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Abstract: Marine barite (BaSO4) is a relatively ubiquitous, though minor, component of ocean
sediments. Modern studies of the accumulation of barite in ocean sediments have demonstrated
a robust correlation between barite accumulation rates and carbon export to the deep ocean.
This correlation has been used to develop quantitative relationships between barite accumulation rates
and export production and is used to reconstruct export production in the geologic past, particularly
during times of dynamic changes in the carbon cycle. We review the processes that affect the formation
and preservation of marine barite, as well as those controlling the relationship between the barium
(Ba) and carbon biogeochemical cycles. Additionally, we take a new approach to modeling the
marine Ba cycle as a two-box model, specifically evaluating Ba utilization in the surface ocean and
refining the equation describing the relationship between export production and barite formation.
We compare these new results with past modeling efforts. The new model demonstrates that increases
in export production can lead to sustained increases in barite accumulation in marine sediments
without resulting in complete surface water Ba depletion, which is distinctly different from previous
modeling results.
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1. Introduction

The carbon (C) cycle plays a critical role in global climate both in today’s environment and in the
geologic past (e.g., [1]). Export production—the flux of organic C (Corg) to the deep-ocean—plays a
major role in the C cycle, as it removes C from the atmosphere and sequesters it in the deep-ocean for
seasons to centuries (e.g., [2–4]). Increased productivity and/or changes in ecosystem structure in the
surface waters can lead to higher export production and C sequestration (e.g., [5]). Changes in the
magnitude of export production in-turn can strongly influence atmospheric pCO2 levels (and hence
climate) on geological time scales [3,6]. However, export production is difficult to quantify in the
present day, and even more so in the geologic past.

Several methods have been employed to reconstruct export production, including accumulation
of organic matter in marine sediments, benthic foraminiferal assemblages and accumulation rates,
and more (e.g., [7]). However, each proxy has its own strengths, weaknesses, and inherent assumptions
required to relate changes in the proxy measurement with export production. The accumulation rate
of microcrystals of the mineral barite (BaSO4; Figure 1) in marine sediments has been widely used
as a proxy for export production and will be reviewed here along with the role barite plays in the
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global marine barium (Ba) cycle. The goal of this paper is to shed light on the processes that affect
the formation and preservation of marine barite in the modern ocean, as well as those controlling the
coupling between the Ba and C biogeochemical cycles. We document recent progress achieved and
identify gaps in our knowledge of the marine Ba cycle, review and suggest revisions to an existing
two-box model of the marine Ba cycle, and recommend future studies that could enhance our ability to
accurately interpret the marine barite sedimentary record in terms of past export production.
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2. Barium Cycling: Processes in the Modern Ocean 

The global marine Ba cycle is controlled by input from land and from hydrothermal vents and 
by the removal of Ba from seawater as it accumulates in marine sediments primarily in the form of 
the mineral barite and in association with iron and manganese oxyhydroxides (Figure 2) [8–12]. 
Barium is associated with many rocks [13], which are weathered on the continents resulting in rivers 
and groundwater adding relatively large quantities of dissolved Ba to the surface ocean. Barium 
concentrations in the open ocean normally vary between values as low as 30 nmol/kg in surface 
waters and up to 150 nmol/kg in the deep Pacific [14–23]. Additional dissolved Ba can be introduced 
to deep waters through submarine hydrothermal systems [24,25] and cold seeps [26]. 

 

Figure 2. A simplified diagram of the marine barite cycle. Direction of fluxes are shown with black 
arrows, with the value of the flux in parentheses (in nmol cm−2 yr−1) [27]. The associated phase of 
barium (Ba) is shown in red, with Ba2+ as the dissolved phase and BaSO4 (barite) as the particulate 
phase. *—Terrestrial input includes river and groundwater discharge. **—Dissolution in sediment is 
included in the flux for dissolution in the water column. Note that Ba is also associated with other 
terrigenous and authigenic minerals not depicted in this figure (see discussion). 

Figure 1. Images of marine barite (BaSO4) using scanning electron microscopy. (A) Barite (bright white)
in size-fractionated particulate matter collected from the water column in the North Atlantic. (B) Barite
separated from sediments collected at the sediment-water interface in the Equatorial Pacific. (C) Barite
separated from a middle Miocene (~13.9 Ma) core sample from International Ocean Discovery Program
(IODP) Site U1337 in the eastern equatorial Pacific, located ~315 m below the seafloor.

2. Barium Cycling: Processes in the Modern Ocean

The global marine Ba cycle is controlled by input from land and from hydrothermal vents and
by the removal of Ba from seawater as it accumulates in marine sediments primarily in the form
of the mineral barite and in association with iron and manganese oxyhydroxides (Figure 2) [8–12].
Barium is associated with many rocks [13], which are weathered on the continents resulting in
rivers and groundwater adding relatively large quantities of dissolved Ba to the surface ocean.
Barium concentrations in the open ocean normally vary between values as low as 30 nmol/kg in surface
waters and up to 150 nmol/kg in the deep Pacific [14–23]. Additional dissolved Ba can be introduced to
deep waters through submarine hydrothermal systems [24,25] and cold seeps [26].
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Figure 2. A simplified diagram of the marine barite cycle. Direction of fluxes are shown with black
arrows, with the value of the flux in parentheses (in nmol cm−2 yr−1) [27]. The associated phase of
barium (Ba) is shown in red, with Ba2+ as the dissolved phase and BaSO4 (barite) as the particulate
phase. *—Terrestrial input includes river and groundwater discharge. **—Dissolution in sediment is
included in the flux for dissolution in the water column. Note that Ba is also associated with other
terrigenous and authigenic minerals not depicted in this figure (see discussion).
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Within the world’s oceans, Ba has a nutrient-like distribution (Figure 3). Barium is removed
from the water column during processes associated with organic matter production in the sunlit
surface ocean (euphotic zone) and a fraction of this Ba is released at depth as sinking organic matter is
remineralized. The process of remineralization refers to microbial respiration processes that convert
organic matter into dissolved inorganic matter. Although most areas of the ocean are under-saturated
with respect to the mineral barite, it is found ubiquitously in the water column, particularly in
association with sinking organic matter and biogenic debris [12,28,29]. It is thought that marine
barite precipitates extracellularly from seawater within microenvironments and aggregates where
bacteria mediate organic matter degradation, primarily below the euphotic zone [12,21,22,28,30–34].
Sinking organic matter enriched in Ba [35] releases dissolved Ba upon remineralization and enables
the establishment of supersaturated conditions within these microenvironments, promoting barite
precipitation [12,29,36–38] (see further discussed in Section 2.2). However, because the ocean is largely
under-saturated with respect to barite, a large fraction of the particulate barite (~70%) that forms in
the water column dissolves at depth and within the upper few centimeters of the sediment [9,39–43].
Thus only a portion of precipitated barite accumulates in sediment and this fraction varies spatially
ranging from 0% and up to 30%, depending on sediment accumulation rates [11,44]. As a consequence
of this overall cycling, dissolved Ba concentrations in deep water greatly exceed those in surface water
and concentration maxima are observed in the subsurface at the depth of maximum organic matter
remineralization [19–23,45]. Advection of water due to thermohaline circulation returns dissolved
Ba from deep water to surface water, which also receives Ba input from rivers and groundwater
discharge [20,46–50].
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Figure 3. The distribution of dissolved barium (Ba2+) along a transect in the eastern tropical Pacific
Ocean (along latitude of 10◦–15◦ S). The data were collected as part of GEOTRACES cruise GP16 [51]
(figure produced using egeotraces.org [52]).

