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ABSTRACT

Marine barite is commonly used as a proxy to reconstruct past ocean productivity. Its distribution in the water
column mirrors organic carbon fluxes since it precipitates within microenvironments in decomposing organic
matter aggregates. Barite and barium proxies are therefore used to study various aspects of organic matter
remineralization and the marine carbon cycle. Barite naturally occurs in a wide variety of crystal sizes and
morphologies, but barite crystals that form in the ocean water column are dominantly 1-2 pm in length and have
barrel-shaped morphologies. Here, we conducted a series of laboratory experiments to determine the physical
and chemical conditions that yield barite crystals similar to marine barite. We found that barite saturation index,
the presence and identity of organic compounds, and experiment duration all exert a strong influence on barite
crystal size and morphology. Barrel-shaped, 1 pm length crystals resembling marine barite were produced in
experiments with a barite saturation index of 2.5, soy phospholipid concentrations of >50 mg L™}, and exper-
iment durations of <10 min. These findings help constrain the plausible biogeochemical conditions within the
aggregate microenvironments in which marine barite precipitates. Relatively high experimental concentrations
of phospholipids are consistent with the hypothesized involvement of extracellular polymeric substances in
marine barite precipitation. Short experiment durations suggest that a favorable saturation state may be short-
lived in marine organic matter aggregates. We present detailed mineralogical and crystallographic analyses of
the crystals we synthesized to gain insight into barite crystal growth. This work deepens our understanding of the
mechanisms behind marine barite precipitation and sheds light on microscale spatial and temporal dynamics
within organic matter aggregates.

1. Introduction

persistence, and decomposition in the past and present, and this makes it
difficult to predict how marine ecosystems will respond to future

The association of particulate Ba and particulate organic carbon in
the ocean water column has been broadly demonstrated (e.g., Bishop,
1988; Dehairs et al., 1980). Since marine barite precipitates mostly
within sinking and suspended particulate matter, it can be a useful tool
for studying the remineralization of marine organic matter aggregates
such as fecal pellets and marine snow (Carter et al., 2020; Yao et al.,
2021 and references therein). The gravitational settling of organic par-
ticles transports an estimated 7.3 x 10> g C out of the surface ocean
each year (Nowicki et al., 2022), so understanding marine particle dy-
namics is central to our ability to constrain the global carbon cycle
(Hiilse et al., 2017). However, studying marine organic matter aggre-
gates, particularly in situ, is logistically challenging. Important ques-
tions remain regarding marine organic matter aggregate formation,
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anthropogenic climate change (Buesseler et al., 2020; Fakhraee et al.,
2020; Henson et al., 2022). Ba proxies have the potential to provide new
insights into these processes because marine barite is relatively well-
preserved in ocean sediments (Bishop, 1988; Paytan et al., 1998), and
barite abundance in sediments can be fairly easily measured through
methods such as sequential leaching (Paytan et al., 1996) or chelating
ligand analysis (House and Norris, 2020). Sediment barium concentra-
tions can also be easily measured (e.g., Murray and Leinen, 1993).

The ocean is largely undersaturated with respect to barite (Monnin
et al., 1999), but marine barite has been demonstrated to precipitate in
supersaturated microenvironments within decomposing organic matter
aggregates (Bishop, 1988; Ganeshram et al., 2003). The precise mech-
anism behind the formation of these supersaturated microenvironments
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is still unclear, but recent work suggests that phospholipids contained by
the extracellular polymeric substances (EPS) in organic matter aggre-
gates may play an important role in bioaccumulating barium. Barium
has been shown to bind to phosphate groups on cell surfaces and within
EPS under experimental conditions (Martinez-Ruiz et al., 2018). Similar
crystallization pathways have been observed in the ocean water column,
where barite is particularly abundant in suspended organic matter at
intermediate depths in the mesopelagic zone (Martinez-Ruiz et al., 2020;
Martinez-Ruiz et al., 2019). A portion of this barite then accumulates in
marine sediments, where it is well-preserved under non sulfate-reducing
conditions (e.g., Paytan et al., 1998).

Because marine barite precipitation is closely linked to organic
matter decomposition, the accumulation rate of barite in marine sedi-
ments is broadly used as a proxy for the export of organic carbon out of
the surface ocean (e.g., Carter et al., 2016; Erhardt et al., 2013; Kim
et al., 2022; Lowery and Bralower, 2022; Ma et al., 2014; Paytan et al.,
1996). Barite abundance and barium isotopes within the water column
are used as proxies for modern mesopelagic organic carbon remineral-
ization (e.g., Jacquet et al., 2011; Hsieh and Henderson, 2017). Sedi-
ment marine barite also serves as an archive for past seawater sulfur,
oxygen, and strontium isotopes (e.g., Markovic et al., 2016; Paytan
et al., 1993; Yao et al., 2020). However, uncertainties in the specifics of
marine barite formation often complicate the interpretation of sediment
barite records. For instance, periods of high barite accumulation at
certain locations following the Cretaceous-Paleogene mass extinction
(Lowery and Bralower, 2022) or during Eocene hyperthermals (Griffith
et al., 2021) may represent increases in carbon export, but they may also
be partly due to changes in other ecosystem parameters such as plankton
community composition and intensity of organic matter
remineralization.

