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Abstract Processes controlling dissolved barium (dBa) were investigated along the GEOTRACES

GAO3 North Atlantic and GP16 Eastern Tropical Pacific transects, which traversed similar physical and
biogeochemical provinces. Dissolved Ba concentrations are lowest in surface waters (~35-50 nmol kg™') and
increase to 70-80 and 140-150 nmol kg~ in deep waters of the Atlantic and Pacific transects, respectively.
Using water mass mixing models, we estimate conservative mixing that accounts for most of dBa variability in
both transects. To examine nonconservative processes, particulate excess Ba (pBa,) formation and dissolution
rates were tracked by normalizing particulate excess 2**Th activities. Th-normalized pBa, fluxes, with barite
as the likely phase, have subsurface maxima in the top 1,000 m (~100-200 pmol m~2 year~! average) in both
basins. Barite precipitation depletes dBa within oxygen minimum zones from concentrations predicted by water
mass mixing, whereas inputs from continental margins, particle dissolution in the water column, and benthic
diffusive flux raise dBa above predications. Average pBa, burial efficiencies along GA03 and GP16 are ~37%
and 17%—-100%, respectively, and do not seem to be predicated on barite saturation indices in the overlying
water column. Using published values, we reevaluate the global freshwater dBa river input as 6.6 + 3.9 Gmol
year~!. Estuarine mixing processes may add another 3-13 Gmol year~!. Dissolved Ba inputs from broad
shallow continental margins, previously unaccounted for in global marine summaries, are substantial

(~17 Gmol year™!), exceeding terrestrial freshwater inputs. Revising river and shelf dBa inputs may help bring
the marine Ba isotope budget more into balance.

1. Introduction

Oceanic dissolved and particulate barium have been proposed as useful tracers of various processes, such as
ocean circulation (Bacon & Edmond, 1972; Chan et al., 1976; Jeandel et al., 1996), water column organic carbon
respiration (Dehairs et al., 1997; Jacquet et al., 2011; Lemaitre et al., 2018; Shopova et al., 1995), seawater
composition (Geyman et al., 2019; LaVigne et al., 2011; Rubin et al., 2003), shelf inputs (Ho, Shim, et al., 2019;
Roeske, Bauch, et al., 2012; Roeske, Loeff, et al., 2012), including submarine groundwater discharge (SGD;
Shaw et al., 1998), and river inputs (Guay & Falkner, 1997; McCulloch et al., 2003). Ratios of Ba to Ca preserved
in foraminiferal tests and deep-sea corals have been used to reconstruct continental inputs of Ba to the ocean and
its deep-sea concentrations through time, which can be used as an analog for other nutrient distributions (Hall &
Chan, 2004; LaVigne et al., 2011; McCulloch et al., 2003). The sedimentary barium record has been probed as
a potential proxy for primary productivity and export production (Collier & Edmond, 1984; Dehairs et al., 1980;

RAHMAN ET AL.

1 of 33


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3912-7258
https://orcid.org/0000-0002-2068-7909
https://orcid.org/0000-0002-8472-2494
https://orcid.org/0000-0003-3699-592X
https://orcid.org/0000-0002-5636-2989
https://orcid.org/0000-0002-1639-6850
https://orcid.org/0000-0001-6609-698X
https://orcid.org/0000-0001-6362-4134
https://orcid.org/0000-0002-1365-9192
https://orcid.org/0000-0002-8057-5685
https://doi.org/10.1029/2022GB007330
https://doi.org/10.1029/2022GB007330
https://doi.org/10.1029/2022GB007330
https://doi.org/10.1029/2022GB007330
https://doi.org/10.1029/2022GB007330
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022GB007330&domain=pdf&date_stamp=2022-06-09

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2022GB007330

Table 1
Summary of dBa Fluxes Into and Out of the Ocean in Prior Summaries of the Marine Ba Cycle

Paytan and Kastner (1996)* and Dickens et al. (2003)° Reevaluated fluxes

Inputs
Rivers (dBa) 14.7 Gmol/yr®>h 7 + 4 Gmol/yr¢
Estuarine processes n.d. 3-13 Gmol/yr®
Hydrothermal vents (dBa) 3.4 Gmol/yr? <2-3 Gmol/yr®f
Eolian n.d. n.d.
Terrestrial SGD 0 Gmol/yr® 0.4-3.6 Gmol/yr¢
Total (terrestrial + marine) SGD 0 Gmol/yr® 17 Gmol/yr®
Total inputs 18.1 29-44i
Outputs
Open ocean pBa_ burial (>1,000 m) n.d. >19 + 10 Gmol/yr
Coastal ocean burial (<1,000 m) n.d. <8I
Total burial 182> 26-27
Residence time ~8.5 kyr®? 3.5-5 kyr®

Note. A budget with reevaluated flux estimates is presented for comparison with associated changes in residence time
(n.d. = not determined).

aPaytan and Kastner (1996). ®Dickens et al. (2003). “This study. Mayfield et al. (2021). *Bridgestock et al. (2021). ‘Hsieh
etal. (2020). Hayes et al. (2021). "This estimate accounts for freshwater dissolved barium (dBa) input and dBa released from
desorption or dissolution from suspended particulate matter during estuarine mixing. ‘Sum of rivers, hydrothermal vents, and
total shelf sources. 'Difference between total pBa, burial and open ocean pBa burial.

Dymond & Collier, 1996; Eagle et al., 2003; Francois et al., 1995), paleoproductivity (Dymond & Collier, 1996;
Hernandez-Sanchez et al., 2011; Klump et al., 2001; McManus et al., 1999; Paytan et al., 1996; Paytan & Grif-
fith, 2007; Schoepfer et al., 2015; Thomas et al., 2011), and paleoalkalinity (Lea, 1993; Lea & Boyle, 1989; Rubin
et al., 2003) though it may have limited utility as an alkalinity tracer (Rubin et al., 2003; Thomas et al., 2011).
Despite its promise, there are major gaps in our knowledge of the modern ocean geochemical cycle of Ba, which
leads to uncertainty in its use as a proxy.

The distribution of dissolved Ba (dBa) is assumed to be controlled by the formation of barite (BaSO, ) in the
upper ocean, large-scale ocean circulation, and barite dissolution as it sinks through the water column and in
sediment after deposition (Dickens et al., 2003; Hsieh & Henderson, 2017; Paytan et al., 1996; Wolgemuth &
Broecker, 1970). Water column dBa profiles are typical of bio-intermediate elements: low (but not depleted)
concentrations in the upper ocean, which increase both with depth and age as deep water masses, move from the
Atlantic Ocean to the Pacific. Despite barite being undersaturated throughout most of the global oceans (Church
& Wolgemuth, 1972; Monnin & Cividini, 2006; Rushdi et al., 2000), authigenic barite, typically assumed to be
the equivalent of empirically derived excess particulate Ba (pBa,,
particulate barium), appears to form in the upper few hundred meters of the ocean in supersaturated microenvi-

i.e., particulate Ba in excess of lithogenic

ronments created during POC (particulate organic carbon) respiration within sinking particulate matter aggre-
gates (Cardinal et al., 2005; Collier & Edmond, 1984; Dehairs et al., 1980; Dymond & Collier, 1996; Shopova
et al., 1995). Some regional and global studies conclude that dBa behaves nonconservatively in intermediate and
deep waters as pBa,, dissolves upon sinking (Hsieh & Henderson, 2017; Le Roy et al., 2018; Paytan et al., 1996),
whereas others conclude that dBa demonstrates conservative behavior in waters below 2,000 m (Bates et al., 2017;
Geyman et al., 2019). The potential for multiple processes to affect barium makes the interpretation of its distri-
bution challenging.

There is considerable uncertainty in estimates of dBa flux into and out of the global ocean (Table 1). In an often-
used model of the marine Ba cycle, the major vector of dBa flux to the ocean is assumed to be via rivers, which
delivers ~15 Gmol of Ba annually (Dickens et al., 2003; Paytan et al., 1996). The riverine flux has been based
on dBa concentrations in the Zaire River or in a set of unnamed North American rivers (Edmond et al., 1978;
Livingstone, 1963; Paytan et al., 1996; Wolgemuth & Broecker, 1970). In this model, dBa distributions with
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depth, between the surface and deep ocean, are controlled by the formation and dissolution of a particulate phase,
barite (i.e., Dickens et al., 2003). Of the ~103 Gmol year~' of particulate Ba that is estimated to form in the
upper ocean, only ~18 Gmol year™ is removed via sediment burial (Dickens et al., 2003; Paytan et al., 1996).
The estimated remainder, ~85 Gmol year~' (~86%), dissolves upon sinking through the water column or in sedi-
ment post-deposition (Dickens et al., 2003; Paytan et al., 1996). Hydrothermal vents supply another 3.4 Gmol
year~! (Dickens et al., 2003). With an estimated inventory of ~150 Tmol, the residence time of dBa in the ocean
is ~8.5 ky (Dickens et al., 2003; Paytan et al., 1996). Considering present-day approximations, the estimated
stable Ba isotopic compositions of sources and sinks of Ba imply an imbalance in the conceptual marine budget,
where purported sources are significantly enriched in the heavier stable isotope than major sinks (Bridgestock
et al., 2018; Cao et al., 2016, 2020; Horner & Crockford, 2021; Horner et al., 2021; Hsieh & Henderson, 2017,
Mayfield et al., 2021). Evidence suggests that there should be one or more sources with a light isotopic signature
to balance the budget, unaccounted sinks with a heavy isotopic signature, or a combination of both.