Although the residence time of dissolved Ba in open sea water is roughly four times that of the
ocean mixing time (approximately 8 kyr; [53]), processes occurring within the ocean (barite formation
and dissolution, advection) result in observable and predictable patterns in dissolved and particulate
Ba and Ba isotopes (see below) which can be used to inform global Ba models and the Ba-C coupling
(e.g., [8,9,22,40,54]). It is critical, however, to consider in more detail the processes controlling each
flux within the marine Ba cycle in order to best model the system and understand how perturbations
impact the marine Ba cycle and the sedimentary record of barite accumulation.

2.1. Sources of Dissolved Barium to the Ocean

The largest source of Ba to the ocean comes from terrestrial inputs, which includes rivers, with an
average estimated global flux ranging from 2 to 6.14 nmol cm−2 yr−1 [24,27,55–57], and groundwater,
which has most recently been estimated to be 0.46 nmol cm−2 yr−1 or <25% of the river flux [58].

egeotraces.org


Minerals 2020, 10, 421 4 of 24

This Ba is sourced from rock weathering and desorption of Ba at intermediate salinities in riverine
and subterranean estuaries [50,58,59]. Barium input into the ocean varies spatially, as the dissolved
concentration of Ba in rivers varies considerably and similar geospatial variations exist in submarine
groundwater inputs. In the Mediterranean, submarine groundwater discharge has recently been
argued to significantly contribute to the Ba budget of the Mediterreanean, however large uncertainties
still exist due to the high variability in groundwater chemistry [60]. Measurements of Ba concentrations
from eight rivers around the world showed values as low as 47.8 nmol kg−1 in the Sepik River in
Papua New Guinea, and as high as 1466.6 nmol kg−1 in the Yukon River in northwestern North
America [47]. Riverine or groundwater inputs may, however, locally increase Ba concentrations in
coastal systems and estuaries (e.g., [48]). Indeed, dissolved Ba concentrations in coastal systems range
between 50 and 200 nmol kg−1, higher than Ba concentrations in the surface waters of the open ocean
(30–50 nmol kg−1) [46,47,61–68].

The overall contribution of Ba sourced from hydrothermal systems and cold seeps to the global
Ba cycle is not well quantified. Fluids sourced from these systems have high Ba concentrations,
with hydrothermal fluids ranging from 10 to 40 µmol kg−1 [55] and similarly high concentrations have
been reported at cold seeps [26,69,70]. Hydrothermal vents are estimated to contribute between 2% and
13% of the total Ba input to the ocean [24,55,61], with an estimated flux of 1 to 1.39 nmol cm−2 yr−1 [9,27].
However, barite mounds and chimneys locally precipitate in association with both hydrothermal and
cold seep systems [70–72]. The precipitation of these barite mounds and chimneys can consume most,
if not all, of the dissolved Ba, resulting in little to no net Ba flux to ocean water. The estimated flux
given here, which has been previousely used in box models of the marine Ba cycle, does not consider
how much Ba is consumed due to local barite precipitation, and thus is likely an overestimation.
Future studies of hydrothermal (and cold seep) systems and their potential contribution to the ocean Ba
budget could greatly benefit from the incorporation of Ba-isotopes [20] and estimates of the local solid
phase sink in order to establish mass balance of Ba inputs and consumption due to local precipition.

2.2. Barium Uptake and Release from Biogenic Material

It has been well documented that barite precipitates in undersaturated seawater in association
with sinking organic matter [11,12,28,29,32,36–38,54]. However, the processes that lead to precipitation
of barite in these microenvironments are still poorly constrained, though significant progress has
been made recently. Although Ba is not a primary nutrient (such as phosphate), plankton uptake
dissolved Ba, and the Ba content of marine phytoplankton grown in culture or in sinking organic
matter is considerably higher than that of seawater [35,73]. However, dissolved Ba is never depleted
in surface waters to the same extent as primary nutrients [20,22]. In a time-series decay experiment
from laboratory and coastal plankton, the plankton which contained a large amount of labile Ba,
released this Ba to the water upon decay (remineralization of the organic matter) [29]. The labile
Ba pool in plankton could be within the cytoplasm of the living organisms, or adsorbed onto cells
or extracellular organic matter [29,73]. Martinez-Ruiz et al. [31] show that marine bacteria facilitate
the bioaccumulation of Ba—specifically through binding with phosphate groups on organic biofilms
(and other organic substrates), increasing Ba concentrations locally and forming nucleation sites for
barite precipitation within these microenvironments.

2.3. Barite Formation in the Water Column

The process of barite precipitation is thought to occur mainly in the twilight zone (~200–1000 m)
where most organic matter is remineralized [12,28,39,74]. This is supported by the depth distribution of
particulate barite in the water column [28,75] as well as depth profiles of dissolved Ba and Ba isotopes
which indicate barite formation at approximately 200–600 m depth [19,21,22]. Observations show
that the highest particulate barite concentration in the water column in most regions of the ocean is
associated with the oxygen minimum zone, where most organic carbon (Corg) degradation occurs,
providing further proof of the relationship between barite formation in the water column and organic
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matter degradation [28,75,76]. This distribution is also consistent with the role of bacteria in barite
formation as bacterial activity consumes oxygen in the process of Corg respiration [31,34,77,78]. Indeed,
in the ocean, a potential relationship between barite formation and microbial activity was identified
from studies that showed higher mesopelagic particulate Ba was correlated with greater bacterial
production [34,77,78]. Certain marine bacteria have been shown to mediate barite precipitation
under experimental conditions [79–81]. Experiments with marine bacteria show that there are several
common marine strains that have the capability to precipitate barite under laboratory conditions [79].
Results from laboratory and field studies suggest that bacteria, and particularly bacterial biofilms,
play an important role in creating local elevations in Ba concentration that can subsequently interact
with ambient sulfate to promote barite nucleation.

Martinez-Ruiz et al. [31] show that under experimental conditions common marine bacterial
biofilms, or more specifically bacterial extracellular polymeric substances (EPS), concentrate Ba and
establish nucleation sites in microenvironments where barite precipitates [31]. At the initial stages
of Ba bioaccumulation, an amorphous phosphorus-rich phase is formed, which evolves into barite
through substitution of phosphate with sulfate [31]. Because EPS is not associated with any specific
organism, but is produced by a large range of microorganisms including phytoplankton and bacteria,
barite formation via nucleation in EPS can occur throughout the ocean and is not linked to specific
organisms [31]. A recent investigation of particulate material from the North Atlantic and Southern
Ocean (upper 1000 m) demonstrated that indeed barite formation in the ocean occurs within aggregates
containing EPS-like material [32]. Phosphorous-rich, mostly amorphous or poorly crystallized phases
were identified, suggesting a similar formation mechanism as observed in the controlled experiments.
These results are consistent with a close link between bacterial degradation of organic material and
abundance of Ba-rich particulates in the water column. Altogether the data suggests that bacteria and
EPS play a major role in mediating marine barite formation in an undersaturated water column.