Despite the widespread utility of marine barite proxies, relatively
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little work has focused on the processes that cause marine barite pre-
cipitation and on how marine barite crystal size and morphology can
shed light on the organic matter aggregates in which barite forms. Barite
naturally occurs in a wide range of sizes and morphologies across
different environments (Goldschmidt, 1913), but marine barite crystals
show distinct morphologies that tend to be barrel-shaped, elliptical, or
six-sided and approximately 1 pm in length (Fig. 1) (Bertram and
Cowen, 1997; Light and Norris, 2021; Sun et al., 2015). Previous labo-
ratory investigations into barite precipitation have shown that barite
crystal size and morphology is determined by factors such as barite
saturation index, Ba®" to SO3™ ratio, solution mixing protocol, con-
centration of Na™ and other cations, and the presence of organic com-
pounds such as sodium formate, ethylenediaminetetraacetic acid
(EDTA), benzoic acids, polyacrylic acid, humic acids, and phosphonates
(Benton et al., 1993; Bernard-Michel et al., 2002; Fernandez-Diaz et al.,
1990; Freeman et al., 2006; Godinho and Stack, 2015; Jones and Ogden,
2009; Judat and Kind, 2004; Kowacz et al., 2007; Ruiz-Agudo et al.,
2015; Ruiz-Agudo et al., 2016; Qi et al., 2001; Shen et al., 2007; Smith
et al., 2004; Widanagamage et al., 2014; Widanagamage et al., 2018).
Crystal nucleation that is homogeneous (in solution) vs. heterogeneous
(on surfaces) may also impact barite crystal size and morphology (Deng
et al,, 2019; He et al., 1995, Yuan et al., 2021). However, most prior
studies on barite morphology were not designed to emulate marine
environments and did not reliably produce crystals resembling marine
barite.

Recent work has shown that barite crystals resembling marine barite
can result from a two-step process in which a Ba-P amorphous phase
formed with phytic acid is exposed to a sulfate-bearing solution (Ruiz
Agudo et al., 2021). Boon and Jones (2016) investigated the elemental
composition of barite crystals formed in synthetic seawater solutions,
but the crystals they produced generally did not resemble marine barite

A

Fig. 1. Representative marine barite crystals collected from a water depth of 200 m in the North Pacific. A), B), and C) Typical elliptical or barrel-shaped barite
crystals. D) Six-sided barite crystal with irregular edges. See Light and Norris, 2021 for detailed information regarding crystal collection and analysis.
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in size or morphology. Rather, marine barite morphologies resemble
that of some carbonates resulting from microbially mediated precipita-
tion (Dupraz et al., 2009). In the case of carbonates, mineral species
abundance and morphology provides information on the conditions of
precipitation such as the nature of the mediating biofilm and concen-
trations of organic compounds such as polyaspartic acid and other pol-
yamino acids (e.g., Braissant et al., 2003). Thus, barite morphology may
shed light on the organic microenvironments in which barite forms in
natural settings.

Here, we conducted a wide variety of laboratory experiments to
identify conditions that produce marine barite’s characteristic size and
morphology. We use these findings to constrain plausible biogeochem-
ical conditions within the organic matter aggregate microenvironments
in which marine barite precipitates in the ocean water column. We also
explore the implications of marine barite morphology for both barite
crystal growth and the marine barium cycle.

2. Materials and methods
2.1. Barite precipitation protocol

We conducted a series of laboratory experiments to assess the role of
barite saturation index, presence and concentration of organic additives,
and experiment duration time on barite crystal morphology (Table 1).
All solutions were made using ultrapure Milli-Q water (18.2 MQ-cm).
Experiments were designed to simulate the relative concentrations of
seawater constituents as closely as possible.

Barite supersaturation was obtained through the addition of barium
chloride (BaCl,, Fisher Scientific) and sodium sulfate (Na;SO4, Fisher
Scientific) to maintain a 1:625 [Ba®']: [SO%’] ratio, or the ratio achieved
when the SO3~ concentration in solution is equal to that of seawater and
Ba®* is enriched to achieve a saturation index of 2.5 (Emerson and
Hedges, 2008). Barite saturation indices were calculated using The
Geochemist’s Workbench software (Bethke, 2022). Strontium nitrate
(SrNOs3, Sigma-Aldrich) was added to each solution to achieve a [Bat]:
[Sr®>*] ratio of 1. Sodium chloride (NaCl, Innovating Science) was added
to all experiments as necessary to achieve [Na®] = 460 mM to approx-
imate seawater Na™ concentrations (Emerson and Hedges, 2008). One
exception was made for the pyromellitic acid experiment; pyromellitic
acid was observed to form a precipitate in the presence of Na™, so NaCl
was not added to this solution and the concentrations of all other species
were adjusted accordingly. Additional experiments were conducted to
assess the influence of [Ba®]:[Sr?*] and [Ba®*]:[SOF ] and ratios on
barite crystal morphology (Fig. SI, SII).

We used four organic additives in our experiments: sodium formate
(HCOONa), L-ascorbic acid (CgHgOg), pyromellitic acid (1,2,4,5-

Table 1
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benzenetetracarboxylic acid, C1oHgOg), and EDTA (C;9H16N20g). These
additives were acquired from Sigma-Aldrich, TCI, Sigma-Aldrich, and
Eisen-Golden, respectively. Sodium formate was selected because formic
acid occurs naturally in seawater (Koyama and Thompson, 1964), and
sodium formate has been previously shown to produce elliptical barite
crystals (Widanagamage et al., 2018). Experiments with L-ascorbic acid
were run because it also occurs naturally in seawater (Wangersky, 1952)
and has been shown to produce spherical calcium carbonate crystals
(Saraya, 2015). Pyromellitic acid was employed because it has been
previously shown to produce elliptical barite crystals (Freeman et al.,
2006), and benzoic acids can be used as a proxy for carboxy-rich alicylic
molecules, which are a main component of marine dissolved organic
matter (Liu et al., 2020). EDTA was used because it has been previously
shown to produce elliptical barite crystals, and there is a large body of
literature on the interactions between EDTA and barite (e.g., Akyol and
Cedimagar, 2016; Jones et al., 2007; Liu et al., 2018; Widanagamage
et al., 2018; Zhang et al., 2011). EDTA also forms complexes with Ba’*
ions in solution, so the EDTA experiment was conducted at higher
calculated barite supersaturation to compensate for complexed ions
(Jones et al., 2007). Soy phospholipids were acquired from Millipore
Sigma and contained roughly equal amounts of lecithin, cephalin, and
phosphatidylinositol with minor amounts of other phospholipids and
polar lipids. Soy phospholipids were used because phospholipids have
been hypothesized to play an important role in marine barite precipi-
tation (Martinez-Ruiz et al., 2018, 2019).