There are several large-scale transects of dBa in the Atlantic, Southern, and now Arctic Oceans (Chan
et al., 1976, 1977; Haine et al., 2015; Jacquet et al., 2007; Jeandel et al., 1996; Le Roy et al., 2018; Monnin &
Cividini, 2006; Thomas et al., 2011; van Beek et al., 2007; Whitmore et al., 2021). The data on dBa distributions
in the Pacific (Bacon & Edmond, 1972; Chan et al., 1976; Wolgemuth, 1970) and Indian Ocean are sparse (Jean-
del et al., 1996; Li et al., 1973; Monnin et al., 1999) with oceanographic sections limited mainly to those from
the GEOSECS cruises several decades ago. Here, we investigate dissolved and particulate Ba behavior along
the GEOTRACES GAO03 North Atlantic transect and GP16 Southeast Pacific transect, which occupied similar
biogeochemical ocean provinces. Both sections sampled eastern margin upwelling regions, oxygen minimum
zones (OMZs), hydrothermal vent inputs, and subtropical gyres, but occupied different stages of meridional
overturning circulation with different water mass age distributions (e.g., Khatiwala et al., 2012). In this study, we
examine regions of nonconservative dBa behavior along the two transects. Part of our aim is to use various meth-
odologies, for example, water mass deconvolutions (Jenkins, Lott, et al., 2015; Peters et al., 2018), to probe for
nonconservative behavior as none of these methods on their own are perfect. We report excess 2*Th-normalized
pBa, flux and accumulation in both basins, investigating barite dissolution and burial efficiencies. Finally, we
generally predict zones of expected nonconservative dBa behavior in the global ocean and reassess regional and
global conceptual marine Ba models.

2. Materials and Methods
2.1. Oceanographic Sampling

In 2010 and 2011, the US GEOTRACES cruise GAO3 surveyed the North Atlantic in two sections aboard the R/V
Knorr. Twelve stations were sampled along a meridional section KN199-04 from Lisbon, Portugal to Cape Verde
in 15 October to 4 November 2010; whereas 22 stations were sampled in 6 November to 11 December 2011,
along the roughly zonal transect KN204-01 from Cape Cod, USA, to Praia, Cape Verde (Figure 1). Dissolved
samples at each station were collected using 12-L Teflon-coated GO-FLO (General Oceanics) bottles mounted
on a trace metal clean GEOTRACES rosette (Cutter & Bruland, 2012; Hatta et al., 2015; Measures et al., 2008).
Approximately 10-15 samples were collected between 0 and 1,000 m and 10-15 samples collected in the remain-
der of the water column. Samples were filtered through 0.2 pm Pall AcroPak™ Supor® capsules and collected
in pre-cleaned (1.2 M reagent grade HCI, heated for a minimum of 8 hr and rinsed with ultrapure water) 125-ml
high-density polyethylene (HDPE) bottles. Samples were acidified onboard to a pH of ~1.7 and stored at room
temperature during transport back to the laboratory. Surface water samples were also collected using an underway
towed fish and filtered through a 0.45-pm Osmonics and a 0.2-pm polycarbonate track-etched cartridge filter
(Bruland et al., 2005). Additional surface water samples were taken after the KN199-04 cruise along a cruise
track from Cape Verde to Charleston, USA (KN199-05).

In 2013 (25 October to 20 December), aboard the R/V Thomas G. Thompson (TN303, GP16), the US
GEOTRACES sampled 35 stations in the eastern Pacific Ocean from Manta, Ecuador to Papeete, French Poly-
nesia. Sampling included 4 shelf stations, 13 shallow stations (~1,000 m depth), and 17 full depth stations. At
full depth stations, typically ~20 samples were collected in the upper 0—1,000 m and another ~20 collected in
the remainder of the water column. Dissolved samples were collected for trace elements at cast stations as well
as underway surface towed-fish samples (3.5 m) (Bruland et al., 2005). Cast station samples were collected
using trace metal clean techniques, filtered through 0.2 pm Pall AcroPak™ Supor® capsules, and collected
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Figure 1. (a). U.S. GEOTRACES GA03 KN199-04 and KN204 cruise tracks in the North Atlantic. All KN199-04 meridional transect stations are labeled in yellow
from Lisbon to Cape Verde, whereas KN204 zonal transect stations from Cape Cod, MA to Cape Verde, are labeled in red. The crossover station, KN199 St. 12 and
KN204 St.24, is indicated by the orange dot. (b) U.S. GEOTRACES GP16 East Pacific Zonal Transect cruise track from Peru to Tahiti. (c) Station numbers are shown
in white. Surface water dissolved Ba (dBa) concentrations from KN199-04, KN199-05, and KN204 in the North Atlantic. (d) Surface water dBa concentrations from
GP16 in the East Pacific.
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in pre-cleaned 125-ml HDPE bottles (Cutter & Bruland, 2012; Measures et al., 2008). Underway towed-fish
samples were filtered through a 0.45-pm Osmonics and a 0.2-pm polycarbonate cartridge (Bruland et al., 2005).
These samples were stored at room temperature and shipped to the laboratory before acidification with 500 pl of
6 N ultrapure HCI (Fisher, Optima) to a pH of ~1.8. Along GP16, surface sediments were also collected using a
mono-corer attached to a CTD rosette (German, 2017). Cores were stored upright and refrigerated before return
to Lamont-Doherty Earth Observatory (LDEO), where each mono-core was split and analyzed nondestructively.
One half core was then archived at LDEO and the other half made available for sampling. The upper 1 cm of
mono-cores was analyzed. The cores were not explicitly dated. The core tops likely represent Holocene material
but could contain older sediments. Particulate trace element samples on both GAO3 and GP16 were collected
by in-situ pumping and on GP16, additional particle samples were collected by GO-FLO filtration. Particulate
sampling is described further in Section 2.3.

Standard hydrographic analyses (salinity, dissolved oxygen, and micromolar nutrients) are conducted for all
GEOTRACES cruises. Data from the North Atlantic cruises can be found through the Biological and Chemical
Oceanography Data Management Office (BCO-DMO) data repository (https://www.bco-dmo.org/project/2066).
Hydrographic data from GP16 can also be found in the BCO-DMO database (https://www.bco-dmo.org/
project/499723). The data are also available through the GEOTRACES Data Assembly Center (www.bodc.ac.uk/
geotraces).

2.2. Dissolved Barium Analysis

Dissolved Ba was determined by isotope dilution with subsequent analysis with a sector field inductively coupled
plasma mass spectrometer (SF-ICP-MS, ThermoFisher Element 2) (Jacquet et al., 2007; Shim et al., 2012).
Briefly, the acidified seawater sample was diluted approximately 30-fold by adding 50 pL of sample into 1.5 mL
of ultra-pure distilled water. A 25 pl '**Ba-spike solution, prepared from solid BaCO, powder provided by Oak
Ridge National Laboratory (93.8% '**Ba; ~180 nmol L"), was added to the diluted sample. Pipettes were cali-
brated by mass after each analytical run to determine exact sample and spike additions. Samples were introduced
to the SF-ICP-MS through a PFA microflow nebulizer (Elemental Scientific, Inc.) and a PFA PURECHAM-
BER™ Spray chamber (Elemental Scientific, Inc.). Samples were analyzed by SF-ICP-MS in low resolution
for both '**Ba and '*®Ba. Data were verified by the analysis of US GEOTRACES intercalibration surface
(GS) and deep water (GD) samples at the beginning and end of each analytical run (Atlantic: GS 43.0 + 1.1
[n = 20], GD 52.7 + 0.5 [n = 20]; Pacific: GS 43.7 + 1.0 [n = 15], GD 54.3 + 1.5 [n = 15]; nmol kg-SW~)
(Shiller, 2016a, 2016b). Samples were bracketed by a blank and a '3°Ba spiked solution every 10 samples. Blank
counts are monitored and subtracted out of the data. Intercalibration and in-house standards suggest a precision
of 2%-3% and a detection limit of 0.7 nmol kg~! (Shiller, 2016a, 2016b).

2.3. Particulate Phase Trace Element Analysis

Filtered particle collection and digestion procedures have been described previously (Ohnemus
etal., 2014, 2017, 2019; Ohnemus & Lam, 2015). Briefly, following protocols in compliance with GEOTRACES
methods for collecting samples using in situ pumps (GA03; Lam, 2018) and GO-FLO bottles (GP16; Sherrell
et al., 2016), particles were collected on acid-cleaned polyethersulfone (Supor®) filters. With in situ pumps, two
particle size classes were collected: a small-size class (0.8-51 pm) and a large-size class (>51 pm) on polyester
mesh filters that were rinsed with filtered seawater onto a 0.8 pm Supor® filter. For pump samples, particulate
Ba (pBa) was the sum of the small- and large-size fraction. Only one size class (>0.45 pm) was collected via
filtration from GO-FLO samples. A mixture of 4M each HCIl, HF, and HNO, acids was used to completely digest
samples collected by GO-FLO and in-situ pumps. Filters collected using in situ pumps also included a pre-diges-
tion step using piranha reagent, a mixture of sulfuric acid and peroxide, that completely dissolved the Supor®
filter prior to the main particle digestion (Ohnemus & Lam, 2015). Digested samples were dried and brought up
in dilute HNO, for analysis via a Thermo Element 2 HR-ICP-MS. Interlaboratory comparisons of these different
digestion procedures demonstrate that they yield similar results (Ohnemus et al., 2014).

