and Putnis, 1993; Dove and Czank, 1995; Dunn et al., 1999;
Ouyang et al., 2017; Ouyang et al., 2019; Zhen-Wu et al., 2016). In
seawater, pelagic barite solubility has been constrained via laboratory
experiments (Burton et al., 1968) and by computation (Church and
Wolgemuth, 1972; Hanor, 1969; Rushdi et al., 2000).

Pelagic barite dissolution plays a significant role in the marine
barium cycle (e.g., Carter et al., 2020), but the factors controlling it are
poorly constrained. Ba and 5'3®Ba water column profiles in a variety of
oceanographic settings are consistent with pelagic barite precipitation in
the mesopelagic zone followed by pelagic barite dissolution below 1000
m depth (e.g., Bates et al., 2017; Horner et al., 2015; Horner and
Crockford, 2021; Hsieh and Henderson, 2017). The ocean is largely
undersaturated with respect to barite, although barite saturation varies
geographically and with water depth (Church and Wolgemuth, 1972;
Monnin et al., 1999; Rushdi et al., 2000). Seawater is undersaturated
with respect to barite in the surface ocean globally and at depth in the
Atlantic Ocean, while seawater is at or above saturation below 1000 m
in much of the Pacific Ocean (Mete et al., 2023). Meanwhile, observa-
tions suggest that pelagic barite burial efficiencies are not predicted by
barite saturation indices in the overlying water column (Rahman et al.,
2022). Sr/Ba and 5'>®Ba have been proposed as methods for accounting
for variable pelagic barite preservation in the interpretation of sediment
barite records (Van Beek et al., 2003; Bridgestock et al., 2018; Bridge-
stock et al., 2019).

Estimates of water column barite dissolution vary. 2°Th-normalized
barium flux measurements suggest average water column barite disso-
lution rates of 58-69% and 17-46% along transects in the North Atlantic
and Eastern Tropical Pacific, respectively (Rahman et al., 2022). Ob-
servations in the North Pacific suggest water column dissolution rates of
60 £+ 20%, while approximately 10% of water column pelagic barite
crystals show dissolution pits and other morphological evidence of
dissolution (Light and Norris, 2021). Box models created using sediment
trap (Dymond et al., 1992) and pore water (Paytan and Kastner, 1996)
data suggest that ~70% of particulate barite flux to the deep ocean
dissolves before incorporation into the sediment record. Pelagic barite
dissolution rates are high in anoxic ocean basins such as the Black Sea
where there is water column sulfate reduction (Falkner et al., 1993), but
little is known regarding the controls on barite dissolution rates in oxic
waters. Questions remain regarding how variable barite dissolution
rates influence sediment barite records (e.g., Schoepfer et al., 2015).
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Organic matter aggregates may shield marine barite crystals from
dissolution (Carter et al., 2020), but, to our knowledge, the impact of
aggregates on barite dissolution has never been directly assessed.

Here, we conducted laboratory experiments to estimate plausible
rates of water column pelagic barite dissolution under different chemi-
cal and environmental conditions. We compared the dissolution rate of
synthetic barium sulfate microcrystals in two sets of experiments. In the
organic matter shielding experiment, we assessed differences in the rate
of barium sulfate dissolution between crystals encased within organic
matter aggregates formed from a diatom culture (the “Aggregate”
treatment), free crystals from the water column overlying the aggregates
in the aggregate tanks (the “Overlying Water” treatment), and free
crystals within a control tank without diatoms added (the “No Aggre-
gate” treatment). In the second set of experiments, we assessed barium
sulfate dissolution in free crystals suspended in seawater under a range
of salinity, pH, and temperature conditions. We also used Stokes' Law to
calculate approximate pelagic barite sinking velocities in the water
column to contextualize observed dissolution rates, and we consider the
implications for interpretation of marine barite proxies.

2. Materials and methods
2.1. Barium sulfate crystal synthesis

A protocol was developed to synthesize barium sulfate microcrystals
as homogenous in size and morphology as possible. Initially, we tested
simpler methods for the formation of barium sulfate. These included
addition of BaCl, to seawater, addition of BaCl; to artificial seawater in a
single step, and addition of BaCly to seawater seeded with smaller
barium sulfate microcrystals. These methods yielded crystals with a
large range of crystal morphologies and sizes within a single batch and
were discontinued.

Subsequently, we standardized our methods as follows: for each
batch, seawater was collected from the Scripps Institution of Oceanog-
raphy pier and filtered through a 0.2 um pore size polycarbonate
membrane filter (referred to as filtered seawater hereafter). Barium
sulfate precipitation was induced by adding 1 mL 10 mM BaCl, to 49 mL
filtered seawater in polypropylene centrifuge tubes. Tubes were shaken
and placed in a 4°C refrigerator for 60 min to allow for crystal growth.

Barium sulfate-spiked seawater was then transferred to 1 L poly-
carbonate bottles, and the bottles were shaken to coat their walls with
the seeded barium sulfate solution. These bottles were emptied to
remove the initial barium sulfate crystals, which were large and dis-
played many different morphologies. Seeded bottles were then filled
with 32 g NaCl, 4 g NaySO4, and 1 L ultrapure Milli-Q water (18.2
MQ-cm) to produce a basic artificial seawater solution. Bottles were
sonicated for 10 min to dissolve the NaCl and suspend barium sulfate
nucleation seeds from the bottle walls into the artificial seawater solu-
tion. Larger barium sulfate crystals were then formed from the nucle-
ation seeds through the addition of 2 mL 10 mM BaCl; to each bottle.

Bottles were agitated and placed in a 4°C refrigerator overnight to
facilitate ongoing barium sulfate microcrystal growth. The next day, 50
mL of barium sulfate/seawater solution was filtered through a 0.2 um
pore size nylon membrane filter for each experiment/treatment. All
filters were dried in a 50°C oven and stored until experiment set up.