Experiments were designed to minimize contamination and high
barite saturation indices at the solution mixing interface. All glassware
was cleaned in 5% hydrochloric acid overnight. All reactants except
NaySO4 were dissolved in 40 ml water in a 200 ml glass beaker. Soy
phospholipids were sonicated to dissolution in 5 ml of ethanol before
addition to this BaCl; solution. Na;SO4 was separately dissolved in 10 ml
of water. The BaCl; solution was then rapidly stirred on a magnetic stir
plate while the NaySO4 solution was slowly added. The final solution
was then removed from the stir plate and allowed to sit for the specified
time in the experimental treatment. The solution was then syringe
filtered through a 0.2 pm pore size, 25 mm diameter nylon membrane
filter enclosed in a reusable filter holder. Filters were then dried in a 60
°C oven overnight prior to analysis. All experiments were conducted in
duplicate.

We initially conducted experiments in polycarbonate plastic bottles,
but we found that these bottles retained nuclei of barite crystals through
repeated acid washes. These retained nuclei influenced the size and
morphology of barite crystals synthesized in later experiments and led to
inconsistent results between duplicate experiments. We also pursued
many iterations of the solution mixing protocol before we discovered the
importance of minimizing high barite saturation indices at the solution

Experimental parameters, analyses conducted, and resultant barite crystal morphologies. SI is the saturation index, while other experiments focused on varying
concentrations of organic additives and experiment duration times. All Soy and Time treatments also contained 9 % v/v ethanol.

Treatment BaS0O, SI Organics Time (minutes) Analyses Dominant Crystal Morphology
SI-1.5 1.5 None 2 SEM Irregular

SI-2 2 None 2 SEM, HRTEM Irregular

SI-2.5 2.5 None 2 SEM, HRTEM Rectangular, rhomboidal

SI-3 3 None 2 SEM Concave diamond, rosette
SI-3.5 3.5 None 2 SEM Concave diamond, rosette
Formic 2.5 1 M formic acid 2 SEM, HRTEM Globular elliptical

Ascorbic 2.5 1 M ascorbic acid 2 SEM, HRTEM Rectangular, hollow rhomboidal
Pyromellitic 2.5 48 mM pyromellitic acid 2 SEM, HRTEM Elliptical, rhomboidal

EDTA 3 25 mM EDTA 2 SEM, HRTEM Elliptical

Ethanol 2.5 9 % v/v ethanol 2 SEM Rectangular, rhomboidal

Soy-10 2.5 10 mg L' soy phospholipids 2 SEM Rectangular, rhomboidal, irregular
Soy-50 2.5 50 mg L~! soy phospholipids 2 SEM Elliptical, irregular

Soy-100 2.5 100 mg L~ soy phospholipids 2 SEM, HRTEM Elliptical

Soy-200 2.5 200 mg L™! soy phospholipids 2 SEM, HRTEM Elliptical

Time-10 2.5 100 mg L~! soy phospholipids 10 SEM, HRTEM Elliptical, globular

Time-30 2.5 100 mg L~! soy phospholipids 30 SEM, HRTEM Globular

Time-120 2.5 100 mg L~! soy phospholipids 120 SEM, HRTEM Globular
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mixing interface. These iterations included adding concentrated BaCl, to
a dilute SOZ~ solution, adding dilute BaCl, to the NapSO4 solution
without stirring, and scaling the experimental protocol up to larger
volumes.

2.2. Barite crystal analyses

Morphology assessments of each treatment were conducted via
Scanning Electron Microscopy equipped with Energy-dispersive X-ray
Spectroscopy (SEM-EDX). One quarter of each nylon membrane filter
was mounted on an aluminum stub with carbon tape for analysis. Size
analysis and morphological characterization were conducted on a
Phenom Desktop SEM with an accelerating voltage of 15 kV and working
distance of 9-10 mm (Scripps Institution of Oceanography, UCSD). A
backscatter electron (BSE) detector was used to identify likely barite
crystals, and their identity was confirmed by EDX. Dominant crystal
morphologies for each treatment were determined based on the visual
assessment of at least 20 barite crystals on each duplicate filter. Higher-
quality images of representative crystals were then acquired using an
AURIGA FIB- FESEM Carl Zeiss SMT microscope equipped with EDX and
operated at 10 kV (Centre for Scientific Instrumentation, University of
Granada) and a FEI Apreo 2 LoVac SEM equipped with EDX and oper-
ated at 20 kV (NanoEngineering Materials Research Center, University
of California San Diego). Images were processed using the FIJI distri-
bution of ImageJ (Schindelin et al., 2012; 2015).

Barite crystals from treatments Soy-100, Time-10, Time-30, and
Time-120 (with experiment duration times of 2, 10, 30 and 120 min,
respectively) were quantitatively analyzed to determine the effect of
experiment duration on crystal size. Twenty barite crystals for each
treatment were randomly selected and imaged during SEM analysis.
Images were then analyzed using the FILJI distribution of ImageJ
(Schindelin et al., 2012; 2015). Scaling parameters were extracted from
the metadata of each image. Barite crystals were distinguished from the
filter background using the Trainable Weka Segmentation plugin
(Arganda-Carreras et al., 2017). Barite crystal areas were then calcu-
lated using FIJI's Analyze Particles plugin. Results were plotted in R
using ggplot 2.0 (R Core Team, 2020; Wickham, 2016).