Particulate trace element concentrations determined in samples collected via in situ pumps were compared to
concentrations determined in GO-FLO samples (Twining et al., 2015), so we assumed minor differences between
the collection methods on particulate Ba concentrations. While GAO3 pBa results were oceanographically
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consistent, irregularities in GP16 in-situ pump pBa profiles digested by the piranha method suggest that there
may have been some interference between sulfuric acid and pBa (as BaSO,) dissolution in some instances, and
we no longer recommend this digestion method for pBa. For this reason, GP16 in-situ pump pBa profiles are not
presented here. Particulate Ba from GAO3 is from pump samples, and pBa from GP16 is from bottle samples.
Several GP16 pump pBa profiles (stations 1, 18, and 36, spanning the beginning, middle, and end of the transect)
did not have piranha digestion issues, allowing a direct comparison of pump and bottle sampling methods. This
comparison suggests that bottle pBa was typically 23% + 4% higher than pBa concentrations from pumps, at
least at these three stations on GP16 (Figure S2a in Supporting Information S1). This is a caveat that should be
kept in mind since we did not make any further assumptions of which the collection method (pump vs. bottle)
better represents actual pBa concentrations, nor were corrections applied. The higher pBa concentrations in
bottle samples are likely from the <0.8 pm size class, which was not sampled via in situ pumps. All data are
publicly available through the U.S. Biological and Chemical Oceanography Data Management Office (www.
bco-dmo.org) and GEOTRACES Data Assembly Center (www.bodc.ac.uk/geotraces). The GP16 pBa data have
been previously published (Ohnemus et al., 2019).

2.4. Calculation of Excess Particulate Barium and Barite Solubility

Water column excess particulate barium, pBa,, is empirically derived by subtracting lithogenic Ba from total
particulate Ba (pBa). Ratios of Ba:Al (e.g., Dehairs et al., 1997, 2008; Lemaitre et al., 2018) or Ba:>*’Th (e.g.,
van Beek et al., 2007) in the upper continental crust, (Ba/Al)ycc and (Ba/***Th)ycc, respectively, have been used
to estimate lithogenic Ba. Here, we use particulate Al, pAl, in the water column to correct for the lithogenic Ba

fraction:
pBay, = pBa — lithogenic Ba 1)
pBay, = pBa — (@ ) (pAl) @)
Al /ucc

Estimated (Ba/Al)ycc ranges from 0.0013 to 0.0029 mol:mol (Condie, 1993; D. M. Shaw et al., 1976, 1967;
Gao et al., 1998; Rudnick & Gao, 2014; Taylor & Mclennan, 1995) and the section plots were made using the
recommended Ba:Al value, (Ba/Al)ycc = 0.0015 in a recent compilation of upper continental crustal compo-
sitions (Rudnick & Gao, 2014). Barite solubility and dissociation constants were calculated from temperature,
pressure, salinity, dBa molality, and sulfate molality according to Pitzer's ion interaction model equations (Rushdi
et al., 2000) for GAO3 and GP16.

2.5. Excess 2'Th-Based Particulate Ba Flux

Particulate excess Ba fluxes were calculated using measured excess 2°Th (p**°Th,) activities on 0.8-0.51 pm
pumped particles collected in GAO3 (Hayes, Black, et al., 2018) and GP16 (Anderson et al., 2017; Pavia
et al., 2018, 2019). The methodology for determining sinking particle fluxes using this radionuclide has previ-
ously been described in detail (Anderson et a 1., 2016; Hayes, Black, et al., 2018; Hirose, 2006; Pavia et al., 2019)
and only a summary is provided here. The production of dissolved 2**Th (d?*°Th, r,,, = 75,600 years) in the ocean
is set by the radioactive decay of dissolved 2**U, which varies with salinity. 23U activity was calculated from
salinity and the global seawater 2**U:238U activity ratio of 1.1468 (Andersen et al., 2010; Owens et al., 2011). The
disequilibrium between predicted dissolved 2*°Th and actual 2*°Th activities is generated by the particle reactivity
of 2°Th: most of the dissolved 2*°Th produced in the water column is rapidly removed from the dissolved phase
by sinking particles (Moore & Sackett, 1964). The 2*°Th activity on particles (***Th ) and ratios of pBa, :'Th
were used to calculate 2°Th -normalized (hereafter abbreviated as Th-normalized) pBa,_ particulate fluxes (see
Text S2 in Supporting Information S1 for further details). At GAO3, both small and large particle sizes were
characterized for pBa_ and 2*°Th_. The sensitivity of pBa, sinking flux estimates to particle size class was deter-
mined by comparing pBa,:>*°Th__ ratios in the small-size fraction (SSF; 0.8-0.51 pm) to pBa,:***Th__ ratios in
the large-size fraction (LSF) (>0.51 pm; Figure S2b in Supporting Information S1). The sensitivity of particle
flux to particle size in GP16 was assumed to be similar to the sensitivity in GA03.
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2.6. Estimating Nonconservative Dissolved Ba

Conservative [Ba] distributions were derived using prior water mass deconvolutions based on Optimum
Multi-Parameter Analysis (OMPA) of tracer distributions in the North Atlantic GAO3 section (Jenkins, Smethie,
et al., 2015) and South Pacific GP16 section (Peters et al., 2018) paired with dBa. These deconvolutions are not
perfect and are just one of our tools for probing nonconservative behavior. End-member dBa for each GA03 water
mass was chosen from existing GEOSECS (https://odv.awi.de/data/ocean/geosecs/) or GEOTRACES stations
(Table S1 in Supporting Information S1) as geographically close to stations with water mass properties chosen by
Jenkins, Lott, et al. (2015) and Jenkins, Smethie, et al. (2015) (Charette et al., 2015; Fiz et al., 2020; Fogelqvist
et al., 2003; Garcia-Ibafiez et al., 2018; Jenkins, Smethie, et al., 2015; Le Roy et al., 2018; Sutton et al., 2018;
Tanhua et al., 2005). Most GP16 dBa water mass end-members were defined in GEOSECS stations (Table S2 in
Supporting Information S1) as close as possible to the geographical locations that Peters et al. (2018) used for their
OMPA. We also followed the end-member labeling scheme chosen by Jenkins, Lott, et al. (2015) and Jenkins,
Smethie, et al. (2015) and Peters et al. (2018) realizing that their choice of location of a given water mass type
may differ from textbook definitions. The OMP Analyses for each transect have already been discussed in detail
(Jenkins, Smethie, et al., 2015; Peters et al., 2018). Errors, or deviation from assumed water mass conservation,
in the OMP analysis for the thermocline of the GA03 and GP16 were significant enough (10%-35%) (Jenkins,
Smethie, et al., 2015; Peters et al., 2018); and the dBa end-member differences are small enough between those
water masses (i.e., ~3 nmol kg~! difference), that [Ba],, was not determined in those regions (Supporting Infor-
mation). “Conservative” ([Ba],) and “nonconservative” Ba ([Ba],,) contributions to measured dBa ([Ba]

)
meas.
were derived for depths below the thermocline:

[Ba]. = Z[[Ba]i x fraction;] 3)

i=1
[Ba]nc = [Ba]meas - [Ba]c (4)

where [Ba], denotes the estimated end-member dBa in water mass #, and fraction, is the OMPA-derived percent
contribution of end-member water mass i for each sample where data are available. The depths at which the water
mass OMPA were conducted were not the same depths at which dBa samples were collected. Therefore, polyno-
mial trend lines were fit (r> > 0.93) to derived [Ba], OMPA depth profiles at each station from which a conserv-
ative [Ba] value was interpolated for all depths sampled in the GAO3 and GP16 transects. Conservative [Ba] was
derived several ways in different scenarios (Supporting Information) using extreme and average end-member
concentrations with details given in the Supporting Information.

2.7. Defining Section-Specific Dissolved Ba, Ra, and Si Relationships

Strong linear empirical relationships have been observed for Ba and Si, Ba and Ra, and Si and Ra throughout
the global ocean (Bishop, 1988; Chan et al., 1976, 1977; Li et al., 1973). Section-specific element-element
relationships were defined and used rather than global ones. We used a previously defined tracer, Ba* (Horner
et al., 2015), and defined two additional tracers, Ba}; ., and Sij; . . based on element-2?°Ra correlations. Ba* is
derived by the difference between measured dBa and predicted dBa based on the correlation between dBa and
dissolved Si (dSi) and has been employed in other ocean basins (e.g., Bates et al., 2017; Horner et al., 2015).
We define Baj) ..
dBa and dissolved **°Ra (d**°Ra). A similar relationship was derived and used to probe dBa and ?*°Ra relation-

as the difference between measured dBa and predicted dBa based on the correlation between

ships in the subpolar North Atlantic (Le Roy et al., 2018), where nonconservative behavior was also investigated.
Tracer Si}5 .. is derived by the difference between measured dSi from predicted dSi based on the correlation
between dSi and d?**Ra. The d**°Ra results from the North Atlantic (Charette & Morris, 2015) and East Pacific
(Charette & Moore, 2016) have previously been described in detail (Charette et al., 2015; Henderson et al., 2013;

Kipp et al., 2018; Sanial et al., 2018).