Crystals were synthesized in one batch for the organic matter
shielding experiment and one batch for the pH, salinity, and tempera-
ture experiments. We optimized for uniform barium sulfate crystals to
facilitate the reliable visual assessment of barium sulfate dissolution
over time and to control for morphology or size effects on barite disso-
lution. Crystals made for the organic matter shielding experiment were
larger than those for the pH, salinity, and temperature experiments, but,
in both cases, crystals were fairly homogeneous in size and morphology
within a synthesis batch (Figs. 1 and 2).
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Fig. 1. SEM images of representative barium sulfate microcrystals over time
from No Aggregate, Overlying Water, and Aggregate treatments of the organic
matter shielding experiment. Yellow numbers indicate the number of clearly
visible, well-defined crystal faces assigned to each particle. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

2.2. Barium sulfate dissolutions rates with organic matter shielding
experiment

Non-axenic phytoplankton cultures of the diatom Thalassiosira
weissflogii were cultured to produce organic matter aggregates in 2 L
flasks with f/2 media under a 12:12 h LED light/dark cycle. On day 10,
the cell concentration in each culture was measured using a particle
counter (Multisizer 3, Beckman Coulter Counter). Cultures were diluted
with filtered seawater to a concentration of 20,000 cells mL~! and added
to 5 custom-made 2.2 L cylindrical acrylic tanks. Six filters carrying
synthesized barium sulfate crystals were each submerged in 50 mL
filtered seawater and sonicated for 10 min to suspend the barium sulfate
crystals. Filters were removed, and a barium sulfate suspension was
added to each of the 5 cylindrical tanks prepared for aggregate
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formation and to an additional identical control tank containing only
filtered seawater. The control tank was shaken and immediately
sampled as described below for an initial time point. All 6 tanks were
placed on a roller table and allowed to rotate at a speed of 3.3 rpm,
allowing for the formation of aggregates by the diatom cultures. The
roller table incubation was conducted at room temperature (20-22°C)
and in the dark to prevent any further phytoplankton growth. This
method has been widely used in previous studies to form aggregates
from phytoplankton in the laboratory (e.g., Prairie et al., 2019).

Subsequent sampling was conducted 2, 3, 8, 12, and 16 days after
aggregate formation began (i.e., after tanks were placed on the roller
table). For the control tank, 10 mL was sampled via syringe and filtered
through a 25 mm diameter 0.2 um pore size nylon membrane filter; this
sample became the No Aggregate treatment filter. The filter was then
rinsed with 10 mL Milli-Q water to prevent crystallization of salt.
Filtered seawater was added to the tank to replace the sampled volume.

For the tanks with aggregates, 1 randomly selected tank was
destructively sampled on each sampling day. The tank was removed
from the roller table. Organic aggregates were allowed to settle to the
bottom of the tank for 2 min, after which 10 mL overlying water was
immediately sampled as described above for the control tank to form the
Overlying Water treatment filter.

Organic matter aggregates that had settled to the bottom of the tank
were photographed on a mm-square grid sealed on the bottom of the
roller tank (Fig. A1). Aggregates were then individually removed from
the tank using a volumetric pipette with a cut-off tip. The total volume of
aggregates from that tank was approximated, and aggregates were
filtered through a single 47 mm diameter 0.2 pm pore size polycarbonate
membrane filter. The filter made from the aggregates became the
Aggregate treatment filter of each experimental tank. The filter was
rinsed with 20 mL Milli-Q water to prevent crystallization of salt. All
filters were dried and stored until later analysis.

2.3. Barium sulfate dissolution rates with varying pH, salinity, and
temperature experiments

In addition to the organic matter shielding experiment, we also
studied the effects of pH, salinity, and temperature on barite dissolution.
Filtered seawater was modified as necessary to achieve 10 experimental
treatments (Table 1). pH was adjusted through additions of 0.1 M HCl
and 0.1 M NaOH. Salinity was modified by dilution with Milli-Q water or
concentration by evaporation over a hotplate. Salinity treatments were
then pH adjusted as necessary to replicate unmodified seawater pH. We
measured pH and salinity using a multiparameter meter (ProQuatro,
YSI). Concentrations of major cations and anions in each experimental
treatment were estimated by assuming linear dilution/concentration
based on salinity using average seawater values from Emerson and
Hedges (2008) (Table A1). Barium concentrations were estimated from
linear dilution/concentration from previously published coastal San
Diego seawater barium measurements (Esser and Volpe, 2002)
(Table Al). These seawater chemistry estimates were used to calculate
barite saturation indices for each treatment on The Geochemist's
Workbench software (Version 17.0.1; Bethke et al., 2022) using the
default thermo.tdat database compiled by Lawrence Livermore National
Laboratory (Delany and Lundeen, 1991).

1 L modified seawater from each treatment was added to a 1 L pol-
ycarbonate bottle for the incubation. A 50 mL aliquot from each treat-
ment was added to a centrifuge tube with a filter carrying the previously
synthesized barium sulfate crystals. Tubes were sonicated for 10 min to
resuspend the barium sulfate crystals, and the filters were removed. The
contents of each tube were returned to the corresponding seawater
treatment bottle, and bottles were agitated. The room temperature
treatment was incubated in the dark at room temperature (20-22°C),
and all other bottles were incubated in a dark 4°C refrigerator for the
remainder of the experiment.

Sampling was conducted immediately following experiment set-up
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Fig. 2. A) SEM images of representative barium sulfate microcrystals from pH, salinity, and temperature experiments on Day 0, Day 7, and Day 14. B) TEM results for
select crystals from Day 0 (pH = 7.9/psu = 34/4°C treatment), Day 7 (psu = 26.7 treatment), and Day 14 (pH = 7.9/psu = 34/4°C treatment). i) HRTEM images. ii)
Lattice fringe images, with ten unit cell annotations such that measurements in nm correspond to d-spacings in A. iii) SAED patterns with characteristic d-space

measurements. iv. Ba and Sr and v. S elemental composition maps.