There are also a few other marine organisms that could potentially mediate barite formation.
Acantharia are zooplankton whose shells are made of celestine (SrSO4), which contains Ba at high
concentrations and thus are suggested to promote barite supersaturation upon dissolution [37,38,82].
However, Ganeshram et al. [29] show that barite can form in mesocosm decay experiments in the
absence of acantharia, indicating that these organisms are not necessary for the barite precipitation
process. A direct biotic mechanism of barite precipitation intracellularly occurs within some algae,
where these barite crystals act as statoliths to maintain orientation and depth, and possibly within
certain protozoa such as benthic xenophyophores, although it is unclear if they actively precipitate
barite or selectively retain it during filter feeding [83–86]. However, there is no clear correlation
between the abundance of these organisms and barite concentration in the water column or in marine
sediment, indicating that biotic precipitation within living organisms in the marine water column is
not the primary mechanism for barite formation [33]. Although there is no quantitative estimate for
the contribution of direct barite precipitation within living organisms to the total barite budget, it is
most likely insignificant [87].

2.4. Barite Dissolution in Deep Water

The flux of barite to marine sediments depends not only on barite formation, but also on the degree
of barite dissolution in the water column. Barite preservation in the water column in-turn depends on
barite saturation state in intermediate and deep waters, which is controlled by the concentration of
dissolved Ba as well as pressure and temperature [45]. The degree to which barite is dissolved in the
water column is not well constrained in most areas of the ocean. Dissolution rates of barite are high in
marine anoxic basins where the water column is sulfate reducing, such as the Black Sea, resulting in
concentrations of Ba as high as 460 nmol kg−1 [88]. In these permanently anoxic basins, maximum
concentrations of dissolved Ba in the water column occur near the redox interface, whereby microbial
activity promotes the breakdown of settling particulate matter and the release of Ba from the dissolution
of barite [88]. Ba associated with other phases such as Mn/Fe oxides may also be released in suboxic
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or anoxic environments. It is therefore important to consider the chemistry of water masses when
establishing a relationship between export production and barite accumulation. Specifically, variability
in barite accumulation in the past could be attributed to changes in dissolution and preservation in the
water column and in the sediments (see below), not just export productivity.

It has been suggested through modeling and pore-water flux measurements that most barite
dissolution occurs within the first few centimeters of the sediment, as much as 85% [9] (see section below).
The degree of barite dissolution in the water column is not well quantified, and our understanding
of this process would benefit from future works investigating how the aggregates of organic matter
affect the exposure of precipitated barite to undersaturated water. It follows that barite dissolution in
the water column would occur at a faster rate if the waters were more undersaturated. However, if
the barite particles are contained in aggregates, this may prevent exposure to undersaturated waters,
increase sinking rates and thus reduce dissolution rates in the water column [87]. At what point
disaggregation in the water column results in the exposure of the precipitated barite to undersaturated
conditions is an interesting direction for future research. Additionally, not all of the Ba is contained
within organic matter precipitates as barite [29], thus upon degradation dissolved Ba will be released
to surrounding water without necessitating the dissolution of barite or any dependency on barite
saturation state (and thus deep water Ba concentrations). How much Ba is consumed in the precipitation
of barite as organic matter degrades and how much remains as dissolved Ba is another open question,
but initial work suggests it is a small fraction [29].

2.5. Barite Preservation in Sediments

The preservation of barite in sediments is strongly dependent on the environment of deposition.
As marine barite accumulates on the seafloor, a fraction dissolves on and in the upper few centimeters
of sediments [9,41]. Most labile Ba (i.e., the fraction not associated with aluminosilicates) exists as barite
and Fe-Mn oxyhydroxides in sediments, and only a small amount of the total Ba in the sedimentary
column is present as dissolved Ba in porewater [41,89]. A study analyzing pore waters from seven sites
across an equatorial Pacific transect showed that approximately 30% of the particulate Ba flux to the
deep ocean in the equatorial Pacific is preserved in the sediments at this site [9]. This is likely not the
case in areas with lower barite accumulation rates and lower sedimentation rates where the exposure
time of barite to undersaturated seawater is much longer. We expect that barite preservation would be
much lower in those regions. Paytan and Kastner [9] also estimated how much dissolution of barite in
the sediment contributed to the total dissolution of sinking particulate barite, suggesting that most
of the dissolution occurs within the sediment (~85%), thus very little dissolution occurs in the water
column. As the barite is dissolved, Ba concentrations in the upper few centimeters of the sediments are
higher than those of bottom water, leading to a diffusive flux of Ba from the sediments into the deep
ocean [9]. Indeed, examining water column depth profiles of the isotopic composition of dissolved
Ba indicates that there is a non-conservative component (i.e., additional input of Ba) to the overall
conservative mixing behavior of the oceanic deep-water masses. This non-conservative behavior could
indicate the addition of Ba to deep water by dissolution of barite in the sediment, from Ba released
from sinking particles in the water column, or from hydrothermal input [20].

The solubility of barite increases drastically when pore waters become depleted in sulfate resulting
in dissolution of sedimentary barite and an associated increase in the concentration of dissolved
Ba in porewaters by up to four orders of magnitude [26,90–92]. Dissolution occurs at and below
the sulfate methane transition (SMT) zone where microbial methanogensis occurs. In certain areas,
such as those with high rates of sedimentation and production, sulfate is rapidly depleted with depth
in the sediment as a result of microbial sulfate reduction [92]. In these areas, below the SMT zone
where sulfate is completely depleted, barite slowly dissolves, Ba is released and diffuses upward
in the sediment column, back into regions with sulfate-rich porewater, causing it to re-precipitate
as diagenetic barite [26,71,91–95]. Where the diffusion rate is fast the diagenetic front is close to
the surface, or where there is also advection of porewaters (such as at cold seeps, for example),
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the dissolved Ba may be released at the sediment-water interface and precipitate there as barite mounds
and concretions [26,69,71]. This diagenetic barite is morphologically different than marine barite [96]
and can typically be easily identified using electron microscopy and isotopic analyses [97,98].