Correlation plots (Model II geometric mean regression) in GA03 and GP16 were constructed using colocated dSi
and dBa to define tracer Ba*. Dissolved 2*’Ra measurements were taken at the same stations as dSi and dBa but at
different depths. Therefore, polynomial trend lines were fit (2 > 0.93) to dBa and dSi with depth, and a [Ba] and
[Si] value was interpolated for all depths sampled for d?2°Ra for both transects.
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3. Results and Discussion
3.1. Distribution of Dissolved Ba, Si, and Ra and Hydrographic Settings

Oxygen, apparent oxygen utilization (AOU), salinity, temperature, nutrient, and radiogenic isotope
(e.g., *°Ra, ?*!Ra, and *He) distributions of these transects have previously been described in detail (Charette
et al., 2015; Jenkins, Lott, et al., 2015; Kipp et al., 2018; Peters et al., 2018; Sanial et al., 2018). Several of these
distributions are presented in the Supporting Information (Figures S1 and S4 in Supporting Information S1).
Several common dominant features between the GAO3 and GP16 transects are primary production driven by
intense upwelling along the eastern margin (Mauritanian upwelling and Peruvian upwelling zones), similar
rates of net primary production (Black et al., 2018; Buesseler & Boyd, 2009; Lovecchio et al., 2017), OMZs
extending westward from the upwelling zones resulting from organic carbon remineralization, and hydrothermal
vent inputs (Mid-Atlantic Ridge [MAR] and East Pacific Rise [EPR]). Some differences between the two tran-
sects include higher dust deposition fluxes (Kadko et al., 2020; Mahowald et al., 2005; Measures et al., 2015;
Shelley et al., 2015), a less extensive OMZ (Figure S1 in Supporting Information S1), and higher minimum O,
values in GA03 than in GP16. The core of the OMZ ([O,] <100 pmol kg~!) in the GA03 is around 400 m depth
near Cape Verde, whereas the GP16 OMZ is more intense and widespread with <100 pmol kg=! [O,] waters
extending from 100-200 to 2,000 m depth near Peru and almost reaching Tahiti west of the East EPR (Figure S1
in Supporting Information S1). Driven by upwelling, slow circulation, and near-complete C,, respiration (Bues-
seler et al., 2020; Pavia et al., 2019; Peters et al., 2018), AOU in the GP16 OMZ can be >275 pmol kg~!, whereas
it does not exceed ~250 umol kg~! in the GAQ3. Mean water mass ages at >1,500 m depth in GAO3 are relatively
young (<400 years) and increase to ~1,000 years in GP16 (Khatiwala et al., 2012).

The shapes of the depth profiles of dBa in both ocean basins are typical of a biointermediate element. The
dBa distribution in the central basin of the North Atlantic transect (Figure 2a) largely reflects the influence of
North Atlantic sub-polar waters with low [Ba] (38-53 nmol kg~!), low [Si], and low ??Ra mixing with South-
ern Ocean sourced waters with relatively higher [Ba] (60-111 nmol kg™1), [Si], and ?*°Ra (Le Roy et al., 2018;
Sutton et al., 2018). Our results for dBa in the northeast end of the GAO3 are in general agreement with results
presented in Le Roy et al. (2018) from GAO1 (Figure S3a in Supporting Information S1). In GA03, concentra-
tions in surface waters are ~38—50 nmol kg~! and reach 70-86 nmol kg~! in deep waters. The MAR bisects the
GAO3 transect with the ridge itself at Stn KN204: 16, the western basin containing stations KN204: 1-15, and
the remainder of the stations (KN204: 17-24 plus all KN199 stations) in the eastern basin. Surface water dBa
increases from ~38 nmol kg~! near Cape Verde in the eastern basin to 50 nmol kg~ at the station nearest Cape
Cod in the western basin (Figure 1c). The opposite trend is observed in deep waters: deep water concentrations in
the eastern basin tend to be ~10 to 15 nmol kg~! higher than in the deep western basin.

In GP16, dBa is low, 30-35 nmol kg™, in the top 200 m, and increases to a maximum of ~125-140 nmol kg~!
between 2,500 and 3,000 m and then decreases by 10-15 nmol kg~! at depth (Figure 2b). Much of the GP16
hydrography is bisected by the EPR (Station 18). We refer to those stations east of the EPR (stations 1-17) as
being in the eastern GP16 basin, and the stations west of the EPR (Stations 20-36) as being in the western GP16
basin. Southward flowing Pacific Deep Water (PDW) with high end-member values of dBa (151-156 nmol
kg™, Si, and ?*’Ra makes up most of the water mass below 1,200 m in the eastern basin where dBa reaches
135-140 nmol kg~'. Antarctic Bottom Water (AABW), Lower Circumpolar Deep Water, and Upper Circumpolar
Deep Water, with intermediate concentrations of Ba (83-96 nmol kg™!), Si, and ?*Ra dominate the deep and
bottom waters west of the EPR, where dBa concentrations typically do not exceed 130 nmol kg~! with a relatively
low [Ba] zone of ~125 nmol kg~! in the deepest waters of the westernmost stations (Stations 33—36). Intermedi-
ate waters between 500 and 1,200 m are mainly composed of Equatorial Pacific Intermediate Water and Antarctic
Intermediate Water, which have lower Ba (50-57 nmol kg~!), Si, and ??Ra than deeper water masses. Results
are consistent with GEOSECS stations from the eastern North Atlantic and South Pacific as well as other parts
of the global ocean (e.g., Bates et al., 2017; Chan et al., 1976, 1977; Horner et al., 2015; Jeandel et al., 1996; Le
Roy et al., 2018).

3.2. Distribution of Excess Particulate Ba

Several possibilities exist for the types of solid phases with which pBa is associated along both transects.
We examined the behavior of pBa, that is, the non-terrigenous portion likely to impact conservative dBa
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Figure 2. North Atlantic Zonal Transect (a) dBa and (c) pBa,, distributions. Distributions of (b) dBa and (d) pBa,, in the East Pacific Zonal Transect. White- and
gray-dashed lines show the 100 and 150 pmol kg~! O, contours, respectively. In these and the following figures, see Jenkins, Lott, et al. (2015) and Jenkins, Smethie,

et al. (2015) (AEW-Atlantic Equatorial Water; NACW-North Atlantic Central Water; SACW-South Atlantic Central Water; AABW-Antarctic Bottom Water; DSOW-
Denmark Strait Overflow Water; ISOW-Iceland-Scotland Overflow Water; CLSW-Classical Labrador Sea Water; MOW-Mediterranean Overflow Water; ULSW-Upper
Labrador Sea Water; UCDW-Upper Circumpolar Deep Water; AAIW-Antarctic Intermediate Water; ISW_Irminger Sea Water) and Peters et al. (2018) (ESSW-
Equatorial Subsurface Water; ESPIW-Easter South Pacific Intermediate Water; SPCW-South Pacific Central Water; AAIW-Antarctic Intermediate Water; EqPTW-
Equatorial Pacific Intermediate Water; UCDW-Upper Circumpolar Deep Water; PDW-Pacific Deep Water LCDW-Lower Circumpolar Deep Water; AABW-Antarctic
Bottom Water) for the definitions of the abbreviated water mass labels.

distributions in the ocean. The first region of high pBa  was in the southeast portion of GA03 with concen-
trations reaching >400 pmol L' (a seawater density of 1.025 is used for converting concentrations per kilo-
gram to concentration per L) around 200 m in the OMZ (Figure 2c). Below the OMZ, pBa,, remained high,
with concentrations of ~100 pmol L' near the sediment-water interface at ~3,000-3,500 m. Another region
of high pBa, was in the northeast basin (KN199 stations 1-3) at water depths <600 m. The third region of
high pBa  was along the continental margin in the northwest basin, where high pBa_ (>100 pmol L~) was
found in samples deeper than 3,000 m at stations west of Bermuda. This region in the northeast basin (KN204
stations 1-8) is characterized by high-suspended sediment concentration and significant lithogenic inputs
(Lam et al., 2015; Ohnemus & Lam, 2015).

In the East Pacific, a plume of high pBa,_ (~300 pmol L=, often higher) extended from the Peruvian margin to
Tahiti (Figure 2d). The plume penetrated from the surface down to ~2,000 m near the continental margin and
narrowed to the 200-600 m depth range at station 36 near Tahiti (Figure 2d). The second region of particularly
high pBa, was seen in samples near the sediment-water interface east of the EPR, coincident with a zone of high
dAl and an ~600-750 m thick benthic nepheloid layers (Ho, Resing, et al., 2019; Ohnemus et al., 2018). Excess
pBa >200 pmol L~! was observed at all depths in the water column in the eastern basin, whereas west of the EPR,
pBa  was lower, typically <200 pmol L=!. Similar to the North Atlantic, the surface ~50 m layer typically had
little pBa_, except at near-shore stations 1-5.

X8?