Table 1

pH, salinity, temperature, and estimated barium sulfate saturation state for
barium sulfate dissolution rate experimental treatments. pH = 7.9/psu = 34/4°C
and 20°C treatments used unmodified filtered seawater, and pH and/or salinity
were adjusted for all other treatments.

Treatment pH Salinity Temperature (°C) Qpaso,
pH = 7.9/psu = 34/4°C 7.87 33.78 4 0.44
pH=6.7 6.65 33.17 4 0.44
pH=7.1 7.07 33.46 4 0.44
pH = 8.4 8.42 33.57 4 0.44
pH =8.8 8.81 33.45 4 0.44
psu = 27 7.90 26.67 4 0.34
psu = 30 7.97 30.04 4 0.39
psu = 38 7.95 38.18 4 0.50
psu = 46 7.96 45.97 4 0.62
20°C 7.92 33.80 20-22 0.19

and after 7, 14, 21, 28, and 35 days. Bottles were shaken to completely
mix them. Then, 50 mL was removed from each bottle and filtered
through a 25 mm diameter 0.2 um pore size nylon membrane filter. All
filters were dried and stored until later analysis.

2.4. SEM analysis

Barium sulfate crystal quantity, size, and morphology across treat-
ments and over time were assessed via Scanning Electron Microscopy
equipped with Energy-dispersive X-ray Spectroscopy (SEM-EDS).
Approximately 1 cm? of each filter was mounted on an aluminum stub
with carbon tape for analysis. Analyses were conducted using a Phenom
Desktop SEM with an accelerating voltage of 15 kV, vacuum of 1 Pa, and
working distance of 9-10 mm (Scripps Institution of Oceanography).

For the organic matter shielding experiment, 5 randomly selected
fields were quantitatively analyzed for each filter. Fields were
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0.82-0.91 mm? for No Aggregates and Overlying Water treatments.
Fields were 0.21-0.44 mm? for the Aggregate treatment due to the much
higher density of barium sulfate crystals on these filters. A backscatter
electron detector was used to systematically identify all potential
barium sulfate crystals within each field by their high atomic number.
Identification was confirmed by EDS, and all barium sulfate crystals
were imaged. For the pH, temperature, and salinity experiments, po-
tential barium sulfate crystals were identified, their identity was
confirmed, and crystals were imaged. The process was repeated until
either 15-20 crystals were imaged (28 out of 36 filters) or all visible
barium sulfate crystals on the stub were imaged (8 out of 36 filters).

Barium sulfate crystal morphology was assessed via visual image
analysis. For the organic matter shielding experiment, images were
visually assessed to assign each crystal with its number of clear, well-
defined crystal edge faces (Fig. 2). Since crystal surface topography
was not always visible, the upward-facing crystal face oriented toward
the viewer was not included in these assessments. For both experiments,
crystal size was quantitatively determined using the Fiji distribution of
ImageJ (Schindelin et al., 2012, 2015). Scaling parameters were
extracted from the metadata of each image. Barium sulfate crystals were
distinguished from the filter background using the Trainable Weka
Segmentation plugin (Arganda-Carreras et al., 2017). Fiji's Analyze
Particles plugin was then used to calculate the area, Feret diameter, and
best fit ellipse major and minor axis lengths for each crystal. For the
organic matter shielding experiment, barium sulfate quantity in each
field, defined as total area hereafter, was determined by adding together
the areas of every crystal observed in each field. Total area for each field
was corrected for the corresponding sample volume according to the
equation

_ SXAr
T ApxV

where T is the total area for a field, S is the sum of individual barium
sulfate crystal areas in that field, At is the area of the filter, Ag is the area
of the field, and V is the volume of seawater filtered through the cor-
responding filter.

To estimate the mass of barium sulfate crystals imaged, we assumed
that barium sulfate crystals with 2 or more well-defined crystal faces had
the idealized barite habit of Goldschmidt (1913) barite no. 325, which is
most consistent with the rhomboidal two-dimensional barium sulfate
images acquired via SEM. We assume that these crystals were imaged
from their (0,0,1) face, so crystal thickness in the direction not visible on
the SEM was equivalent to the width of the (2,1,0) face. The volume of
the crystal, V, can then be estimated by

V=AxcxL

where A is the crystal area visible from the SEM image, c is 0.283, a
constant derived from the relative dimensions of crystal thickness:
length (crystal axes c: a) of idealized barite no. 325 (Goldschmidt,
1913), and L is the length of the crystal as determined by the Feret
diameter. For barium sulfate crystals with 1 or 0 well-defined crystal
faces, we assumed that three-dimensional shape could be approximated
as an ellipsoid of rotation around the major axis of the best-fit ellipse of
each crystal's two-dimensional outline. Crystal volume, V, can then be
estimated by

V—4><n'><y><(x)2'
3 27 \2

where y and x are the length and width of the best-fit ellipse, respec-
tively. We then used the density of barium sulfate, 4.48 g cm™>, to
calculate the mass of each barium sulfate crystal based on their esti-
mated volume. The average area per barium sulfate crystal is shown in
the Supplementary Material (Figs. A2 and A3).
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2.5. HRTEM analysis

A subsample of pH, salinity, and temperature experiment filters were
analyzed via high resolution transmission electron microscopy (HRTEM)
to assess the crystallinity of barium sulfate crystals over time. The
following filters were analyzed: pH = 7.9/psu = 34/4°C (Days 0, 7, and
14), pH = 6.7 (Day 7), and psu = 26.7 (Day 7). One quarter of each filter
was suspended in ethanol and ground with an agate mortar. Particulate
matter suspended in this ethanol was then deposited on carbon-film-
coated copper grids. Barium sulfate crystals on these grids were
imaged using a FEI TITAN G2 60-300 microscope with a high brightness
electron gun (X-FEG) operated at 300 kV and equipped with a Cs image
corrector CEOS (Center for Scientific Instrumentation, University of
Granada). Elemental composition maps were acquired using a SUPER-X
silicon-drift windowless EDX detector. Selected area electron diffraction
(SAED) patterns were also collected on barium sulfate crystals. Two to
four crystals were imaged for each filter. HRTEM sample preparation
preferentially selects for smaller crystals, so only SEM images were used
to evaluate barium sulfate crystal size and morphology.