2.6. New Insights from Barium Isotopes

Relatively recent studies have investigated the distribution and fractionation of stable Ba isotopes
in seawater and marine sediments in an effort to elucidate processes involved in the marine Ba
cycle [19–23,47]. Ba isotopic composition is reported in delta notation relative to a standard. Some works
report ratios of 138Ba to 134Ba, while others report 137Ba to 134Ba. Any Ba isotopic values reported here
are ratios of 138Ba to 134Ba relative to the National Institute of Standards and Technology (NIST) Ba
Standard Reference Material (SRM) 3104a (δ138Ba) such that:

δ138Ba =

 138Ba/134Basample
138Ba/134BaNIST SRM 3104a

− 1

× 1000 (1)

The precipitation of barite preferentially incorporates the lighter isotopes of Ba [19–22,99],
leaving residual waters isotopically ‘heavier’ with higher values of δ138Ba. Depth profiles from
multiple ocean basins, including the Atlantic [19–23], North Pacific [20], Southern Ocean [20,23],
and South China Sea and East China Sea [47] show the Ba isotopic composition of seawater ranges
from +0.24 to +0.65%�, with a general decrease with depth. Seawater Ba isotopic composition is
relatively constant in surface waters (above 200 m) [19,20,22,47], which suggests that the process that
removes Ba from the surface is slow in relation to supply and mixing [20]. There is an increase in δ138Ba
between 200 and 600 m, suggesting that most barite precipitation occurs between these depths [21,22].
In the deep ocean, Ba isotopes are strongly influenced by regional circulation. Variations in isotopic
composition reflect mostly conservative mixing of water masses [21,22,47]. Overall, there is a strong
global correlation between dissolved Ba and δ138Ba, which indicates that the processes controlling Ba
are consistent in all ocean basins [19–23,47].

There are some regional differences in this overall profile. Surface water Ba isotopes are not as
homogenous in areas of upwelling or near large river inputs [20,21]. Rivers have relatively high Ba
concentrations and are isotopically light compared to seawater values (low δ138Ba values), so that
surface waters near large river input are light (low δ138Ba values). However, the overall trend in δ138Ba
with depth in these areas still shows the influence of barite precipitation in shallower water, and water
mass mixing in deep water [20,47]. Additionally, in the tropical North Atlantic, Ba isotopic variations
near the sediment show the opposite trend of what would be expected if there is a diffusive flux of
Ba derived from the dissolution of barite in the sediment, that is, δ138Ba near the sediment is slightly
heavier than the δ138Ba in the above water column, suggesting that there is only a slight overprint of
dissolved Ba diffusing from the sediment that originates from barite on the overall control by ocean
circulation [21]. Other areas in the deep ocean also deviate slightly from conservative-mixing behavior
that indicate there is a component that is non-conservative [20]. This non-conservative behavior is
likely due to an additional source of Ba to deep water, such as Ba released from settling particles,
flux from sediments, or hydrothermal fluids [20].

Additionally, the utilization of Ba in surface waters (i.e., how much Ba is removed from the
surface relative to how much is upwelled) varies within different ocean basins. Using δ138Ba and Ba
concentrations in different ocean basins, Hsieh and Henderson [20] estimate that utilization is higher
in the North Pacific, followed by the South and North Atlantic, and lowest in the Southern Ocean.
The higher utilization rates are suggested to be caused mainly by slower upward mixing of water
masses [20].

A coupled sediment-water column study of Ba isotopes along a transect from the Uruguayan
continental margin to the Mid Atlantic Ridge showed a predictable pattern of mixing of sediments
between two sources, one a detrital source from the continents and the other from marine barite [19].
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These two sources do not have distinctly different Ba isotopic compositions [19], thus methods will
need to be applied (such as aluminum content) in order to rule out the influence of continental material
if using Ba isotopes of marine sediments to investigate changes in export production [19]. Overall,
the strong global correlation between dissolved Ba and δ138Ba suggests that isotopic fractionation
related to marine barite precipitation is relatively constant throughout the ocean [19–23,47] and it is
hypothesized that the δ138Ba of sediments in the open ocean could reflect variations in input to and
removal of dissolved Ba (by marine barite precipitation) from the upper ocean, which could help to
constrain export production in the geologic past [19].

3. Marine Barite Accumulation in the Present and Past and the Global C Cycle

Barite accumulation rates (BAR) in core top sediments have been shown to have a strong correlation
with Corg export from the euphotic zone, or ‘export production’ [44,100]. Assuming the processes
which govern barite precipitation and accumulation in deep sea sediments have remained constant
through time, changes in BAR reflect variations in export production and can be used to reconstruct
changes in export production in the geologic past [11,42,44,100–110]. Indeed, barite accumulation in
marine sediments has been used as a proxy for export production, which in turn depends on primary
production (among other things). Differences in the efficiency of C export from the euphotic zone
impacts BAR and the relationship between BAR and primary production [100]. When combined with
proxies for primary production, changes in the efficiency of C export (and the biological pump) can be
investigated for past geological times (e.g., [107,108]) providing insight into feedbacks and controls on
the global C cycle.

3.1. Relationship between Excess Barium Flux and C Export in the Water Column

Organic C (Corg) and excess Ba (Baex) flux data (total Ba corrected for terrigenous Ba using Al
normalization) measured from sediment traps have been used in a variety of oceanic regions in order
to develop algorithms that link Baex rain rate (presumed to be primarily in the form of barite) to export
production [11,40,54,111–116]. While many studies of sinking particles in sediment traps have shown a
robust correlation between fluxes of Corg and Baex in the water column (Figure 4), there are differences
between trends at study sites located close to the continental margin and those located in the open
ocean, and within different ocean basins [11,40,54,112,114–116].

The ratio of Corg:Baex has been shown to decrease with depth, a trend that is well established
in many oceanographic settings (Figure 4A) [11,40,54,112,114–116]. The decrease of Corg/Baex occurs
due to the remineralization of Corg, which occurs at an exponentially decreasing rate with depth
(e.g., [117]), but is also impacted by precipitation of barite that occurs between 200 and 600 m
depth [21,22]. The relationship between the ratio of Corg to Baex with water depth has been described
using two equations:

Corg

Baex
= 73770× z−0.85 (2)

Corg

Baex
= 4787× z−0.616 (3)

where z is water depth (m). Equation (2) has been found to be more descriptive of sites located in margin
systems [111], while Equation (3) better describes the relationship seen in open ocean settings [40].

The ratio between Corg and Baex also shows differences between margin and open ocean settings
that are unrelated to depth (Figure 4A,B). These differences are attributed to processes that affect
the sinking rate of organic matter [116]. Processes that affect organic matter sinking rate could be
differences in community structure, such as the composition of phytoplankton and grazer communities,
that control the formation of aggregates and thus the sinking rate [54,111,118,119]. Additionally,
kinetics may play a role, as higher rates of productivity will lead to an increase in the sinking rate of
the organic matter due to the formation of aggregates, causing less time for decomposition and barite
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formation in the water column [87]. Spatial variations in the Corg:Baex ratio could also be caused by
(1) input of terrestrial C which is more resistant to regeneration [40], though some studies have ruled
this as negligible, particularly in open ocean settings, (2) Ba associated with a non-barite phase that is
not accounted for (such as iron oxyhydroxides; [73]), or (3) the spatial variability of barite saturation
state [45], leading to site specific barite dissolution rates that affect the ratio in sediment traps.Minerals 2019, 9, x FOR PEER REVIEW 9 of 24 
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Figure 4. Sediment trap data from margin sites (light gray) and open ocean sites (dark gray). (A) Site
averages of organic carbon:excess Ba (Corg/Baex) ratio versus depth, with different equations describing
the relationship shown (solid-[40]; dashed-[111]). (B) Baex flux versus Corg export. Different symbols
denote different ocean basins, the Atlantic Ocean (squares) [11,40,111,116], the Indian Ocean (stars) [40],
the Pacific Ocean (circles) [11,40,54], the Southern Ocean (triangles) [112,113], and the Mediterranean
Sea (diamonds) [114,115].