The lithogenic correction was <2% and <8% of the total for most GP16 and GA03 samples, respectively, result-
ing in a generally linear correlation between pBa, and total pBa with near-zero offset (Figure S5 in Supporting
Information S1). Only near the continental margins with high lithogenic pAl inputs (e.g., GAO3 Station KN199-1
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and GP16 Station 4), there was a substantial (>14% up to 85%) lithogenic correction (Ohnemus et al., 2018;
Ohnemus & Lam, 2015). A Ba:Al correction specific to a regional lithogenic material (Rudnick & Gao, 2014)
may need to be applied in those regions rather than average (Ba/Al)ucc (Equation 4). We further surmise litho-
genic mineral dust deposition is a negligible source of pBa,, in either transect: the Ba content of dust inputs in the
North Atlantic (i.e., 0.0020-0.0043 mol Ba:mol Al) (Shelley et al., 2015) is lower than the average Ba content of
the upper continental crust (Rudnick & Gao, 2014), and variable dissolved Ga:Al ratios along with low dissolved
Al in the surface layer indicate low aeolian inputs (Ho, Resing, et al., 2019) along GP16.

Likely mechanisms for significant dBa depletion and pBa,, formation in the water column are adsorption
onto iron oxyhydroxides (Sternberg et al., 2005), uptake by acantharia (Bernstein & Byrne, 2004; Bernstein
etal., 1987, 1998; Michaels etal., 1995), or in situ barite formation (Bishop, 1988; Dehairs et al., 1980). With respect
to the first phase, Fe oxyhydroxide distributions (not shown here) in GAO3 and GP16 (Lam et al., 2015, 2018)
do not coincide with either pBa,, distributions nor the Th-normalized pBa,, flux maxima (Figures 2c, 2d and 3),
except for a limited zone in <200 m near the margin (sts 1-6) of GP16 (Heller et al., 2017). Irrespective of size
fraction, distributions of Fe-oxides and pBa_ are poorly correlated in both GA03 and GP16 (r% < 0.01, Figures S6
and S7 in Supporting Information S1). Acantharia, a group of marine protozoa, can incorporate Ba into their skel-
etons, composed of celestite (SrSO,), serving as a potential removal mechanism in the surface ~400 m (Bernstein
et al., 1987; Michaels et al., 1995). However, the distribution of POC (not shown here) along GA0O3 and GP16
(Lam et al., 2015, 2018) and pBa, distributions (Figures 2c and 2d) is poorly correlated (Figures S6 and S7 in
Supporting Information S1). Furthermore, Th-normalized POC maxima at GAO3 (Hayes et al., 2018) and GP16
(Pavia et al., 2019) occur at depths shallower than Th-normalized pBa,  flux maxima (Section 3.3, Figure 3).
Given the distribution of POC and POC flux, and that most acantharian skeletons dissolve by 900 m (Bernstein
et al., 1987; Michaels et al., 1995), acantharia are not likely to be quantitatively important to pBa,, formation.
Similarly, though the association of Ba with CaCO, and opal has been found in marine sediments (Gonneea &
Paytan, 2006; Schroeder et al., 1997), these phases (Lam et al., 2015, 2018) are poorly correlated with pBa, in the
water column, irrespective of size fraction, of either transect (Figures 2c and 2d, Figures S6 and S7 in Supporting
Information S1). Finally, we consider in situ water column formation of barite, which has been linked to oxygen
consumption and organic carbon respiration rates in the mesopelagic zone (Dehairs et al., 1980, 1997, 2008;
Jacquet et al., 2008; Lemaitre et al., 2018; Planchon et al., 2012). Barite (BaSO,) is theorized to form within
decaying organic matter in sulfate-enriched microenvironments (Bishop, 1988; Dehairs et al., 1990; Stroobants
et al., 1991). Some studies indicate that bacteria in sinking POC provide nucleation sites for barite precipitation,
whereby an amorphous phosphate-rich phase initially sequesters Ba followed by sulfate substitution of phosphate
groups to form BaSO, (Gonzalez-Mufioz et al., 2012; Martinez-Ruiz et al., 2019). Because the lithogenic correc-
tion was generally minor when calculating pBa, (except for margin stations where significant detrital material
was found in suspension), we conclude that pBa, calculated here for GAO3 and GP16 is principally barite that
was formed in situ in the water column. Unless specifically stated otherwise, pBa,, will be synonymous with
authigenic barite in the remainder of the paper.

Water column dissolution of pBa,, may be related to barite undersaturation. Water column dissolution could
contribute to positive deviations of dBa from predicted conservative concentrations in both ocean basins, whereas
in situ formation of pBa,  may lead to negative [Ba], . in the upper ocean. Barite saturation indices calculated here
were consistent with prior studies of barite saturation in the world's oceans (Jeandel et al., 1996; Monnin, 1999;
Monnin & Cividini, 2006; Monnin et al., 1999; Rushdi et al., 2000). At GA03, barite saturation is ~50% at
1,000 m (Figure S8 in Supporting Information S1) throughout the transect. In the eastern GAO3 basin saturation
increases with depth to approximately 70%, whereas it typically remains lower than 60% in the western basin.
Only in the deepest samples below ~4,500 m, barite saturation is below 50%. In GP16, barite saturation reaches
100% by ~1,200 m, increases with depth to ~135% around 2,500 m, and then decreases to <100% below 4,000 m
(Figure S8 in Supporting Information S1). Along with slow particle remineralization (Bates et al., 2017; Geyman
etal., 2019; Hsieh & Henderson, 2017), higher dBa in the Pacific Ocean, which limits pBa, water column disso-
lution, may partially explain the higher pBa, found along GP16 than in GAO3 (Dymond et al., 1992; Rushdi
et al., 2000). Below (Section 3.3), we use particulate 2°Th (p*°Th) activities to track pBa__ formation and disso-
lution rates in the water column and sediment, rates which will contribute to nonconservative dBa behavior in
each ocean basin. Barite saturation indices in either basin may only partially predict pBa,, distributions, and
kinetics of formation and dissolution likely play a role.
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Figure 3. »°Th-normalized pBa flux in the water column in the western (a) and eastern (b) basins of GA03.

Corresponding *°Th-normalized Ba_ flux at stations in the western (c) and eastern (d) basins of GP16 (the maximum flux at
station 9, 0.0025 mol m~2 year~!, is off scale).

3.3. Excess Particulate 22°Th-Normalized pBa_ Flux

The average formation and removal rates of particulate matter in the water column over timescales of several
years to decades can be tracked through the disequilibrium between 2*°Th water column activities predicted by
decay of its 2**U parent and its measured activity on particulate matter (Bacon & Anderson, 1982; Moore &
Sackett, 1964). By using the radioactive disequilibrium between 2Th and 2**U, high spatial resolution particle
flux distributions can be obtained while avoiding some of the major pitfalls of sediment traps, such as local fluid
dynamics or trap geometry (e.g., Gardner et al., 1997). Particulate contents can be normalized to excess 2°Th
(#Th, ) particulate activity to derive sinking particle flux of individual elements. This method has been applied
in GAO3 to determine particle fluxes of a suite of constituents (Hayes, Black, et al., 2018) and in GP16 to obtain
particulate organic matter (POC) fluxes through the mesopelagic zone (Pavia et al., 2019). The flux of *°Th in
the water column is generally within 30% of the overlaying production rate (Costa et al., 2020). There is more of
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an offset from production in areas with large lateral gradients in particulate flux, such as the West African margin,
and in most of the open oceans, we expect uncertainty to be <30% (Costa et al., 2020). Here, we applied the
water column disequilibrium method to pBa to track pBa,  formation and dissolution rates from surface waters to
~3,000 m depth. Additionally, we use excess >*°Th-normalized pBa  mass accumulation rates (AR) in sediment
to estimate pBa, preservation and Ba regeneration in deep waters and sediment. In GA03, particle fluxes were
insensitive to particle size (Figure S2b in Supporting Information S1): Th-normalized flux estimates of pBa,  in
the SSF (0.8-0.51 pm) were 0.96 + 0.07 (r> = 0.93) of the large-size class (>0.51 pm). We assumed that GP16
pBa, fluxes were also relatively insensitive to particle size class.

Th-normalized particulate Ba, flux was calculated at different depths in GA03 and GP16 between 0 and 3,000 m
(Figure 3, Tables S4 and S5 in Supporting Information S2). In GA03, mesopelagic zone maxima in pBa,, fluxes
were typically observed between 80 and 150 m (71-364 pmol m~2 year~! and 86428 pumol m~2 year~ in the west-
ern and eastern basins, respectively, Tables S4 and S5 in Supporting Information S2) and fluxes decreased with
depth. In GP16, pBa,, flux maxima were usually observed at depths of 200-800 m (148-227 pmol m~2 year~!
and 157-471 pmol m~2 year~! in the western and eastern basins, respectively, Tables S4 and S5 in Supporting
Information S2). The magnitude of pBa, flux was similar in the western and eastern basins of GA03; in contrast,
along GP16, fluxes in the eastern basin were generally higher than in the western basin. At stations near the
continental margins (e.g., GAO3 stations KN199: 1-3, KN204: 1-3, and GP16 station TN303: 1), fluxes in the
2,000-3,000 m range were roughly equivalent to or exceeded fluxes in the upper 0—1,000 m.