2.6. Statistical analyses

ANCOVAs were conducted to compare the rate of change of experi-
mental parameters between treatments over time. For the organic
matter shielding experiment, ANCOVAs were conducted on cube root
transformed total area, natural log transformed mass per crystal, and
average number of crystal faces per field over time. Since no organic
matter aggregates were present on Day 0, crystal total area, mass per
crystal, and crystal face measurements from the No Aggregate treatment
were used as the initial time point for Aggregate and Overlying Water
treatments as well. For pH, salinity, and temperature experiments,
ANCOVAs were conducted to compare the rate of change in estimated
mass per crystal over time between treatments. Mass per crystal was
cube root transformed, square root transformed, and natural log trans-
formed for pH, salinity, and temperature data, respectively. Across all
experiments, linear regressions were conducted for each treatment when
rates of change appeared to significantly differ between treatments.
Linear regressions were conducted across treatments when no signifi-
cant interaction effect was observed. For total area, all treatments were
cube root transformed. For mass per crystal, No Aggregate and Aggre-
gate treatments were square root transformed, and the overlying water
treatment was natural log transformed. For number of crystal faces, all
treatments were square root transformed. For all data, assumptions of
normality and homoscedasticity were assessed via Q-Q and residual-
fitted plots. All statistical analysis was performed in R Version 3.6.3
(R Core Team, 2020), and the ggplot package was used for data visu-
alization (Wickham, 2016).

2.7. Barite sinking velocity calculations

An idealized spherical pelagic barite crystal was used to calculate an
approximate barite sinking velocity through the water column. Sinking
velocity was calculated according to Stokes' law

2 - o
Sy = 5 x g X 1* x Prarite — Pseawater

Nseawater

where Sy is sinking velocity, g is Earth's gravitational acceleration (9.81
m 572), r is the radius of the sphere, pparite is the density of barite (4480
kg m™3), Pseawater 1S the density of seawater, and hseawater iS the dynamic
viscosity of seawater. The radius of the sphere was calculated from a
crystal area of 0.90 + 0.03 pm?, the average area of intermediate depth
pelagic barite crystals in the North Pacific (Light and Norris, 2021).
Pseawater ANd Nseawater Values for seawater with salinity of 35 g kg_1 ata
temperature of 10°C were used (Nayar et al., 2016; Sharqawy et al.,
2010). The Reynolds number (R,) of this idealized barite crystal was
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calculated using

— 2% Pcavater X Sv X I
e =
r]smwater

to determine if Stokes' Law applied to the sinking particle. R, was <0.1,
so Stokes' Law does apply (McNown and Malaika, 1950).

3. Results
3.1. Barium sulfate dissolutions rates with organic matter shielding

Immediately following experiment set-up, most (> 90%) barium
sulfate crystals formed regularly-shaped rhombuses with 4 clear, well-
defined crystal edge faces (Fig. 3). Most initial crystals displayed stair-
stepped surface topography (Fig. 3). Organic matter aggregates were
visible in all phytoplankton tanks by day 2 of the incubation and became
smaller and better-defined over time (Fig. Al). Barium sulfate crystals
from the Aggregate treatment showed little change in morphology over
the course of the incubation. The only observed change in crystals
removed from the Aggregate treatment was that stair-stepped surface
topography was less common and pitted surface topography was more
common later in the incubation (Fig. 3). Crystals from the Overlying
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Water treatment crystals displayed a mixture of rhomboidal and irreg-
ular morphologies by day 3, with some crystals displaying pits and other
visual evidence of dissolution (Fig. 3). By day 8, most barium sulfate
crystals from the No Aggregate treatment displayed irregular morphol-
ogies (Fig. 3).

The rate of change for total crystal area, mass per crystal, and
average number of crystal faces over time depended on experimental
treatment (ANCOVAs; Fo 74 = 5.266, p = 0.007; Fo 584 = 15.569, p <
0.001; and Fp g9 = 5.918, p = 0.004, respectively). Total crystal area
decreased over time for the No Aggregate treatment and did not
significantly change over time for the Overlying Water or Aggregate
treatments (Table 2). Mass per crystal decreased over time for the No
Aggregate treatment, increased over time for the Aggregate treatment,
and did not significantly change over time for the Overlying Water
treatment (Table 2). The number of crystal faces significantly declined
over time for the No Aggregate treatment, but no significant change over
time was observed for the other treatments (Table 2).

3.2. Barium sulfate dissolution with varying pH, salinity, and temperature

On day 0, most (> 95%) barium sulfate crystals were regularly
shaped rhombuses (Fig. 2). On day 7, approximately half of observed
crystals were rhomboidal and half displayed irregular morphologies

No Aggregates

%\

Overlying Water

200000
7 -
5000 e
160000

2500 5000

;\{\j

2500

Total area (um® ml™") B
(=]
1

Fig. 3. Barium sulfate A) total area per field, B) mass
per crystal, and C) average number of well-defined
crystal faces per field over time for No Aggregates,
Overlying Water, and Aggregate treatments of the
organic matter shielding experiment. Red dashed
lines show fitted linear regression curves with stan-
dard error in gray for all parameters with a statisti-
cally significant (p < 0.05) change over time (see
Table 2 for statistics and regression values). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Aggregates

0 5 10 15 0 5 10 15

(@]

Mass per crystal (pg)
g
1

'
[=]
o
1
s

o
1
.
/

o
(3]
-h
o
-h
(5]
o
(3]

10 15 0

Crystal faces
n

I
0 5 10 15 0 5 10 15 0

5 10 15
I

I I I

5 10 15




T. Light et al.

Table 2

Linear regression values for No Aggregate, Overlying Water, and Aggregate
treatments of the organic matter shielding experiment. Regressions were
calculated with time in days as the independent variable.