Initially, it was thought that the water column particulate Ba flux to the seafloor is enhanced by
higher Ba contents in deep and intermediate water, thus the relationship between Corg export and
Baex flux was thought to be related to dissolved Ba concentrations at depth, which increases along
the path of bottom water flow from the Atlantic to the Pacific [11]. However, the relationship does
not hold in areas with very high rates of C export such as the equatorial Pacific Ocean [54], where the
flux of particulate Ba to the seafloor is less than would be expected. Other studies have found that a
logarithmic relationship between fluxes of Corg and Baex better fit their data, which show a levelling
off of the flux of Baex as Corg export increases [40,120]. However, this logarithmic behavior is not seen
in all environments including the Mediterranean Sea which shows a more linear relationship even at
enhanced levels of Corg flux [115].

It is clear from the data (and worth further investigation) that the relationship between export C
and excess Ba in sinking biogenic debris is spatially heterogeneous. Sediment trap data of Corg and
Baex fluxes discussed here highlights the fact that some areas exhibit a linear relationship between
the two parameters, while others exhibit a logarithmic relationship (Figure 4) [11,40,54]. However,
while sediment trap data is critical for understanding processes that are occurring in the water
column, core top sediment data is more relevant for paleoceanographic reconstructions because it
integrates all of the above processes at one location, and it is the marine sediment archive that is
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used for paleoceanographic reconstructions. In other words, assessing the relationship between Baex

accumulation and C export in core top sediments is important for paleo applications, as the sediments
are what can be measured back through time. Moreover, when using Ba as a productivity proxy it is
important to consider the type of data used and its source. As described in the following section, a linear
relationship is appropriate if using core- and seafloor sediment-derived data, while a logarithmic
relationship may be more appropriate for most sediment trap data or when modeling processes in the
water column.

3.2. Barite Accumulation in the Modern Ocean

Barite accumulation has been determined from core-top sediments at several locations in the
modern ocean including the equatorial Pacific, Southern Ocean, Atlantic and Indian basins and has
been used to derive export production [100]. When comparing to primary productivity estimates in a
region, the relationship to BAR is site-specific, with different regression slopes apparent in different
ocean basins. However, once primary production is converted to C export using an f-ratio appropriate
for each region, the relationships of BAR and C export from all ocean basins converge to a single
global relationship [100] (Figure 5). The f-ratio is the fraction of total production accounted for by new
production. It is notably a simple linear relationship that does not require measurements of seawater
Ba concentrations, however, it is cautioned that one must consider the caveats associated with the
proxy in order to make accurate predictions of paleoproductivity, as discussed below [100].
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Figure 5. Barite accumulation rates (BAR) versus carbon export. Carbon export values are calculated by
applying a region-specific f-ratio to primary productivity estimates. Symbols denote measurements from
different ocean basins, the Atlantic Ocean (squares) [100], Pacific Ocean (circles) [44,100], and Southern
Ocean (triangles) [100]. The line indicates the global regression for BAR and C export, with an r2

value of 0.81 [100]. The single outlier, from the Peru Margin, is likely affected by diagenesis, as these
sediments are typically anoxic. If the Peru Margin point is not included in the global regression, the r2

value is 0.89 [100].

The equatorial Pacific is a narrow region characterized by high productivity induced by the
upwelling of deep, nutrient-rich waters. This high productivity results in a high biogenic sedimentation
rate, which has been present for at least throughout the Neogene [121,122]. Because of the high levels
of primary productivity in this region, it contributes a significant percentage (18–56%) of global new
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production [123], and thus plays a major role in the global C cycle. The significance of this region is
reflected in BARs, which are highest in the equatorial Pacific compared to other ocean basins, with BAR
over 30 µg m−2 yr−1, corresponding to an export flux of ~55 g C m−2 yr−1 [100]. Notably, a distinct BAR
gradient has been documented across the Equatorial Pacific zone with lower values to the north and
south of the Equator, and also decreasing values from the Eastern to the Western Pacific as expected
from the present-day productivity trends [44].

Compared to the equatorial Pacific, the Atlantic has much lower BAR values (<10 µg m−2 yr−1) at
similar levels of primary production [100]. However, when the appropriate f-ratio is applied to convert
this primary production to C export, the Atlantic value converge to the linear relationship that represents
all ocean basins, though they tend to fall slightly below the global regression line [100]. This may be
due to lower preservation of barite in the Atlantic, which has lower Ba concentrations and thus a lower
saturation state [45], or the f-ratio used may overestimate the actual export production [100].

The Southern Ocean has much more efficient C export, thus BAR is high relative to primary
production [100]. The Southern Ocean samples fall reliably on the global BAR-C export regression line
defined by measurements in core-top sediment, thus this relationship could more accurately be used in
paleo reconstructions in this region [100].

Few studies have measured barite accumulation within the Indian Ocean in the modern day [102,124].
Measurements from box core samples taken from several sites in the northern Arabian Sea showed a
pattern of barite formation that is not consistent with the pattern shown in other ocean basins [124]. The
inconsistency was attributed to low barite preservation at the sediment-water interface. Alternatively,
waters of the Arabian Sea tend to be oxygen-depleted at midwater depths, leading to sulfate reducing
conditions, possibly inhibiting the growth of barite [124]. Furthermore, Francois et al. [40] also
found that a large fraction of Corg deposited in the deep Arabian Sea appeared to be refractory Corg

redistributed form the nearby shelves, which may not contribute to barite formation.

3.3. Temporal Variability of Barite Accumulation and Implications for Carbon Export

Records of Baex and BAR in sediments have been used to investigate variations in export production
during time periods of dynamic climate variability in the geologic past. High resolution records show
cyclic variations in BAR which corresponded to glacial-interglacial cycles, with maxima occurring
during glacial periods (or deglacial transitions) and minima occurring during interglacials [44,93,105].
This has been attributed to stronger winds which intensify Ekman-induced upwelling in equatorial
regions during glacials, fostering high productivity, or to changes in the nutrient content of the
upwelling water due to changes in circulation. Similarly, it has been suggested that fluctuations
of high productivity in the equatorial Pacific over the Neogene have also been consistently forced
by Ekman-induced upwelling and circulation changes, which actually extends to the Eocene [122].
However, there are enigmatic transients superimposed on this overall pattern associated with nutrient
supply reorganization, especially over the Miocene [107,125]. BAR records from the Paleogene suggest
that export production was high at the onset of Antarctic glaciation and thus may have contributed to
C sequestration and pCO2 drawdown prior to the Eocene–Oligocene transition [108]. BAR fluctuations
appear to have power at both the 405 kyr long eccentricity cycle as well as the 96–126 short eccentricity
cycles indicating a strong coupling with orbitally forced climate changes [108].