Eleven of the seventeen experimental treatments were selected for
additional analysis via high-resolution transmission electron microscopy
(HRTEM) (Table 1). For each of these treatments, one quarter of one
duplicate 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. Barite crystals on these grids were
then 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, Uni-
versity of Granada). Elemental composition maps were acquired using a
SUPER-X silicon-drift windowless EDX detector. Spot EDX spectra were
semi-quantitatively analyzed to determine the relative intensities of
phosphorous across soy phospholipid treatments (Table SI). Selected
area electron diffraction (SAED) patterns were also collected on barite
crystals. Two to four crystals were imaged for each treatment in which
HRTEM analysis was conducted. SAED patterns were quantitatively
analyzed using CrysTBox Software (Klinger, 2017). Since a greater
number of crystals were analyzed via SEM and HRTEM sample prepa-
ration preferentially selects for small crystals, SEM was used to deter-
mine the dominant crystal morphologies and size distributions for each
treatment.

3. Results
3.1. Effect of saturation index on barite morphology
Barite saturation index (SI) had a large effect on observed barite

crystal morphology. Barite crystals precipitated in solutions with a
barite SI of 1.5 and 2 displayed irregular morphologies and were mostly
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under 1 pm in length (Fig. 2A, 2B). Barite crystals from solutions of SI
2.5 displayed clearly defined rectangular and rhomboidal morphologies
and were 1-3 pm in length (Fig. 2C). Solutions of SI 3 and 3.5 produced
crystals with distinctive twinned concave diamond and bladed rosette
morphologies ranging from 1 pm to 5 pm in length (Fig. 2D, 2E). These
morphologies were consistent with those observed under similar con-
ditions in Godinho and Stack (2015). Solution mixing protocol had a
large effect on barite precipitation; in early experiments that did not
minimize barite concentration gradients at the solution mixing inter-
face, crystal morphologies typical of SI 3 and 3.5 were observed even in
solutions with lower saturation indices. [Ba%*1:[Sr>"] had no discernible
effect on barite crystal size and morphology within the range of condi-
tions tested here (Fig. SI). [Ba2+]:[SO‘2f] had little effect on barite
crystal size and morphology, but crystals precipitated at very high
[SO?{] were smaller and displayed rounded corners (Fig. SII).

3.2. Effect of organic additives on barite morphology

Various organic additives had distinct effects on barite crystal
morphology. In experiments with barite saturation of 2.5, formic acid
produced crystals with globular, pointed elliptical morphologies, visibly
uneven surface textures, and lengths of 1-3 pm (Fig. 3A). Ascorbic acid,
with SI = 2.5, produced rectangular and rhomboidal crystals with
lengths mostly under 1 pm (Fig. 3B). Approximately half of the rhom-
boidal crystals contained center holes resembling dissolution pits
(Fig. 3B). Pyromellitic acid, with SI = 2.5, produced rectangular and
narrow elliptical crystals mostly under 1 pm in length (Fig. 3C). Finally,
EDTA (SI = 3) produced broad, elliptical crystals 1-2 pm in length
(Fig. 3D).

HRTEM results were generally consistent with SEM observations
(Fig. 3E, 3H), but HRTEM images for Ascorbic and Pyromellitic treat-
ments showed more irregular morphologies than those observed during
SEM analysis (Fig. 3F, 3G). Elemental composition maps for crystals
synthesized in the presence of all four organic additives were consistent
with barite (Fig. 3I-L). Lattice-fringe images and SAED patterns for all
four treatments yielded d-space measurements consistent with barite
(Fig. 3M-T). All four SAED patterns showed well-defined crystallinity,
with the Formic treatment displaying some polycrystalline character
(Fig. 3N, 3P, 3R).

3.3. Effect of soy phospholipids on barite morphology

Barite crystals similar to marine barite formed in the presence of
moderately high concentrations of soy phospholipids. Barite crystals
precipitated in the presence of only ethanol or ethanol and 10 mg L™}
soy phospholipids displayed regular rectangular and rhomboidal mor-
phologies like those precipitated without soy phospholipids (Fig. 4A,
4B). However, crystals precipitated with ethanol and 50, 100, and 200
mg L1 soy phospholipids displayed largely elliptical morphologies
(Fig. 4C-E). Most barite crystals for all four treatments were 1-2 pm in
length.

HRTEM analysis of barite in the absence of soy phospholipids
confirmed its well-defined euhedral morphology (Fig. 4F). HRTEM
analysis of 100 and 200 mg L™! soy phospholipid treatments showed
crystals that were broadly elliptical but fairly irregular in shape (Fig. 4L
and 4R). Elemental composition maps were consistent with barite
(Fig. 4G, 4H, 4M, 4N, 4S, 4T). Crystals from SI-2.5, Soy-100, and Soy-
200 treatments showed some phosphorous incorporation into the crys-
tal lattice, but the inclusion of phosphorous did not appear to increase
with increasing concentrations of phospholipids in solution (Fig. 41, 40,
4U). Semi-quantitative analysis of spot EDX spectra suggest greater
incorporation of phosphorous in the Soy-100 treatment than the other
two treatments (Table SI). Lattice-fringe images and SAED patterns for
all three treatments showed well-defined crystallinity and yielded d-
space measurements consistent with barite (Fig. 4J, 4K, 4P, 4Q, 4V, 4W).
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100 nm