Discarding those near-shore stations (GA03 stations KN199-1, KN204-1, KN204-2, and KN204-4; GP16 station
1) with significant lateral suspended material inputs (Lam et al., 2015, 2018; Ohnemus & Lam, 2015; Ohnemus
et al., 2018), pBa,, dissolution upon settling through the water column was estimated by subtracting the aver-
age 2,000-3,000 m pBa, flux from the average 0-1,000 m pBa,, flux (Table 2, Tables S4 and S5 in Support-
ing Information S2). In the North Atlantic pBa_ fluxes in the upper 1,000 m are similar: 1.2 + 0.4 x 102 and
1.5 + 0.5 X 10? pmol m~2 year~! (mean and standard deviation) in the eastern and western basins of GA03,
respectively. Also, average pBa,, fluxes in the 2,000-3,000 m depth interval in GAO3 were not significantly
different (p < 0.05), 0.5 + 0.3 x 10? and 0.4 + 0.2 x 10> pmol m~2 year~!, between the eastern and western
basins, respectively. In the Pacific, average 0-1,000 m pBa, fluxes in the GP16 eastern and western basins were
not significantly different from each other, 1.9 + 1.2 x 102 and 1.6 + 0.2 X 10> pmol m~2 year~!, respectively.
The mean pBa, flux in the 2,000-3,000 m depth range was significantly higher (p < 0.05) in the eastern GP16
basin (1.3 + 0.3 x 10% pmol m~2 year~") than in the western basin (0.9 + 0.3 x 10? pmol m~? year~'). Between
0-1,000 and 2,000-3,000 m, pBa,, water column dissolution rates are higher in GA03 (58% and 69% in the east-
ern and western basins, respectively) than in GP16 (17% and 46% in the eastern and western basins, respectively).
This is consistent with the lower barite saturation state of the water column in the Atlantic Ocean (<70% below
1,000 m) (e.g., Jeandel et al., 1996) compared to the Pacific (Figure S8 in Supporting Information S1) although
other factors could be involved as described below.

We can double-check the magnitude of these pBa flux estimates using a simplistic calculation and second
approach. Comparing the 0-1,000 and 2,000-3,000 m pBa_ fluxes (Figures 3 and 4; Tables S4, S5 in Supporting
Information S2), there is an inferred barite water column dissolution flux of ~100 pmol m~2 year~! occurring
over the ~2,000 m of intervening water column. If we use an ~1,000 years transit time for deep waters between
GAO03 and GP16 (e.g., Khatiwala et al., 2012), then these numbers imply an ~50 nmol kg~! interocean difference
in deep water dBa due to this water column pBa_ dissolution flux. While the numbers used here are crudely aver-
aged, the results of this simple calculation are nonetheless broadly compatible with our dBa observations. Particle
dynamics appear to largely control and explain interocean variability in dBa distributions below ~2,000 m.

Recently, Th-normalized mass AR in modern sediments were compiled into a global database (Costa et al., 2020)
and utilized to calculate sedimentary Ba AR (Hayes et al., 2021). AR were available in sediment from cores
underlying most of the stations in GP16. The cores were not explicitly dated and the core tops likely represent
Holocene material but could contain older sediments. If the sediments are older than modern, the measured
excess 2*OTh will be lower than initial activity due to decay and the pBa AR would be overestimated. As an
example, an uncorrected age of 25 ka would result in a mass accumulation rate that is about 25% too high. There-
fore, the calculated pBaxs AR and burial efficiencies presented in the remainder of this section represent a maxi-
mum estimate. In GAO3, pBa_ AR were estimated by taking an average of data in the western (n = 7) and eastern
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Table 2
Average *°Th-Normalized pBa,, Flux Along GAO3 and GP16
0-1,000 m 2,000-3,000 m Water column pBa, AR
Avg pBa, Avg pBa_ pBa, dissolution Percent (umol/m?/
Station (umol/m?/y) (umol/m?/yr) (pmol/m?/yr)® dissolution (%) yr)
GAO03
Eastern basin
KN199-1 55 63 -8 —14% 51 +47¢
KN199-3 116 86 30 26%
KN199-5 74 45 29 39%
KN199-7 52 12 40 78%
KN199-9 150 88 63 42%
KN199-10 190 73 117 62%
KN199-11 100 51 49 49%
KN199-12 112 56 56 50%
KN204-24 99 54 45 46%
KN204-22 151 29 122 81%
KN204-20 163 27 136 83%
KN204-18 150 20 130 87%
Western basin
KN204-16 154 21 133 86% 49 + 404
KN204-14 208 18 189 91%
KN204-12 153 29 124 81%
KN204-10 147 38 109 74%
KN204-8 199 70 129 65%
KN204-6 59 40 19 33%
KN204-4 180 102 77 43%
KN204-3 97 67 30 31%
KN204-2 45 99 -54 —120%
KN204-1 32 86 =55 —174%
Eastern basin Average 123 + 41 49 + 26 74 +43 58 +21% 51 + 474
Western basin Average 153 + 53 36+ 19 117 £ 55 69 +21% 49 + 404
GP16
Eastern basin
1 124 188 —67 —52%
7 143 136 5 5% 268
9 434 122 312 72% 546
11 197 129 69 35% 63
13 182 110 72 40% 117
15 154 90 64 42%
17 82 101 -19 —24% 57
18 130 47 84 64%

Western basin
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Table 2
Continued
0-1,000 m 2,000-3,000 m Water column pBa, AR
Avg pBa, Avg pBa_ pBa, dissolution Percent (umol/m?/
Station (umol/m?/y) (umol/m?/yr) (pmol/m?/yr)® dissolution (%) yr)
21 159 53 107 67%
23 177 81 96 54%
25 173 83 90 52%
26 137 104 33 24% 36
28 182 92 90 50% 15
30 154 114 40 26% 20
32 210 122 87 42% 39
36 158 98 60 38%
Eastern Basin Avg 188 + 115° 125 +33 62 + 122 17 £ 43% 210 + 206
Western Basin Avg 164 + 24 88 + 26 76 + 26 46 + 15% 28 +12

Note. Particle fluxes in the 0-1,000 and 2,000-3,000 m depth intervals (inclusive) were averaged. Dissolution of pBa,, in the
water column between these two depth intervals is also presented along with estimated sedimentary *°Th-normalized pBa,
accumulation rates (AR).

aPDoes not include GAO3 stations KN199-1, KN204-1, KN204-2, and KN204-4. ®Does not include GP16 stations
2-5. “Dissolution of pBa, calculated by subtracting average 2,000-3,000 m flux from 0 to 1,000 m flux. ‘North Atlantic
average of available AR between 19° and 43°N (Hayes et al., 2021).

(n =T7) basins between 19° and 43°N (Hayes et al., 2021). Using these mass AR, we were also able to examine the
contribution of post-depositional sedimentary barite dissolution to nonconservative dBa distributions.

From the 2,000-3,000 m depth interval to the seafloor, there may be further pBa,  dissolution. We define a Ba
regeneration rate or flux similar to what has been defined and used for Ba in prior studies (Dickens et al., 2003;
Paytan & Kastner, 1996); where the Ba regeneration rate is equal to the pBa, production rate in the mesope-
lagic zone minus the pBa,, mass accumulation rate in underlying sediment. Ba regeneration can be expressed
as a flux or a percentage. We also define a pBa, burial efficiency as the pBa,, accumulation rate divided by
the pBa, production rate in the mesopelagic zone. Average Th-normalized sedimentary pBa,; AR in the North
Atlantic are similar to 2,000-3,000 m pBa, fluxes in GAO3 (Table 2), implying that little of the remaining
2,000-3,000 m pBa,, dissolves in transit from 3,000 m to the sediment-water interface at GAO3. Along GP16,
average pBa  sedimentary AR in the western and eastern basins were 28 + 12 and 210 + 206 pmol m~2 year~!,
respectively (Figure 4, Table 2) (Hayes et al., 2021). In the western basin, pBa,, ARs are <50% of pBa, fluxes
in 2,000-3,000 m of the water column. AR indicate that either (a) a further ~66%-84% of pBa, dissolution
occurs between 3,000 m and the seafloor, or (b) pBa, is diagenetically remobilized or dissolves in sediment
post-deposition (Figure 4, Table 2). In the eastern GP16 basin, pBa,; ARs often equal or surpass water column
pBa, fluxes at 2,000-3,000 m, indicating that mean Ba regeneration rates are ~0% in this region. At stations 7
and 9, pBa, ARs exceed the water column pBa, fluxes in the top 1,000 m. This eastern basin is characterized
by extensive benthic nepheloid layers and lateral South American continental margin inputs (Lam et al., 2018;
Ohnemus et al., 2018), which may impact the accuracy of the Th-normalization method in this portion of GP16
(Costa et al., 2020). We expect uncertainty in the Th-normalization method to be within about 30% in most of
the ocean (Costa et al., 2020).