There has been an ongoing debate regarding productivity changes over the Paleocene-Eocene
Thermal Maximum (PETM) at ~55.9 Ma. The PETM is a relatively rapid event (~170 kyr) [126]
that marks a major perturbation of the global C cycle, indicated by a global negative C isotope
excursion [127,128]. Records of Baex, BAR, and Ba isotopes show changes in export production over
the time period [101,106,129], which suggest increased export production helped reduce atmospheric
pCO2 and rapidly return global temperatures to pre-PETM values, coined the “productivity feedback
hypothesis” [101]. However, changes in BAR conflict with some other productivity proxies obtained
from some of the same sites [130–133]. It has been argued that the destabilization of methane hydrates
released large amounts of Ba into the ocean, thereby increasing barite preservation rates and impacting
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calculated BAR and export production reconstructions [27]. This suggestion is based primarily on a
model of the oceanic Ba cycle (see discussion below).

4. Modeling the Marine Ba Cycle and Implications for Barite as a Paleoproductivity Proxy

4.1. Existing Models and Their Findings

The marine Ba cycle has been previously described using a two-box model with distribution of Ba in
two major ocean reservoirs, surface and deep water, controlled by ocean circulation, vertical particulate
Ba flux in the ocean, sources from rivers and hydrothermal vents, and the primary sink of particulate
Ba (barite) accumulation in sedimentation [8,9,27]. The first modeling efforts for the marine Ba cycle in
the ocean were performed by Wolgemuth and Broecker [8], which made assumptions regarding the
riverine flux of Ba, the rate of exchange between the surface and deep water reservoirs, and the Ba
concentration of the upwelling and downwelling waters. With these assumptions, in order to balance
the surface water reservoir, removal of Ba from the surface by organic matter was found to be 4.4 µg
cm−2 yr−1. Therefore, in order to balance the deep-water reservoir, 0.6 µg Ba cm−2 yr−1 must be lost to
sediment and 3.8 µg cm−2 yr−1 must dissolve, suggesting that 13.6% of the particulate barite flux is
preserved in the sedimentary record, while the majority (86.4%) is dissolved and enters the deep ocean
dissolved Ba inventory.

Paytan and Kastner [9] assessed the influence of a benthic Ba flux from the sediment on the
dissolved Ba content of deep waters in oxic sediments in the pelagic environment. First, benthic Ba fluxes
from the sediment into the deep ocean were calculated using porewater Ba gradient measurements from
an equatorial transect in the eastern Pacific. To assess whether these values were consistent with mass
balance considerations, a two-box model was constructed. This model updated the input fluxes used by
Wolgemuth and Broecker [8] with newer measurements of riverine input [56], added a hydrothermal
input into the deep ocean [55], and adjusted the exchange between deep and surface water to correspond
to a deep water residence time of 1100 yr. Additionally, in this model average concentrations of Ba in
surface water of 36 nmol kg−1 and 116 nmol kg−1 in the deep water were used [16]. This model used
similar values for upwelling/downwelling fluxes as Wolgemuth and Broecker [8] and only a slightly
lower percentage for the amount of particulate Ba that is dissolved (82%). Of that dissolved flux,
the majority occurs within the sediment (85.6%) with Ba fluxes from the sediment to the deep ocean
much higher than what had been previously estimated. Measurements show that more productive
regions, such as the equatorial divergence and coastal upwelling zones, contribute a higher flux of Ba
from the sediment into the deep ocean compared to open ocean sediments [41]. Overall, Paytan and
Kastner [9] suggested that approximately 70% of the barite arriving to the sediments is dissolved,
while up to 30% is preserved.

Following these estimates Dickens et al. [27] created a numerical model using a system of equations
for the marine Ba cycle and performed a series of sensitivity tests to evaluate how barite accumulation
changes in response to increased productivity. The model was constructed to represent the modern
ocean, with flux values representing modern estimations. This model introduced three new parameters
that were not included in previous box models in order to couple Ba fluxes in numerical simulations.
These parameters are D, a coefficient linking Ba concentrations in surface water to the Ba content in
organic matter, f, which represents the fraction (0–1) of the particulate Ba rain incorporated into the
sediment, and [Ba]Sat, the dissolved Ba concentration at barite saturation used to calculate the value of f.
Using this numerical model, a sensitivity experiment was conducted by increasing primary productivity
by 15%, 50%, and 100%. In these simulations, enhanced productivity increases the particulate rain of
barite, however, the Ba reservoir in surface water drops precipitously, thereby reducing particulate rain
(Figure 6). Thus, sustained increases in productivity resulted in a sharp peak in barite accumulation
that quickly drops after the surface reservoir is depleted (bottom left panel of Figure 6). Dickens et
al. [27] argue that long periods of increased barite accumulation are not sustainable and if observed
in the sedimentary record they do not represent periods of export production, but rather periods of
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high barite preservation due to increased flux of dissolved Ba into the ocean, thereby increasing the
concentration of Ba in the deep ocean leading to reduced dissolution. This mechanism was used to
explain values of high barite accumulation over the PETM, which is argued to be caused by a large
release of methane from marine sediments. Such methane release also contains large amounts of Ba
associated with the SMT in the sediment and constitutes a potentially new source of dissolved Ba to
the deep ocean. We note however that the expulsion of additional Ba from porewater is likely to result
in local precipitation of barite at the sites of release as seen today in cold seeps, hence this flux might
not contribute significant amounts of dissolved Ba to seawater [26,134,135].

4.2. A Reevaluation of the Box Model

Here, we make a few adjustments to the numerical model of Dickens et al. [27] to better represent
what is known of the Ba cycle. The new model uses a system of flux equations (Table 1) and constants
(Table 2) to describe the marine Ba cycle (Figure 2). The relationship between the particulate rain of Ba
(FPR) and the downward flux of Corg (POrg) is adjusted. The incorporation of Ba into organic matter
and the subsequent formation of barite or particulate Ba and its flux to the seafloor is independent
of surface Ba concentrations as suggested by [40]. We perform two sets of sensitivity experiments,
the first using the following equation to relate FPR and POrg:

FPR = b× POrg (4)

where b is a constant relating the growth of particulate Ba to Corg export. The value for b is set to
0.0137, in order to maintain mass balance of Ba during steady state. The system of equations is solved
in Matlab using an explicit Runge-Kutta 4,5 method. In the first set of sensitivity experiments, we use
Equation (4) to describe FPR. Three experiments are performed, the first increases POrg by 15% (Figure 6;
blue), the second increases POrg by 36% (Figure 6; green) and the third increases two parameters,
POrg by 100% and C (exchange of surface and deep waters; Table 2) by 65%. In order to investigate
how the system responds and recovers from each experiment, each perturbation is held constant for
1 kyr, then the experiment is returned to the original steady-state values.