Fig. 3. SEM images of representative barite crystal morphologies for treatments A) Formic, B) Ascorbic, C) Pyromellitic, and D) EDTA. Insets depict the chemical
structure of the corresponding organic compound. HRTEM images of crystals from E) Formic, F) Ascorbic, G) Pyromellitic, and H) EDTA treatments. Ba and S
elemental composition maps of corresponding crystals for I) Formic, J) Ascorbic, K) Pyromellitic, and L) EDTA treatments. Lattice fringe images and SAED patterns
for a region of the corresponding crystal for M) and N) Formic, O) and P) Ascorbic, Q) and R) Pyromellitic, and S) and T) EDTA treatments. Lattice-fringe images show
d-spacings characteristic of barite: 3.77 A (201) for M, 2.84 A (112) for 0, 2.12 A (113) for Q, and 3.10 A (211) for S. Ten unit cells have been measured, so the

o
indicated measurements in nm correspond to d-spacings in A.

3.4. Effect of experiment duration on barite morphology

Barite crystals synthesized in the presence of 100 mg L™ soy phos-
pholipids became larger and more irregularly shaped with longer
experiment durations (Figs. 5, 6). Crystals in solutions allowed to react
for 2 min displayed regular elliptical morphologies and had an average
length of 0.8 + 0.1 pm (Figs. 5A, 6). Barite crystals became more
globular with increasing experiment duration times and reached
average lengths of 2.7 £+ 0.4 pm, 15 + 2 pm, and 54 £ 8 pm after 10, 30,
and 120 min, respectively (Figs. 5B-D, 6). D-spacing measurements from
lattice-fringe images for crystals from 2-, 10-, and 30-minute treatments
are consistent with barite. Lattice-fringe images and SAED patterns
showed increasing polycrystallinity with longer experiment durations
(Fig. 5E-J).
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4. Discussion

4.1. Barite morphology as an indicator of conditions within organic
matter aggregates

Our results show that barite saturation index, the presence of organic
compounds, and experiment duration determine barite crystal size and
morphology. Since only four out of the seventeen experiments we con-
ducted here yielded barite crystals that resemble characteristic marine
barite crystals (Table 1, Fig. 7), we can use our findings to constrain
likely biogeochemical conditions in the organic matter aggregate mi-
croenvironments in which barite precipitates. Microscale dynamics
within organic matter aggregates are poorly constrained, despite the
importance of aggregates to marine ecosystems and the marine carbon
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Fig. 4. SEM images of representative barite crystal morphologies for treatments A) Ethanol, B) Soy-10, C) Soy-50, D) Soy-100, and E) Soy-200. HRTEM images and
corresponding elemental composition maps for treatments F-I) SI-2.5, L-O) Soy-100, and R-U) Soy-200. Lattice-fringe images and SAED patterns for a region of the
corresponding crystal for J) and K) SI-2.5, P) and Q) Soy-100, and V) and W) Soy-200 treatments. Lattice-fringe images show d-spacings characteristic of barite: 3.10
A (211) for J, 2.84 A (112) for P, and 3.10 A (211) for V. Ten unit cells have been measured, so the indicated measurements in nm correspond to d-spacings in A.

Fig. 5. SEM images of representative barite crystal morphologies for treatments A) Soy-100, B) Time-10, C) Time-30, and D) Time-120. Lattice-fringe images and
SAED patterns for crystals from treatments E) and F) Soy-100, G) and H) Time-10, and I) and J) Time-30. Lattice-fringe images show d-spacings characteristic of
barite: 3.10 A (211) for E, 2.33 A (220) for F, and 3.32 A (102) for G. Ten unit cells have been measured, so the indicated measurements in nm correspond to d-

spacings in A.

cycle (Iversen, 2023). Therefore, these findings provide new insights
into the plausible biogeochemistry of aggregates.

Marine barite crystals likely precipitate within microenvironments in
which Ba?" and/or SO~ concentrations are high enough to achieve a
barite saturation index of around 2.5. Barite crystals that formed in less
saturated solutions were small and irregular in shape (Fig. 2A, 2B)
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compared to most marine barite crystals (Fig. 1). Conversely, solutions
with saturation indices above 2.5 produced distinctive concave diamond
and rosette morphologies typical of rapid, diffusion-limited crystal
growth (Fig. 2D, 2E) (Dirksen and Ring, 1991; Garcia-Ruiz, 1999).
Crystals that formed under barite supersaturation of 3 or 3.5 did display
rounded corners, which suggests a transition to slower, spiral crystal



T. Light et al.

60
«—
1S
=
2 40
=)
=
@
o
i
(]
% 20
o X
<
x
0
210 30 120
Experiment duration (minutes)

Fig. 6. Average barite crystal area with experiment duration. The red line
shows average barite crystal area for marine barite crystals collected from the
North Pacific (Light and Norris, 2021).

growth once ongoing barite precipitation lowers the barite supersatu-
ration of the solution (Kucher et al., 2006; Weber et al., 2021). However,
these rounded corners were only observed in the presence of diamond
and rosette morphologies that, to the best of our knowledge, have never
been observed for marine barite crystals (e.g., Dehairs et al., 1980; Light
and Norris, 2021). Thus, our findings suggest that whatever mechanism
(s) facilitate marine barite precipitation do so by establishing a fairly
narrow range of Ba?" and SO3~ concentrations that allow for stable
barite crystal growth. The rarity of irregular crystals in populations of
marine barite crystals suggests either that precipitation is inhibited
below a SI of ~2.5 or that these crystals form but then dissolve in the
water column. Ongoing marine barite precipitation within microenvi-
ronments likely prevents sufficient Ba®>* and SO~ accumulation to
establish saturation indices above 2.5.