Regression F df p-value 12 m b
Total area (pm2 mL’l)
No Aggregates 3457 1,28 < 0.55 —290 + 60 4500 +
0.001 600
Overlying 0.49 1,23 0.492 0.02 - -
Water
Aggregates 0.08 1,23 0.774 0 - -
Mass per crystal (pg)
No Aggregates 13.50 1,90 < 0.13 -19+7 310 + 50
0.001
Overlying 2.74 1, 0.100 0.02 - -
Water 158
Aggregates 7.40 1, 0.045 0.01 8+3 360 + 30
336

Crystal faces

No Aggregates 13.47 1,24 0.001 0.36 —0.15 + 2.8+ 0.4
0.05
Overlying 0.18 1,28 0.679 0.01 - -
Water
Aggregates 1.83 1,28 0.187 0.06 - -

(Fig. 2). On day 14, approximately 90% of crystals displayed irregular
morphologies, and some crystals displayed etching and dissolution pits
(Fig. 2). Beginning on day 21, barium sulfate crystals across treatments
displayed globular morphologies and were larger than crystals from day
0 (Fig. A4). These large, globular morphologies suggested that the ag-
gregation of barium sulfate microcrystals had occurred, so samples from
day 21 and later were excluded from subsequent analyses. All barium
sulfate crystals analyzed via HRTEM displayed well-defined crystallinity
(Fig. 2). Lattice-fringe images and SAED patterns yielded d-space mea-
surements consistent with barium sulfate. There was no significant dif-
ference in the rate of change in crystal mass over time between
treatments for pH, salinity, and temperature variation experiments
(ANCOVAS, F1,227 = 2.903,p = 0.090; F1,204 =0.603, p= 0.438; F1)91 =
3.261, p = 0.074, respectively). Since there was no significant difference
in the rate of change between treatments, we conducted a single
regression for each treatment to determine the overall rate of change in
crystal mass over time. These regressions revealed that crystal mass
significantly decreased over time across treatments for all three exper-
iments (Fig. 4 and Table 3).

These results can be used to estimate how long typical pelagic barite
crystals survive in the ocean water column. We observed barium sulfate
dissolution rates ranging from 19 + 7 pg day ! for the No Aggregates
treatment of the organic matter shielding experiment (Table 2) to 1.7 +
0.4 pg day ™! for the salinity variation experiment (Table 3). Thus, we
can use the slowest dissolution rate from the salinity variation experi-
ment to estimate an upper threshold for average pelagic barite crystal
survival time. The mean mass per crystal of pelagic barite was 10.0 +
2.4 pg and 10.6 + 2.2 pg in surface sediments collected from the North
Pacific and North Atlantic, respectively (Robin et al., 2003). At a
dissolution rate of 1.7 & 0.4 pg day~!, barite crystals of mean mass
would entirely dissolve after 5.9 + 0.3 and 6.2 + 0.3 days. Crystals
would last only half a day under the faster rate of dissolution suggested
by the No Aggregates treatment.

We can compare these estimated survival times to the approximate
amount of time it takes a typical pelagic barite crystal to sink down
through the water column. The estimated sinking velocity of an average-
sized pelagic barite crystal (length 1.08 pm; see Methods for details) is
0.14 m day~!. At this sinking velocity, a barite crystal would sink only
87 + 4 cm from its point of formation in 6.2 + 0.3 days, or the estimated
average barite survival time calculated above. In contrast, a pelagic
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Fig. 4. Barium sulfate mass per crystal over time for free crystals in the A) pH,
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fitted linear regression curves for each treatment with a statistically significant
(p < 0.05) change over time (see Table A2 for regression values). Interaction
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cant for all three experiments, so treatment-specific regressions were calculated
for visualization purposes only. Regressions for each experiment are presented
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the reader is referred to the web version of this article.)

Table 3

Linear regression values for pH, salinity, and temperature experiments. A single
regression was conducted using data from all treatments within each experi-
ment. Regressions were calculated with time in days as the independent variable
and crystal mass as the dependent variable.

Regression F df p-value r m (pg) b (pg)
pH 139.4 1, 229 < 0.001 0.38 -3.2+04 56 +3
Salinity 28.9 1, 206 < 0.001 0.12 -1.7+0.4 54+ 4
Temperature 23.6 1,93 < 0.001 0.20 -3.4+08 66 +7

barite crystal sinking at a velocity of 0.14 m day * would take 67 years
to sink from a point of formation at 200 m depth to a seafloor depth of
3500 m.

4. Discussion
4.1. Rapid dissolution of free barium sulfate crystals

Barium sulfate crystal quantity, mass and morphology over time
across all experiments suggest that barium sulfate crystals not encased
within organic matter aggregates dissolve within days when exposed to
surface ocean seawater. We observed statistically significant declines in
crystal total area and mass per crystal for all experiments and treatments
without organic matter aggregates (Figs. 1-4). Additionally, the
enumeration of well-defined faces for each crystal provided a
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quantitative measure for the qualitative observation that barium sulfate
crystal morphology changed over time (Fig. 3). Since most barium sul-
fate crystals displayed four well-defined crystal edge faces at the
beginning of the incubation, subsequent declines in the number of
crystal faces were likely due to dissolution. HRTEM analyses confirm
that barium sulfate crystals displayed a high degree of crystallinity
throughout the incubation, so the observed changes in morphology were
due to crystal dissolution (Fig. 2). A range of crystal sizes and mor-
phologies were observed within each treatment on any given day (Figs. 2
and 3), which suggests that there is natural variability in barium sulfate
dissolution. Our analyses of covariance revealed no statistically signifi-
cant changes in the rate of barium sulfate dissolution with pH, salinity,
or temperature over time (Fig. 4).