In the western basin of GP16, substantial pBa, dissolution occurs despite the fact that water column barite satu-
ration indices are at or above 100% (Figure S8 in Supporting Information S1). As discussed above, the possibility
that not all pBa_ is in the form of barite is unlikely, given that other phases presumed to contribute to pBa, (e.g.,
Fe oxides, CaCO,, POC, or acantharians) are poorly or negatively correlated with excess pBa (Figures S6 and
S7 in Supporting Information S1). The results suggest that water column barite saturation alone may not be the
predominant control on pBa, preservation in deep waters or sediment (Dymond et al., 1992; Eagle et al., 2003).
Bottom water oxygen concentrations are lower in the western basin of GP16 than the western basin of GA(03
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Figure 4. Average mass budgets of the water column pBa, sinking flux, sedimentary pBa AR, Ba regeneration rates, and
burial efficiencies in the eastern and western basins of (a) GA03 and (b) GP16. Burial efficiency is defined as the average

Th-normalized pBa AR (“FMAR

(“F()— 1,000
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230Th—pBaxs
") of the water column. The Ba regeneration rate (“Fj,

a

") divided by the average Th-normalized pBa,g flux within the 0-1,000m layer

Tegenss

) is the difference between the average Th-normalized

pBa,, flux within the 0-1,000 m layer and the average Th-normalized pBa,; AR, whereas the water column pBa, dissolution

< prdissolution  »»
rate( F230Th—pBaxs

) is the difference between the average flux within the 0—1,000 m layer and the average flux within the

2,000-3,000 m layer (“F>20-30% > Benthic fluxes of dissolved Ba in GAO3 were estimated from literature values. In the

230Th—pBaxs

western basin of GP 16, the benthic flux was estimated by subtracting the average flux in the 2,000-3,000 m layer from
the average Th-normalized pBa,; AR. The difference between Ba regeneration and burial efficiencies was not significantly

different between the eastern and western basins of GA03, whereas regeneration rates and burial efficiencies differed between
the eastern and western basins of GP16. High-resolution depth specific fluxes are represented in Figure 3 and Tables S4 and
S5 in Supporting Information S2 for each station.
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(Figure S1 in Supporting Information S1). Higher mass AR, higher pBa, concentrations, and oxic conditions all
favor pBa, preservation in sediment (Dymond et al., 1992).

In some circumstances, 1D vertical mass budgets cannot be constrained because lateral transport is significant.
For example, near ocean boundaries with high sediment flux or resuspension, the assumptions governing the
use of excess dissolved 2*°Th activities to derive particle flux (e.g., Costa et al., 2020; Pavia et al., 2018) do
not always hold due to boundary scavenging (Bacon, 1988; Bruland & Lohan, 2003). Similarly, scavenging of
dissolved 2*Th (d***Th) and enrichment of p?**Th can occur near mid-ocean ridges in hydrothermal plumes with
high particle concentrations (Anderson et al., 1983; Hayes et al., 2015; Pavia et al., 2018). For example, high
p?*°Th around hydrothermal plumes will bias water column particle flux derivations by lowering estimates of pBa
flux in the water column. In addition, depending on the extent of lateral transport of dissolved 2*°Th, 2**Th-nor-
malized sedimentary fluxes could be biased either high (net transport of dissolved 2*°Th away from the site) or
low (net transport of 2°Th toward the site). In GA03, the impact of hydrothermal plumes is limited to <10 km
from the MAR (Middleton et al., 2020) and unlikely to have a significant effect on the >**Th-normalized pBa,,
fluxes calculated here. At GP16, there is little evidence of such large net lateral transport of dissolved 2°Th,
which would be apparent as anomalies in the Th-normalized pBa, flux profiles (Figure 3).

Stable isotope tracer studies provide further evidence of in situ barite formation throughout the mesopelagic
zone and dBa regeneration deeper down (e.g., Bates et al., 2017; Geyman et al., 2019; van Beek et al., 2007).
For example, profiles of seawater stable Ba isotope compositions (8'3¥134Ba) at stations in the Pacific (SAFe,
ALOHA) and in the North Atlantic close to KN204 stations (Hydrostation S and JC094 CTD6) are consistent
with preferential uptake of isotopically light Ba during the formation of barite (Von Allmen et al., 2010). Uptake
leaves ambient waters heavier with subsurface 8'3¥!3*Ba maxima of 0.55%¢—0.65%o at 100~300 m, higher than
published river end-member values (0.13%0—0.32%o) (Cao et al., 2016, 2020) as well as published water mass
end-member values (~0.2%0-0.45%0) (Bates et al., 2017; Geyman et al., 2019; Horner et al., 2015; Hsieh &
Henderson, 2017). Below 1,000 m, the profiles at all stations become lighter with depth via slow dissolution of
sinking isotopically light barite particles (Bates et al., 2017; Geyman et al., 2019; Hsieh & Henderson, 2017). One
estimate of the §'3/13Ba of pBa__ is ~0.09%o + 0.01%. (Bridgestock et al., 2018) with an isotopic fractionation of
—0.4%o to —0.5%o from the dissolved phase in the waters in which pBa, forms (Bridgestock et al., 2018; Horner
et al., 2017). Depth profiles of stable Ba isotopic compositions at stations in the North Atlantic and North Pacific
Oceans thus support the mechanism of in situ barite formation in the mesopelagic zone and dissolution upon
settling as a control on nonconservative dBa in the global ocean, discussed in the next section.

Past applications have found that 2*°Th-normalized fluxes of particulate 2**Th, a geochemical tracer of dust, are
lower in the upper few hundred meters than for the majority of the water column (Anderson et al., 2016; Pavia
et al., 2020; Pérez-Tribouillier et al., 2020). Although hypotheses have been proposed to explain this behavior
(Pavia et al., 2020; Pérez-Tribouillier et al., 2020), none have been tested and it is unknown if the bias applies
to other particulate phases, such as pBa,, considered here. Future work may show that the export of particulate
pBa_, from the upper 1,000 m of the water column has been underestimated in this study, in which case the esti-
mated rate of particulate pBa__ dissolution will be revised upward and Ba will be less conservative than inferred
here.

3.4. Nonconservative dBa

Results of [Ba], . derived using average water mass end-member dBa concentrations show that though dBa does
not behave completely conservatively in either basin, most of the dBa distributions are consistent with conserv-
ative water mass mixing (Figures 5a and 5b, Figures S9, S10 and S11 in Supporting Information S1). There
were several potential end-member Ba values for most water masses along all the transects (Table S1 and S2 in
Supporting Information S1). Another source of “error” in this type of exercise is that OMP Analysis assumes
one composition for each end-member taken from one depth at one station, whereas there is likely a distribution
of properties and sources characterizing a given water mass (Holzer & Primeau, 2008). Note that the Jenkins,
Lott, et al. (2015) and Jenkins, Smethie, et al. (2015) deconvolution results in the placement of DSOW above
ISOW even though there is general agreement in the literature that DSOW is the denser of the two water masses
(Behrens et al., 2017; LeBel et al., 2008). This seemingly contradictory result (which Jenkins et al. acknowledge)
is likely a result of the simplifications inherent in the OMPA deconvolution approach. However, it should not
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Figure 5. Nonconservative Ba ([Ba], ) distributions in the North Atlantic (a) and East Pacific (b) derived using average end-member water mass dBa concentrations.
White- and gray-dashed lines show the 100 and 150 pmol kg~! O, contours, respectively. Nonconservative Ba exhibits some correlation with tracer distributions of

Ba* along (c) GAO3 and (d) GP16 (Supporting Information), where different formulations for Ba* are used for each section as defined in Section 3.5 of the main text.
In these and the following figures, see Jenkins, Lott, et al. (2015) and Jenkins, Smethie, et al. (2015) (AEW-Atlantic Equatorial Water; NACW-North Atlantic Central
Water; SACW-South Atlantic Central Water; AABW-Antarctic Bottom Water; DSOW-Denmark Strait Overflow Water; ISOW-Iceland-Scotland Overflow Water;
CLSW-Classical Labrador Sea Water; MOW-Mediterranean Overflow Water; ULSW-Upper Labrador Sea Water; UCDW-Upper Circumpolar Deep Water; AAIW-
Antarctic Intermediate Water; ISW_Irminger Sea Water) and Peters et al. (2018) (ESSW-Equatorial Subsurface Water; ESPIW-Easter South Pacific Intermediate Water;
SPCW-South Pacific Central Water; AAIW-Antarctic Intermediate Water; EqQPIW-Equatorial Pacific Intermediate Water; UCDW-Upper Circumpolar Deep Water;
PDW-Pacific Deep Water LCDW-Lower Circumpolar Deep Water; AABW-Antarctic Bottom Water) for the definitions of the abbreviated water mass labels.

affect our application of the OMPA since we chose end-member dBa concentrations based on the location of the
OMPA end-members, not on the composition of “textbook” end-members. The inherent simplification of the
OMPA approach is also why herein we pursue several means of interpreting the dBa distribution.

Different combinations of water mass end-member values can be used to (a) highlight the uncertainties in esti-
mating [Ba]_and (b) determine whether regions of [Ba], . remained consistent irrespective of end-member selec-
tion. Because the extent of nonconservative behavior identified in applications of water mass deconvolution is
inherently tied to the distance of the OMPA end-members from the section, the reader is cautioned not to focus
too much on magnitudes or percentages of nonconservative behavior. Rather, it is the consistent observation of
nonconservative (either source or sink) behavior that is important.