We did not observe elliptical or barrel-shaped barite crystals
resembling marine barite in any experimental treatment without
organic compounds. Previous studies have found that high concentra-
tions of Sr** can enhance barite crystal growth in the [010] direction
and favor the formation of celestite-like morphologies that may more
closely resemble marine barite (Weber et al., 2018; Sanchez-Pastor
et al., 2006). However, we observed rectangular and rhomboidal barite
crystal morphologies even at a Sr2*:Ba®' ratio of 10:1 under our

ospholipids
mg L")

(Ph
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experimental conditions, which were designed to emulate plausible
conditions within a marine organic matter aggregate (Fig. S1). There-
fore, elevated Sr2* concentrations in organic matter aggregates are un-
likely to be the main driver of elliptical marine barite morphologies.
Similarly, literature suggests that curvilinear barite crystal morphol-
ogies may be promoted by Ba?":S03™ ratios greater than ~5 (Bracco
et al., 2016), but these high ratios have little relevance to marine sys-
tems given the high ambient concentration of SOZ™ in seawater (28.2
mmol kg’l; Emerson and Hedges, 2008). We explored barite precipi-
tation at barite supersaturation of 2.5 with Ba?*:503™ ratios ranging
from elevated Ba®t and ambient seawater SO%~ (1:625) to ambient
seawater Ba®" and elevated SO%’ (1:6670) (Fig. S2). These experiments
did show changes in crystal size and morphology that suggest that Ba*:
SO3~ ratios affect barite crystal growth mechanisms, but none of these
treatments yielded crystals that resemble marine barite in size and
morphology (Fig. S2).

Our findings suggest that marine barite crystals precipitate in the
presence of phospholipids or other organic compounds. We found that
various organic compounds affected barite crystal morphologies, but, of
the compounds analyzed here, only EDTA and soy phospholipids pro-
duced barite crystals that resembled marine barite (Figs. 3, 4). It is likely
that other organic compounds also produce elliptical barite morphol-
ogies, but an exhaustive assessment of these compounds is outside the
scope of this study. EDTA does not naturally occur in the ocean (Oviedo
and Rodriguez, 2003). Thus, the distinctive morphologies of marine
barite cannot be attributed to growth modification by EDTA.

Phospholipids have more relevance than EDTA to marine contexts.
Soy phospholipids were selected to serve as a proxy for the diverse range
of phospholipids produced by marine organisms. Phospholipids in ma-
rine EPS are hypothesized to facilitate marine barite precipitation via
the bioaccumulation of Ba and formation of amorphous, phosphorus-
rich barite precursors (Martinez-Ruiz et al., 2018, 2019). Sulfate
groups are then thought to substitute for the phospholipid phosphate
moieties in the amorphous precursor, which yields crystalline barite
(Martinez-Ruiz et al., 2018, 2019). Amorphous Ba-P phases and short-
lived barite precursors have also been observed in other laboratory in-
vestigations (e.g., Jones, 2012; Ruiz-Agudo et al., 2020; Ruiz Agudo
et al., 2021). Given this existing literature, it is notable that phospho-
lipid experimental treatments produced barite crystals that resemble
marine barite. With the relatively high barite supersaturation of these
treatments, phospholipid Ba bioaccumulation was not necessary to yield
barite precipitation. However, barite precipitation in these treatments

Fig. 7. Generalized schematic of characteristic barite size and morphology as a function of experimental barite saturation index, experiment duration, and soy
phospholipid concentrations. Filled symbols indicate experimental conditions that yielded barite crystals that resemble marine barite.
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may have still occurred via sulfate substitution into amorphous
phosphorus-rich barite precursors that were rapidly replaced by crys-
talline barite under our experimental conditions. An amorphous
phosphorus-rich barite precursor may contribute to the relatively high
phosphorous counts observed via EDX for the Soy-100 treatment
(Table SI). The morphological similarity between marine barite and
barite precipitated in the presence of phospholipids in this investigation
provides new evidence for this precipitation pathway occurring in ma-
rine organic matter aggregates.

Characteristic elliptical barite morphologies were only consistently
observed in solutions with soy phospholipid concentrations above 10 mg
L~! (Fig. 4). This far exceeds reported phospholipid concentrations in
seawater: e.g., 0.6-5.7 pg L1 in the North Atlantic (Gasparovi¢ et al.,
2018), 3.0-27.7 ug L7! in the Mediterranean (Frka et al., 2011), and
36.4-93.5 pg L' in the Equatorial Atlantic (Triesch et al., 2021). Marine
phospholipids are primarily observed within the cell membranes of
bacteria and other organisms (Suzumura, 2005). Thus, phospholipid
concentrations high enough to facilitate the precipitation of elliptical
barite crystals may result from bacterial cell lysis, which can release
cellular material into the extracellular matrix of organic matter aggre-
gates (Flemming and Wingender, 2010). Phospholipids play a role in
maintaining EPS structure (Wingender et al., 1999), so EPS microenvi-
ronments themselves may contain sufficient phospholipid concentra-
tions to yield elliptical barite morphologies.

Phospholipid experiments produced elliptical morphologies like
those most frequently observed in seawater, but these experiments did
not produce the six-sided barite morphologies that are also observed in
seawater and marine sediments (Fig. 1). Six-sided marine barite mor-
phologies are likely produced by slightly different precipitation condi-
tions than those recreated here. Godinho and Stack (2015) found that
abiotic barite precipitation in the presence of NaCl favors the formation
of six-sided crystals by promoting face-specific growth, and SrCly can
inhibit barite growth at particular crystal faces. Thus, six-sided marine
barite crystals may form in the presence of relatively lower concentra-
tions of organic compounds and reflect cation concentrations in their
formation environments. These conditions warrant further study.