Increasing the POrg flux has a similar impact on the shallow and deep-water concentrations of
dissolved Ba as reported in Dickens et al. [27], that is the deep-water concentration increases, while the
shallow water decreases (Figure 6). However, barite accumulation in sediments shows very different
trends than what is seen in Dickens et al. [27]. There is an increase in barite accumulation that is
maintained for the entire duration of the C export increase. In our model, shallow water is more
sensitive to depletion during times of enhanced C export. In Dickens et al. [27], the fact that FPR

depended on surface concentrations inherently meant less dissolved Ba would be converted into
particulate Ba as the surface concentration of Ba decreased. Without the dependency on surface
concentration, dissolved Ba will be incorporated into particulate Ba (relative to the POrg flux) regardless
of the surface water concentration. Therefore, at high levels of POrg, surface water will become depleted
in Ba if there is no other increase in Ba influx. According to this model, the maximum increase of POrg

that can be maintained for 1 kyr without depleting the surface ocean of Ba is in the range of 36% increase.
For any increase in POrg of more than 36%, an increase in the flux of Ba to the surface water is necessary.
It is important to emphasize that this experiment increases only POrg. However, in the actual ocean,
in order to increase POrg there must be an increase in nutrient input, which would also supply more
Ba. Enhanced nutrients (and Ba input) could come from an increase in riverine/groundwater input or
enhanced upwelling of deep water to surface water. Therefore, although the new parameterizations of
Equations (4) and (5) cause an increased sensitivity in the surface reservoir that results in decreasing Ba
concentrations, this does not discount their validity, as any increase in ocean productivity and export
production will require also an increase in nutrient supply. Changes in nutrient influx and availability
can be driven by a multitude of factors, such as wind-induced enhancement of upwelling regions,



Minerals 2020, 10, 421 14 of 24

or increased riverine runoff. In either case both factors are also associated with an increase in Ba supply,
as Ba distribution and inputs in the ocean are the same as those of nutrients [22,47].

Time periods of enhanced export production, with levels twice that of modern day, such as those
seen during glacials and during the Miocene, are thought to be caused by increases in Ekman-induced
upwelling or nutrient content in the upwelled water [105,122]. In the box model, that would increase
the exchange rate between surface and deep water (the parameter C; Table 2). By enhancing the
exchange rate by 65%, more Ba-rich deep water is brought to the surface, supplying the surface
water with a higher amount of dissolved Ba (Figure 6; red). With the increase in supply of Ba to
the surface water, export production (POrg) can also be doubled in the model. The surface water
can sustain a doubling of export production over 1 kyr without depleting the Ba in the surface layer.
However, if continued for more than 1 kyr a depletion of Ba dissolved in surface waters will occur.
Thus, a prolonged increase of primary and export production requires increasing an additional flux of
nutrients and Ba to the surface, such as through rivers and groundwater input or increased upwelling.

Table 1. Flux equations to describe the marine Ba cycle from Dickens et al. [27] with changes made to
the formulation of the particulate rain of Ba flux (FPR). Variables defined in Table 2.

Description Equation

Changes in surface water Ba standing stock dBaSh
dt = FRiv + FUp − FDw − FPR

Changes in deep water Ba standing stock
dBaDp

dt = FReg + FHyd + FCold + FDw − FUp

Ba concentration in surface water [Ba]Sh = BaSh
MSh

Ba concentration in deep water [Ba]Dp =
BaDp

MDp

Downwelling flux FDw = [Ba]Sh C

Upwelling flux FUp = [Ba]Dp C

Particulate rain (Dickens et al. [27]) FPR = [Ba]Sh D POrg

Particulate rain (this study) FPR = b× POrg OR FPR = POrg
e

Dissolution flux FDis = FPR(1− k
[Ba]Dp

[Ba]Sat
)

Burial flux FBur = FPR − FDis

Table 2. List of parameters and constants used to describe the marine Ba cycle from Dickens et al. [27],
with the addition of constants ‘b’ and ‘e’ used here in the new formulation of FPR.

Parameter Description Units Standard Conditions

BaSh Standing stock of Ba in surface water Gmol 3731
BaDp Standing stock of Ba in deep water Gmol 140,148
FRiv River/groundwater Ba flux Gmol/yr 14.75
FUp Upwelling Ba flux Gmol/yr 128.15
FDw Downwelling Ba flux Gmol/yr 39.80
FPR Particulate rain Ba flux Gmol/yr 103.10
FDis Benthic dissolution Ba flux Gmol/yr 85.00
FHyd Hydrothermal Ba flux Gmol/yr 3.35
FCold Cold seep Ba flux Gmol/yr 0.00
FBur Burial Ba flux Gmol/yr 18.10

[Ba]Sh Dissolved Ba in surface water nmol/kgsw 36
[Ba]Dp Dissolved Ba in deep water nmol/kgsw 116
[Ba]Sat Dissolved Ba at saturation mol/kgsw 330

C Exchange of surface and deep water kgsw/yr 1.105 × 1018

D Coefficient between dissolved Ba in shallow water and
solid Ba in organic matter kgsw/mol (carbon) 3.8157 × 105

b (this study) Linear constant relating FPR to POrg unitless 0.0137
e (this study) Exponential constant relating FPR to POrg unitless 0.8554

Porg Sinking organic carbon flux Gmol/yr 7500
f Fraction of FPR buried (0–1) unitless 0.17556
k “Time factor” for barite preservation (0–1) unitless 0.4994

MSh Mass of surface water kg 1.04 × 1020

MDp Mass of deep-water kg 1.21 × 1021
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In the second set of sensitivity experiments we used a power function to describe the relationship
between FPR and POrg, which was suggested by Francois et al. [40] to better represent the observation
that very high areas of productivity have a lower barite flux to the seafloor than expected.

FPR = POrg
e (5)

where e is a constant established for an exponential relationship. The value of e is set to 0.8554 to
maintain mass balance. Generally, the results are very similar to those in the previous set of experiments
(Figure 6). However, the exponential relationship yields a slightly lower barite accumulation during
times of enhanced C export, and results in a slightly higher concentration of dissolved Ba in surface
waters and a lower degree of removal.
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Figure 6. Box model results from Dickens et al. [27] compared with new results with two equations
to describe FPR. The three columns (a–c) show results using different relationships of FPR. The three
rows (1–3) show the dissolved concentration of Ba2+ in surface water (top; a.1, b.1, c.1), the dissolved
concentration of Ba2+ in deep water (middle; a.2, b.2, c.2), and the accumulation of barite (BaSO4)
in the sediment (bottom; a.3, b.3, c.3). The left column shows results using the relationship for FPR

described by Dickens et al. [27] (a.1, a.2, a.3). The middle column (shows results using a linear
relationship b.1, b.2, b.3). The right column shows results using an exponential relationship (c.1, c.2,
c.3). Different colors represent scenarios of perturbations (see legend), each running for 1 kyr, then a
return to steady-state conditions.