While barium sulfate dissolution was observed across all treatments
without organic matter aggregates, rates of dissolution did vary between
experiments. The rate of dissolution in the salinity experiment was
slightly slower than that of the pH and temperature experiments
(Table 3). This may be a function of sampling variability, particularly
since we imaged a relatively small number of crystals for each treatment.
The rate of barium sulfate dissolution in the No Aggregate treatment of
the organic matter shielding experiment was higher than that of the pH,
salinity, or temperature experiments. The organic matter shielding
experiment was conducted at room temperature on a roller table, so the
No Aggregate treatment crystals likely dissolved more quickly in part
because they were exposed to fluid resistance resembling a crystal
sinking down through the ocean water column. While we did not
observe a statistically significant difference in barium sulfate dissolution
rate in our temperature variation experiment, the higher temperature of
the organic matter shielding experiment may have also contributed the
more rapid dissolution rate in this treatment.

Since we only directly measured changes in barium sulfate crystal
area over time, our experiments are limited in their ability to provide
detailed insights into the kinetics of barium sulfate dissolution in
seawater. However, we can use our estimates of barium sulfate mass loss
over time combined with estimated surface area per crystal on Day 0 to
determine surface area normalized rate of barium sulfate dissolution
(Table A3). The surface area normalized dissolution rates we observed
were slightly slower than those reported for similar experiments in
Zhen-Wu et al. (2016). For example, we calculated a surface area
normalized dissolution rate of —0.7 + 0.3 x 10~ mol m~2 5! for the No
Aggregate treatment, while a rate constant from Zhen-Wu et al. (2016)
predicts a barium sulfate dissolution rate of —2.2 x 10 8 molm2s~!in
a1 mol kg_l NaCl solution with an equivalent Qg4so, (Table A3). Zhen-
Wu et al. (2016) observed modest changes in barium sulfate dissolution
rate with pH and larger changes with increased ionic strength and
temperature. However, these experiments were conducted using a wider
range of pH, ionic strength, and temperature conditions than those
found in the natural seawater. Our experiments suggest that barium
sulfate dissolution rate varies little within commonly observed ocean
pH, salinity, temperature conditions, but a more rigorous investigation
into the kinetics of barium sulfate dissolution in seawater would be
helpful for further constraining these relationships.

Additionally, we conducted our experiments with synthetic barium
sulfate rather than naturally occurring pelagic barite, so our experiments
are limited in their ability to fully reproduce pelagic barite dissolution in
the water column. In some ways, the use of synthetic barium sulfate
crystals likely underestimates pelagic barite dissolution. Synthetic
barium sulfate crystals likely lacked structural defects that occur in
naturally occurring pelagic barite (Light and Norris, 2021; Sun et al.,
2015), so they may have been less susceptible to dissolution. Similarly,
our barium sulfate crystals were formed in the absence of Sr?* and other
trace elements, but pelagic barite contains 10 mg strontium per g of
barite on average (Averyt and Paytan, 2003). Strontium incorporation
increases the solubility of pelagic barite relative to pure barium sulfate
(Monnin and Cividini, 2006; Rushdi et al., 2000; Widanagamage et al.,
2014), so this may lead to an underestimation of pelagic barite
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dissolution rates. Pelagic barite is also 5-15 times smaller than the
barium sulfate crystals we observed at the beginning of our experiments
(Figs. 1 and 2; Bertram and Cowen, 1997; Light and Norris, 2021), so
pelagic barite generally has a larger surface area to volume ratio than
our synthetic crystals. The larger size of our synthetic crystals compared
to marine crystals may have led to slower observed dissolution rates
because dissolution is dependent on crystal surface area (e.g., Liittge,
2005) and increases with decreasing crystal size (Briese et al., 2017). In
contrast with these other discrepancies, the morphology of our synthetic
barium sulfate crystals may have caused our rates to overestimate
pelagic barite dissolution. Pelagic barite is generally ellipsoidal, but our
experimental crystals were euhedral (Figs. 1 and 2; Bertram and Cowen,
1997; Light and Norris, 2021). Dissolution is enhanced at crystal edges
(Trindade Pedrosa et al., 2019), so pelagic barite may have dissolved
more slowly than our synthetic crystals under the same experimental
conditions.

Despite these limitations, we can use our observations to estimate
plausible pelagic barite dissolution rates in the water column. Our
findings suggest that variation in pelagic barite dissolution rates with
pH, salinity, and temperature is very small relative to the difference
between estimated barite crystal survival and sinking times in the water
column. The longest estimated survival time suggested by our experi-
ments for an average pelagic barite crystal (6.2 + 0.3 days) is much
shorter than the estimated time that it would take the average pelagic
barite crystal to sink down 3300 m to the seafloor (67 years). The
coastal, surface ocean seawater used in our incubations likely had a
lower barite saturation state than deep seawater in much of the ocean
(Mete et al., 2023). However, most pelagic barite precipitation occurs
within the upper 1000 m of the water column, where barite under-
saturation is widespread (Carter et al., 2020). Therefore, pelagic barite
survival in the upper ocean is vital to barite transport throughout the
water column. Our measured barium sulfate dissolution rates across a
range of feasible seawater pH, salinity, and temperature conditions
suggest that free pelagic barite is unlikely to survive transit through an
ocean water column.

The changes in barium sulfate crystal size and morphology observed
in the pH, temperature, and salinity experiments between days 14 and
21 suggest barium sulfate microcrystal aggregation began to occur in
these treatments. While all treatments were undersaturated with respect
to barium sulfate at the beginning of the experiment (Table 1), ongoing
barium sulfate dissolution during the experiment released both Ba?* and
SO3% into the ambient seawater. We did not monitor the concentration
of Ba>" and SO~ in the ambient seawater over time. However, since we
added up to 1 pmol barium sulfate to each treatment at the beginning of
the experiment and observed considerable barium sulfate dissolution
over time (Fig. 4), it is likely that the ambient seawater was at or near
barium sulfate saturation by day 21. Barium sulfate microcrystal ag-
gregation and nonclassical growth is well-documented (e.g., Judat and
Kind, 2004; Kiigler et al., 2015; Marchisio et al., 2002), so the aggre-
gation of partially dissolved barium sulfate crystals may have been
facilitated by these conditions. This transition from barium sulfate
dissolution to aggregation highlights a shortcoming in our experimental
design, particularly over longer time scales. Future investigations should
consider maintaining a constant degree of barium sulfate under-
saturation throughout the experiment by tracking Ba%* and SOF~ con-
centrations over time and diluting treatments as needed. We would have
likely observed even greater rates of barium sulfate dissolution if we had
taken such measures.