Lastly, our results suggest that marine barite precipitation is fairly
rapid. Barite crystals from experiment durations of 10 min or more were
more than twice the size and displayed more globular morphologies
than typical marine barite crystals (Figs. 6, 7). This suggests that nascent
barite crystals spend no more than a few minutes in microenvironments
with a barite saturation index near 2.5. These supersaturated microen-
vironments themselves may be short-lived due to a depletion of Ba%* or
SO% ions. Alternatively, barite crystals may become dislodged from the
precipitation microenvironment once they reach a certain size. Previous
laboratory investigations simulating marine barite precipitation have
conducted incubations on timescales of days or weeks (e.g., Ganeshram
et al., 2003; Gonzalez-Munoz et al., 2003; Torres-Crespo et al., 2015).
These relatively long time periods may be necessary to facilitate the
formation of microenvironments supersaturated with respect to barite,
but, once these microenvironments are formed, barite precipitation is
likely much more rapid. Relatively few methods exist for studying
microscale spatial and temporal variability within marine organic
matter aggregates, so our findings provide valuable insights into their
microscale heterogeneity and dynamism.

4.2. Crystallographic origins of different barite crystal morphologies

The different barite crystal morphologies observed here suggest
differences in crystal structure and/or growth mechanisms between
treatments. The larger size, globular morphology, and more poly-
crystalline SAED patterns observed for barite crystals with longer pre-
cipitation times suggest that they are the result of barite crystal
aggregation. Alternatively, they may reflect the continued growth of
existing barite particles once barite supersaturation has dropped below
the threshold needed for the nucleation of new barite crystals (e.g.,
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Weber et al., 2021).

Varied crystal morphology in the presence of organic additives may
be partly due to heterogenous barite nucleation and growth, either on
the glass walls of the beaker or, for phospholipid treatments, in associ-
ation with microscopic phospholipid aggregates. Other investigations
have observed Ba?' accumulation and heterogeneous barite nucleation
and growth at organic-water interfaces with terminal thiol (-SH) or
carboxylic (-COOH) functional groups (Dai et al., 2016; Deng et al.,
2022). As previously discussed, laboratory studies have also demon-
strated that phospholipids concentrate Ba?™ (Martinez-Ruiz et al.,
2018). This suggests that barite nucleation and growth may occur at
organic-water interfaces with higher barite supersaturation than the
surrounding solution in any of our experiments with organic additives.
The texture of barite crystals synthesized in the presence of formic acid
(Fig. 3A) somewhat resembled that of barite crystals formed in a solu-
tion with a barite saturation index of 3 (Fig. 2D), so localized Ba?t
accumulation and subsequent heterogeneous barite nucleation is
particularly plausible for the formic acid treatment. Additional work is
needed to assess heterogeneous barite nucleation and growth under
conditions relevant to marine contexts.

The elliptical morphology observed for barite synthesized in the
presence of EDTA is likely due to an increase in the relative exposure of
particular crystal faces during crystallization. EDTA is an organic ligand
that binds Ba2*, but the influence of EDTA on barite morphology cannot
be explained by complexation alone (Jones et al., 2007). Instead, Jones
et al. (2007) suggests that EDTA influences barite morphology through
carboxyl group interactions on positively charged Ba®' ions at the
(0,1,0) or (0,1,1) crystal faces. Our findings are consistent with this
mechanism for crystal growth modification; d-spacings in the SAED
pattern for a barite crystal synthesized in the presence of EDTA suggest a
basal face of (0,1,1) (Fig. SIII).

Our findings and existing literature suggest some potential expla-
nations for why phospholipid-bearing solutions produced elliptical
barite crystals. Organic solvents can influence barite nucleation, step
advancement rates, and Ba®" desolvation (e.g., Jones et al., 2008;
Kowacz et al., 2007; Piana et al., 2006), so the ethanol used to dissolve
the soy phospholipids may have affected barite crystal growth in the soy
phospholipid treatments. However, the experimental treatment with
only ethanol produced rhomboidal crystals (Fig. 4A), so the elliptical
crystals that formed in the presence of soy phospholipids were likely due
to crystal nucleation or growth effects independent from the presence of
an organic solvent. Similarly, while some phosphorus was observed
within the phospholipid treatment barite crystals, EDX maps and spectra
suggest that phosphorus abundance did not clearly correlate with crystal
morphology or phospholipid concentrations in the precipitating solution
(Fig. 41, 40, 4U, Table SI). This suggests that phospholipids do not pri-
marily affect crystal morphology through direct incorporation into the
barite crystal lattice but instead through one or more other mechanisms.

SAED patterns for crystals formed in the presence of soy phospho-
lipids were insufficient to determine basal crystal faces with confidence
(Fig. 4Q, 4W). However, given the similar crystal morphologies
observed between soy phospholipid and EDTA treatments, it is plausible
that carboxyl groups, phosphoryl groups, or other negatively charged
phospholipid moieties influenced barite morphology via interactions at
the (0,1,0) or (0,1,1) crystal faces, as is hypothesized to occur with
EDTA. In fact, elliptical barite crystals and exposed (0,1,1) barite crystal
faces were also observed in crystals precipitated in the presence of
phosphonates (Black et al., 1991) and algae (Barbosa et al., 2022). The
barite crystals grown with our phospholipid treatments displayed more
irregular edges and yielded more poorly defined SAED patterns than
EDTA treatment crystals (Figs. 3, 4). If phospholipid moiety interactions
at barite crystal faces are responsible for the elliptical morphologies
observed here, these irregularities suggest that phospholipid moieties
are likely less consistent in their interactions with barite crystal faces
than the carboxyl moieties of EDTA. This would be unsurprising, since
phospholipids are larger and more structurally complex than EDTA.
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Alternatively, phospholipids may create elliptical barite morphol-
ogies by causing the oriented aggregation of barite nanoparticles that
form in association with phospholipid moieties. Elliptical barite mor-
phologies in the presence of phytic acid are hypothesized to form via an
interface coupled dissolution-precipitation mechanism in which an
amorphous Ba-P phase is replaced with crystalline barite sub-units that
aggregate with a preferential orientation (Ruiz Agudo et al., 2021).
Similar aggregation pathways have been proposed for barite precipita-
tion in the presence of other polymers and solvents (Fillingham et al.,
2021; Qi et al., 2001; Ruiz-Agudo et al., 2020). Nonclassical crystalli-
zation by particle attachment and the transition from amorphous pre-
cursor to crystalline substance is common in the biomineralization of
minerals such as calcite, magnetite, and zeolite (Jones and Ogden, 2009;
De Yoreo et al., 2015 and references therein). Therefore, nonclassical
crystallization pathways such as oriented aggregation may contribute to
the elliptical barite morphologies observed here and in marine barite.