Sensitivity to Changes in Ba Inputs

The magnitude of Ba input per year (flux) into surface and deep oceans is not well quantified.
The model above uses terrestrial inputs that represent the maximum values within the range of modern
estimates. The model also includes input of Ba to the deep ocean from hydrothermal sources, which may
not actually be a significant source of Ba due to the local precipitation of barite near these sources.
In this section, for comparison we use the minimum values within the range of modern estimates
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for Ba inputs into the ocean. Riverine input is now set to the minimum within the range of modern
estimates, discussed in Section 2.1, which is 2 nmol cm−2 yr−1, plus the input from groundwater sources
(0.46 nmol cm−2 yr−1). Thus, the terrestrial input is lowered to 2.46 nmol cm−2 yr−1, or 5.904 Gmol
yr−1. The hydrothermal input is set to zero. In order to maintain mass balance in the model, the fluxes
within the surface and deep ocean boxes must be changed. Keeping the inventory of Ba constant,
as well as the rate of overturning circulation (variable C in Table 2), the variables that are used to relate
FPR to POrg must be changed (from Equations (4) and (5)) to account for the lower FPR flux magnitude.
The value of b in Equation (4) is changed to 0.0126, the value of e in Equation (5) is changed to 0.8524.
Additionally, to account for the decrease in the burial flux (which is equivalent to terrestrial input), it is
also necessary to decrease the fraction of FPR that is buried (variable f in Table 2), which is also used to
calculate the dissolution flux of Ba, FDis. The variable f is decreased to 0.0626. By decreasing the input
fluxes, the fraction of exported Ba that is dissolved within the water column is significantly decreased
in order to maintain mass balance, from 17.5% to 6.26%. Figure 7 shows the same three experiments as
performed above but with the new set of parameters. There is not a significant change with regard to
surface and deep-water Ba concentration in response to each of the perturbations. There is actually a
smaller degree of depletion in surface waters with each perturbation due to the decreased export flux.
Similarly, barite accumulation is enhanced (in response to the perturbations) and maintained for the
entire duration.
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Figure 7. Box model results with decreased terrestrial input and zero hydrothermal input. Fluxes within
the surface and deep water boxes are also changed to maintain mass balance in the model. The two
columns (a, b) show results using different relationships of FPR. The three rows (1, 2, 3) show the
dissolved concentration of Ba in surface water (top; a.1, b.1), the dissolved concentration of Ba in deep
water (middle; a.2, b.2), and the accumulation of barite (BaSO4) in the sediment (bottom; a.3, b.3).
The left column shows results using a linear relationship for FPR (a.1, a.2, a.3), the right column
shows results using an exponential relationship (b.1, b.2, b.3). Different colors represent scenarios of
perturbations (see legend), each running for 1 kyr, then a return to steady-state conditions.
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4.3. Implications, Limitations, and Future Works

The box model results for the new parameterizations of the relationship between export production
and particulate Ba flux (Equations (4) and (5)) indicate that periods of enhanced BAR do not necessarily
require an increase in the flux of new Ba into the ocean (i.e., require a new source of Ba), as has been
argued [27]. Changing the relationship to remove the dependency of Ba utilization on surface water
dissolved Ba concentration, which is arguably more representative of the observed relationship in the
modern day, results in a sustained increase of BAR that occurs over the entirety of the 1 kyr POrg flux
increase, in contrast to a sharp rise and fall as seen in the previous model of Dickens et al. [27]. The new
modeled relationships show that it is possible to maintain enhanced BAR during extended times of
enhanced C export, however, over time these periods of enhanced BAR will lead to depletion of surface
water Ba if not balanced by an increase in the source of Ba to the surface oceans. Yet, it is important to
note that mechanisms that lead to enhanced primary and export production will also lead to enhanced
delivery of dissolved Ba to surface waters, such as increased upwelling or riverine runoff. Increases in
the remineralization efficiency of organic matter in deeper water will also increase Ba in the upwelled
water and replenish the surface layer. Thus, it is likely that this balance is satisfied during time periods
of observed increases in barite accumulation, such as over glacial periods or during the events seen in
the PETM. Moreover, the increases in BAR during the PETM do not require an increase in deep water
Ba saturation and enhanced preservation to be invoked, as also supported by Sr/Ba ratios in barite over
this time interval which do not reveal any change in the barite saturation state of the ocean [135].

Thus far, the marine Ba cycle has been modeled only using two-box models. These models
have provided valuable insight into some of the processes involved, however, they do not allow for
investigation of spatial distribution and do not include processes that may change remineralization
efficiency (such as temperature) or possible ecosystem changes that could affect the uptake of Ba by
organisms and the sinking particles and their COrg/Ba ratio. More detailed insight into the processes
that control the ocean Ba inventory, its spatial distribution and its sensitivity to perturbations is needed
for a better understanding of the links between productivity, the Ba and C global biogeochemical cycles,
and climate on geologic timescales. Future modeling efforts should focus on resolving the spatial
distribution, such as with a coupled biogeochemical ocean general circulation model. Additionally, it is
important to understand why the Baex flux to the seafloor is lower than expected in areas of very high
C export fluxes in order to model this process more precisely [54]. We also know that Ba concentrations
in some anoxic basins are very high and this was not taken into account in the model because these
areas reflect a very small fraction of the overall ocean today, although such areas may have been
more important in the geological past. In order to ensure correct interpretations of Ba as a paleoproxy
for export production, we must also be able to resolve differences in ocean basins by increasing the
complexity and resolution of the Ba cycle model. Increased complexity and resolution will allow for
investigation into spatial variations as well as how sensitive Ba is to a variety of processes, such as
changes in riverine input, changes in dissolution rates, or changes in seawater temperature.

5. Concluding Remarks

Substantial progress has been recently made in the effort to constrain the marine Ba cycle,
particularly focused on understanding the mechanism for barite precipitation within sinking organic
matter debris as well as the development of Ba isotopes as a tool to investigate Ba cycling.
The accumulation of marine barite in ocean sediments has been used in a wide variety of studies to
investigate variations in export production in both the present day and in the geologic past. However,
there still is more to be investigated. Particularly, more work is needed to constrain rates and controls
on barium fluxes associated with input, uptake, precipitation, and dissolution both in the water
column and in sediments, as well as how these may fluctuate spatially and temporally in the ocean.
These new constraints will be vitally important for refined parameterizations of the Ba cycle that can
be incorporated into biogeochemical models.
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A new approach to modeling the marine Ba cycle as a two-box model using different
parameterizations of the relationship between C export and barite precipitation in the water column
shows similar results between a linear and logarithmic parameterization, though a logarithmic
relationship shows a lesser degree of depletion in surface waters with enhanced levels of C export.
Additionally, the new parameterizations show that periods of enhanced C export can lead to sustained
increases in barite accumulation, which is different from previous modeling results. Though the
two-box model is useful in investigating overall processes, it does not allow for the investigation of
spatial variability, which has been established as an important aspect of the marine Ba cycle and its
relation to C export.
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