4.2. Organic matter aggregates shield barium sulfate crystals from
dissolution

Barium sulfate crystal quantity, mass, and morphology over time in
the organic matter shielding experiment suggest that organic matter
aggregates protect barium sulfate from dissolution in seawater under-
saturated with respect to seawater. Barium sulfate crystals sampled from
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the Overlying Water treatment showed no statistically significant
changes in size or morphology over the course of the incubation. The
only statistically significant change observed for the Aggregate treat-
ment was a small increase in mass per crystal for the average population
of crystals within aggregates (Table 2 and Fig. 3). The only visibly
observable change in barium sulfate crystals over time for Aggregate
and Overlying Water treatments was a slight change in surface topog-
raphy (Fig. 1), which suggests that barium sulfate dissolution may occur
within organic matter aggregates but over much longer time scales than
those studied here.

Organic matter aggregates likely shield barium sulfate from disso-
lution through physical and chemical mechanisms, both in our experi-
ments and in the ocean water column. Interstitial flow through organic
matter aggregates is limited (Ploug et al., 2002; Zetsche et al., 2020), so
aggregates form a physical barrier that may protect barite from fluid
resistance from the water column. Small-scale chemical gradients can
form within sinking aggregates (Alldredge and Silver, 1988; Ploug,
2001), so aggregates may also shield barite from dissolution by limiting
diffusion and creating microenvironments with higher barite saturation
states than the surrounding water column. Aggregates are held together
by extracellular polymeric substances (EPS), which have been shown to
bioaccumulate Ba®>* (Martinez-Ruiz et al., 2018). It is possible that this
bioaccumulation not only facilitates pelagic barite precipitation but also
subsequently protects crystals from dissolution.

While sinking velocities were not experimentally tested here,
incorporation into aggregates likely also promotes pelagic barite pres-
ervation by increasing the sinking velocities of crystals. Settling veloc-
ities for organic matter aggregates range from 10 to 1000 m day
depending on the characteristics of the aggregate (e.g., Iversen and
Ploug, 2010; Laurenceau-Cornec et al., 2020). These velocities are
70-7000 times faster than the estimated sinking velocity for an average-
sized free barite crystal. Similarly, the incorporation of high-density
pelagic barite crystals into organic matter aggregates may increase
their sinking velocity. Experiments show that ballast materials such as
opal and atmospheric dust increase the sinking velocity of aggregates, so
pelagic barite may also be an effective aggregate ballast (Iversen and
Ploug, 2010; van der Jagt et al., 2018).

The similarities between barium sulfate crystals in the Aggregate and
Overlying Water treatments (Figs. 1 and 3) suggest that even very small
organic matter aggregates or transparent exopolymeric particle (TEP)
films coating barium sulfate crystals are sufficient to shield crystals from
dissolution. While our Overlying Water treatment samples contained
few, if any, visible organic matter aggregates, they undoubtedly con-
tained subvisible aggregates and TEP. Shielding by these smaller parti-
cles likely explains the limited dissolution of Overlying Water treatment
crystals (Figs. 1 and 3), and these results suggest that subvisible marine
particles also play a role in pelagic barite dynamics.

In our incubation and in natural seawater, marine organic matter
aggregates grow over time through coagulation, or the collisions of
smaller particles due to processes such as fluid shear, Brownian motion,
and particle settling (Alldredge and Jackson, 1995). These processes,
combined with the stickiness of EPS, likely explain how barium sulfate
was efficiently incorporated into aggregates, since total barium sulfate
area was much higher in Aggregate treatment filters than the other
treatments (Fig. 3). Ongoing coagulation may also explain the increase
in mass per crystal over time for the average population of crystals
within aggregates (Fig. 3). Earlier in the incubation, aggregates likely
incorporated some smaller crystals which had undergone partial disso-
lution in the surrounding seawater before colliding with an aggregate.
By the end of the incubation, many of these surrounding crystals had
likely dissolved completely, so the average population of Aggregate
treatment barite included fewer of these smaller crystals.

4.3. Implications for the barite proxy

Together, these findings suggest that organic matter aggregates are
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vital to the survival of pelagic barite crystals as they sink through
seawater undersaturated with respect to barite (Fig. 5). When barite
crystals precipitate within aggregates but those aggregates then disin-
tegrate, the barite crystals will likely dissolve well before they sink to the
seafloor. The fraction of aggregates that survive transit through the
water column is poorly constrained. However, aggregates are well-
known to represent hotspots for bacterial activity (e.g., Ziervogel
et al., 2010) and a common food source for zooplankton (e.g., Cawley
et al., 2021). Due to these pressures, much of the organic matter within
aggregates is remineralized as these aggregates sink through the water
column (DeVries and Weber, 2017; Sanders et al., 2014). Therefore,
most pelagic barite crystals will dissolve before they reach the seafloor,
as is consistent with prior mass balance estimates (Paytan and Kastner,
1996).

Under this hypothetical scenario, the free barite crystals that are
observed in the water column (e.g., Light and Norris, 2021; Xiao et al.,
2022) have likely been recently released by organic matter aggregates
that have been degraded or fragmented. A small fraction of these free
crystals may be incorporated into other aggregates, given their sticki-
ness and rapid sinking velocity compared to crystals. However, since
aggregate formation occurs primarily in surface waters (Simon et al.,
2002), most barite particles released into seawater undersaturated with
respect to barite likely dissolve. This suggests that microbial activity and
associated EPS production play an essential role in both pelagic barite
formation (Gonzalez-Munoz et al., 2012; Martinez-Ruiz et al., 2019;
Torres-Crespo et al., 2015) and pelagic barite preservation. Our findings
also show that seawater properties such as pH, salinity, and temperature
have a much smaller effect on barite dissolution than a crystal's asso-
ciation with an organic matter aggregate. This increases our confidence
in pelagic barite as a reliable, widely applicable carbon cycle proxy.