Lastly, elliptical barite morphologies may have been promoted by
the viscosity of microenvironments within the soy phospholipid treat-
ments. Previous work has shown that viscous media and microbial EPS
promotes the formation of rounded calcium carbonate crystal mor-
phologies by slowing the rate of ion diffusion and thus the rate of pre-
cipitation (Braissant et al.,, 2003; Buczynski and Chafetz, 1991;
Chekroun et al., 2004). Phospholipids increase the viscosity of a solution
(Schneider, 1997). Modeling and experimental work suggests that Ba2*
desolvation from water is the rate-limiting step in barite precipitation
(Piana et al., 2006; Stack et al., 2016). Phospholipids may, in part,
modify barite crystal morphology by influencing Ba®" diffusion and/or
desolvation and thus face-specific growth rates.

4.3. Implications for the marine barite proxy

Barite has been extensively used as a proxy for past ocean conditions
(e.g., Carter et al., 2016; Erhardt et al., 2013; Kim et al., 2022; Lowery
and Bralower, 2022; Ma et al., 2014; Paytan et al., 1996), but its utility is
limited by uncertainties surrounding barite formation, precipitation,
dissolution, and variation in time and space (e.g., Carter et al., 2020).
Our work advances the barite proxy by 1) developing methods that
facilitate future laboratory investigations into marine barite dynamics
and 2) providing evidence for marine barite as an ecosystem-wide proxy
for export production.

Here, we developed simple and reliable methods for the synthesis of
crystals resembling marine barite in size and shape. Laboratory in-
vestigations into marine barite dynamics have been lacking. Notably, we
find that high barite saturation indices at solution mixing interfaces are
an obstacle to simulating marine barite precipitation. As we discuss in
our Methods section, this obstacle can be overcome and model marine
barite crystals can be synthesized through the addition of dilute NaSO4
to a relatively large volume of rapidly stirred artificial seawater con-
taining Ba2* and either EDTA or soy phospholipids. This method can be
used to create barite crystals for future laboratory-based investigations
into processes such as marine barite dissolution, ballasting of organic
matter aggregates, and isotopic fractionation.

Our experiments also shed light onto marine barite precipitation
mechanisms. Previous work suggested that elliptical marine barite
crystals are the result of biotic precipitation within vesicles (Bertram and
Cowen, 1997), but our findings demonstrate that this characteristic
marine barite morphology can precipitate without direct biological
mediation. Rather, we find that crystals resembling marine barite in size
and morphology passively precipitate in synthetic seawater with high
concentrations of naturally occurring phospholipids. As previously dis-
cussed, this is consistent with the hypothesis that phospholipids within
marine EPS facilitate barium accumulation and marine barite precipi-
tation (Martinez-Ruiz et al., 2018, 2019). The fundamentally abiotic,
passive precipitation of marine barite in association with chemical
gradients created by biological activity and organic matter reminerali-
zation strengthens marine barite’s utility as a proxy. It suggests that
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marine barite accumulation rates are not dependent on particular or-
ganism types but instead on EPS, which are produced by most marine
microbes (Decho and Gutierrez, 2017). Thus, barite is likely to serve as
an ecosystem-wide productivity proxy.

5. Conclusions

Here, we used barite crystal morphology to constrain the plausible
biogeochemical conditions under which marine barite precipitates. Our
findings are consistent with the role of phospholipids in marine barite
precipitation and provide new insight into microenvironments within
marine organic matter aggregates. We suggest that marine barite is
likely to crystallize quickly (within a few minutes or less) and at satu-
ration indices near 2.5. The brief experiment durations needed to form
crystals resembling marine barite suggest that the precipitation condi-
tions for marine barite are ephemeral, perhaps reflecting the rapid
drawdown of saturation state as crystallization occurs. Moreover, we
have facilitated future laboratory investigations into marine barite dy-
namics by developing simple and reliable methods for the synthesis of
crystals that resemble marine barite in size and shape. These efforts
advance marine barite as a tool for studying the marine carbon cycle in
the past and present. This work also contributes to our understanding of
mineral nucleation and growth within the ocean, biofilms, and other
natural systems.
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Appendix A. Supplementary material

The attached files provide additional data supporting the conclusions
presented in this manuscript. We show SEM images of barite crystals
precipitated under different Ba?*:Sr?* and Ba?*:S03~ ratios. We present
semi-quantitative analyses of relative phosphorous intensities for soy
phospholipid treatments. We also present CrysTBox indexing analysis
results for a SAED pattern of a barite crystal synthesized in the presence
of EDTA. Lastly, we provide the microcrystal size observations that
underlie Fig. 6. Supplementary material to this article can be found
online at https://doi.org/10.1016/j.gca.2023.08.012.
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