Nonetheless, the impact of spatial variability in water column barite
dissolution on sediment barite accumulation rates and proxy in-
terpretations should be explored. Recent work shows that micro-scale
barite dissolution and precipitation fractionate Ba isotopes (Middleton
et al., 2023), so the shielding of barite crystals by organic matter ag-
gregates may also have implications for barite as a record of Ba isotopes.
The factors influencing pelagic barite dissolution at the sediment-water
interface also warrant further study. Finally, the role of subvisible TEP
particles in shielding barite crystals from dissolution bears further
analysis since our experiments suggest that crystals experimentally
exposed to diatom cultures but not associated with large aggregates
were also protected from dissolution.

An important implication of our findings is that the sediment pelagic
barite proxy is likely to most closely track not organic matter reminer-
alization or export out of the surface ocean but rather the flux of organic
matter aggregates to the sediment-water interface. Our laboratory ex-
periments are inherently limited in their ability to recreate marine
conditions, so this hypothesis must be tested in the field. Previous proxy
calibrations have compared the accumulation rate of pelagic barite in
marine sediments to surface ocean productivity or export production
(Hayes et al., 2021; Eagle et al., 2003; Paytan et al., 1996). If pelagic
barite crystals require shielding by organic matter aggregates to survive
transport through the water column, we would expect pelagic barite
accumulation rates to correlate more closely with proxies for the arrival
of organic matter to the seafloor. These proxies include the abundance of
benthic foraminifera, organic carbon, organic phosphorous, calcium
carbonate, and opal in core top sediments (e.g., Brummer and Van Eij-
den, 1992; Bareille et al., 1991; Loubere, 1991; Pedersen and Calvert,
1990; Schenau and De Lange, 2001). However, these proxies have their
own limitations in terms of preservation (e.g., Calvert and Pedersen,
2007; Ragueneau et al., 2000; Schoepfer et al., 2015), and pelagic barite
formation is linked to microbial activity and EPS formation, which is not
always well-correlated with foraminifera production (e.g., Martinez-
Ruiz et al., 2020).

Some previous investigations have presented collocated core top Ba
or barite data along with one or more of the other proxies listed above,
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Fig. 5. Schematic illustrating the proposed role of organic matter aggregates (depicted in green) in protecting pelagic barite crystals (depicted as purple diamonds)
from dissolution in the water column. Schematic is not to scale, and water depths are approximate as each of the processes listed occur over a wide range of depths.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

allowing us to test our hypothesis (Hayes et al., 2021; Schoepfer et al.,
2015; Serno et al., 2014; Shen et al., 2023). Reanalysis of these datasets
yields mixed results, with excess barium sometimes showing stronger
positive correlations with organic matter accumulation proxies than
surface-based measures of productivity (Table A4). A larger scale
investigation specifically targeted at comparing core top pelagic barite
accumulation with multiple other carbon cycle proxies from a variety of
locations is likely needed to reliably assess which water column pro-
cesses are recorded by sediment barite abundance.

If our hypothesis regarding the water column dissolution of free
barite crystals is correct, it may undermine recent interpretations of
some paleoceongraphic records. Griffith et al. (2021) and Diester-Haass
and Faul (2019) found that pelagic barite accumulation rates were
decoupled from benthic foraminiferal accumulation rates during Eocene
hyperthermals in the South Atlantic and in the Paleogene Southern
Ocean, respectively. These studies attributed this decoupling to pelagic
barite recording export production out of the mesopelagic and benthic
foraminifera recording the supply of organic matter and therefore food
to the seafloor (Diester-Haass and Faul, 2019; Griffith et al., 2021). They
suggest that these parameters diverge when there is a change in an
ecosystem's transfer efficiency, or the fraction of organic matter that is
exported out of the euphotic zone that reaches the deep ocean. This
explanation relies on pelagic barite crystals surviving transit through the
water column even when not shielded by organic matter aggregates.
This might have been facilitated by a higher seawater barite saturation
state during the Paleogene. However, Sr/Ba measurements suggest that
barite undersaturation during the Paleocene-Eocene Thermal Maximum
was comparable to that of the modern ocean (Paytan et al., 2007).
Alternatively, benthic foraminifera may have only been able to consume
a subset of the organic matter aggregates that shielded pelagic barite
from dissolution, or ecosystem pressures independent from organic
matter supply may have influenced benthic foraminifera populations.
Palaeoceanographic studies from different locations and time periods
generally show agreement between pelagic barite accumulation and
benthic foraminifera (e.g., Gorbarenko et al., 2007; Moore Jr et al.,
2014; Reolid and Martinez-Ruiz, 2012), so additional work is needed to
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determine how barite sediment records shed light on transfer efficiency
and other vital aspects of the marine carbon cycle.

5. Conclusions

Here, we conducted laboratory experiments to assess the dissolution
rate of synthetic barium sulfate in seawater under different conditions.
We found that pH, salinity, and temperature did not significantly affect
the observed rate of barium sulfate dissolution. Our findings suggest that
pelagic barite dissolution in undersaturated seawater is far too rapid to
allow for free barite crystals to survive transit through the water column.
In contrast, barium sulfate crystals encased within organic matter ag-
gregates showed little evidence of dissolution over time. This suggests
that organic matter aggregates are critical to shielding pelagic barite
crystals from dissolution. Therefore, the sediment pelagic barite proxy
likely tracks the flux of organic matter aggregates to the seafloor. These
findings call attention to the need for additional field-based studies to
determine which water column processes are captured by sediment
barite abundance. This has potentially important implications for the
interpretation of sediment pelagic barite records to gain new insights
into the marine carbon cycle.
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