In the Atlantic Ocean, we observed significant average positive excursions from predicted [Ba], of 5-20 nmol
kg~! below 1,500 m, whereas negative nonconservative Ba concentrations were seen in the OMZ. Our results for
[Ba], in the northeast end of the GA03 section near Lisbon (Figure 5a) are similar to those of Le Roy et al. (2018)
from an overlapping region of section GAO1. In the Pacific Ocean, negative [Ba],. of 5-25 nmol kg~! was present
from the continental margin to Tahiti (upper 2,000 m in the west; deepening to >3,000 m in the east; Figure 5b).
Positive [Ba],. ~5 to 10 nmol kg~! was only present in bottom waters near the seafloor. Irrespective of water
mass end-member dBa values, for both transects [Ba], , was negative in the upwelling zone OMZs and tended to
be positive in the 500-1,000 m above the sediments. Negative [Ba], in the OMZ of GP16 tended to be a higher
percentage of total dBa than in the GA03 OMZ (Figure S11 in Supporting Information S1). Indeed, most of GP16
is characterized by [Ba], <0, whereas most of GAO3 is characterized by [Ba], . >0 (Figure 5).
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The distributions of high pBa, in both basins are broadly aligned with negative [Ba],_ in the upper water column,
except in the regions near the margins with high particle resuspension or nepheloid layers (Figures 2 and 5). This
is consistent with in situ water column formation of solid phase barite linked to organic matter respiration and
adsorption onto solid phases. Dissolution of barite at depth upon settling through the water column, desorption
from or dissolution of solid phases with their minor Ba contents, benthic inputs, continental margin inputs via
SGD, and possible hydrothermal inputs will lead to positive [Ba], .. A different choice of location for the origin of
PDW in the Peters et al. (2018) OMPA, a location further north than 21°N latitude with a lower dBa end-member
value (e.g., Bostock et al., 2010), would likely have led to more positive [Ba] . considering that >80% of pBa,,
that forms in the subsurface in the western basin dissolves. Using Ba:Si and Ba:?*°Ra correlations as well as
particulate phase Ba distributions and prior Ba studies, we examine these processes in detail in the following
sections and offer explanations of nonconservative Ba behavior in these transects.

3.5. Relationships Between Ba, Si, and ?*Ra and Interpreting Deviations in Their Behavior

In the ocean, dBa, Si, and ?*Ra are highly correlated (Bates et al., 2017; Chan et al., 1976; Chung, 1980; Ku &
Lin, 1976; Le Roy et al., 2018). Like the water mass tracers N* (Anderson & Sarmiento, 1994) and P* (Broecker
et al., 1991), the Ba-Si, Ba-?*°Ra, and Si-?*Ra relationships likely reflect a combination of factors affecting all
of these tracers, including high preformed values for many water masses set in the Southern Ocean (e.g., Vance
et al., 2017), deep water benthic sources (Chan et al., 1976; Paytan & Kastner, 1996), shallow water continental
margin sources (e.g., Ho, Shim, et al., 2019), and particle remineralization (e.g., Dehairs et al., 1980). Devia-
tions from these operationally defined relationships can reveal several important features. Below, we formally
define two tracers: Ba* and Ba**

226Ra
S12 and S13 in Supporting Information S1). The empirical correlations between Ba, Si, and ??Ra tend to arise

and quantify them here using section-specific relationships (Figure 5, Figures

because of (a) the importance of conservative mixing for the three distributions, (b) large changes in preformed
values among water masses, and (c) substantial correlation between preformed values of these elements. Thus,
we expect the star relationships to break down in places where nonconservative processes dissimilarly affect these
elements. In other words, this is a simple, empirical method to look for nonconservative behavior, and we note,
for instance, that deviations in Ba* could relate to nonconservative behavior of either Ba or Si.

Because we are not following the evolution of the Ba-Si, Ba-?*Ra, and Si-??Ra relationships during ocean circu-
lation (e.g., Horner et al., 2015), globally defined relationships were not used (i.e., Bates et al., 2017). For GA03,
the two tracers are defined as follows (Figures S12a and S12¢ in Supporting Information S1):

Ba* = [Ba]meas. — 0.87 X [Silmeas. — 38.2

Ba;ﬁ = [Ba]meas. — 3.88 X [226Ra]maas. —83

whereas for GP16 (Figures S12b and S12d in Supporting Information S1), they are defined as

Ba' = [Balmeas. — 0.76 X [Silmeas. — 26.4
Ba‘PRTA = [Balmess. —4.51 X [226Ra]mcas. —331

The units of the “starred” tracers above are the same as the units of the measured tracers (i.e., nmol kg~! for dBa,
pmol kg~ for dSi, and dpm 100L~" for 2*Ra). Geometric slopes and intercepts (r > 0.94) were determined from
Type Il regressions of element-element correlation plots (Figure S12 in Supporting Information S1) and relative
errors in the slopes and intercepts were <1%. The remainder of the discussion will focus on interpretations of
the tracer Ba*. Details of the interpretations of Baj; . are provided in the Supporting Information. Generally,
between the two basins, we see deviations up to ~30% from dBa values predicted from Ba/Si and Ba/?*°Ra
(Supporting Information). These elements are well correlated along the transects, consistent with observations
and conclusions from prior studies (Bates et al., 2017; Chan et al., 1976; Charette et al., 2015; Horner et al., 2015;
Le Roy et al., 2018; Wolgemuth, 1970).

The dissolved Ba-Si ratios in GA03 and GP16, 0.76-0.87 nmol Ba/pmol Si (Figure S12 in Supporting Informa-
tion S1), are within the range of previously reported ratios: 0.52 nmol Ba/pmol Si in the South Atlantic (Horner
et al., 2015) and 0.96 nmol Ba/pmol Si in the sub-polar North Atlantic (Le Roy et al., 2018). An average ratio
derived from all the GEOSECS cruises (n = 1,505) was 0.630 + 0.002 nmol Ba/pmol Si (Bates et al., 2017).
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In general, Ba and dSi distributions are not well correlated in the upper ocean (Cao et al., 2016, 2020; Chan
et al., 1977; Jacquet et al., 2004, 2007), which we also see in GAO3 and GP16, in part because Ba is not actively
taken up by diatoms (Sternberg et al., 2005).

In both GAO3 and GP16, positive and negative Ba* broadly tracks regions of positive and negative [Ba], derived
using water mass deconvolutions (Figure 5, Figure S14 in Supporting Inforamtion S1). In both ocean basins,
Ba* and [Ba] , were negative within the OMZs. The results are consistent with the formation of barite, corrobo-
rated by subsurface maxima in Th-normalized pBa,, fluxes (Figure 3) in GA03 and GP16 OMZs, which occurs
in regions of high O, utilization and which consumes dBa (Bishop, 1988; Dehairs et al., 1980, 2008; Shopova
et al., 1995). The Ba* features are further amplified by biogenic opal dissolution, which releases dSi (Brzezinski
& Jones, 2015; Ehlert et al., 2012; Esther et al., 2010; Franz et al., 2012; Hautala & Hammond, 2020; Holzer &
Brzezinski, 2015; Ohnemus et al., 2019). Zones of positive Ba* were observed in the western GAO3 transect and
are consistent with a shelf source of dBa (Section 3.7). Generally, Ba* is correlated with OMPA derived [Ba],
(r>=0.41-0.71), independently substantiating the dominant control of water mass mixing on the dBa distribution
in GAO3 and GP16.

Changes in Ba* and [Ba],, were generally coherent below ~2,000 m in the eastern basins of GAO3 and GP16
and between 2,000 and 4,000 m depth range in both western basins. Positive deviations are consistent with pBa,
dissolution upon settling through the water column, substantiated by declines in Th-normalized pBa, fluxes at
similar depth ranges from subsurface maxima. In the deepest western basins of both transects, Ba* and average
[Ba], deviate from each other in part because waters with the most contribution of AABW had negative Ba* with
no associated negative [Ba], .. The AABW has a lower Ba/Si (0.83—-0.97 mmol/mol, Tables S1 and S2 in Support-
ing Information S1) than other water masses (1.1-6.4 mmol/mol) observed in GA03 and GP16. The preformed
value of AABW likely overprints Ba* in these regions. The impact of differing preformed values is also seen in
other tracers, such as stable Si isotopes in GA03 (Brzezinski & Jones, 2015).

3.6. Dissolved Ba Behavior in Oxygen Minimum Zones

Nonconservative [Ba] concentrations are negative in the OMZs of both ocean basins. These regions of nega-
tive [Ba],, overlap regions of high pBa, (pBa, > 175 pmol/L), negative Ba*, and negative Ba}; , (Figures 2c
and 5, Figure S13 in Supporting Inforamtion S1). In the GA0O3 OMZ, average [Ba] , can be —5 to —10 nmol
kg~! (Figure 6a and Figure S9 in Supporting Information S1), whereas in GP16, negative [Ba], . (Figure 6b and
Figure S10 in Supporting Information S1), amounting to —5 to —25 nmol kg, is seen across the entire section.
Regions with O, < 100 pmol kg~! are typically associated with the most negative [Ba],, and the greatest pBa,,

(Figures 2c, 2d, and 5b).

These findings provide further supporting evidence of barite formation in microenvironments of decomposing
organic matter as it settles through the water column (Bishop, 1988; Dehairs et al., 1980; Gonzalez-Muiioz
et al., 2012; Martinez-Ruiz et al., 2019) as the mechanism that removes dBa preferentially to dSi and d**°Ra,
either exclusively or at different Ba/Si or Ba/?*°Ra ratios within the OMZ than elsewhere in the section. In situ
barite formation is also consistent with Th-normalized pBa, fluxes and reported stable Ba isotope profiles in
the two ocean basins (see Sections 3.2 and 3.3). Barite formation in the mesopelagic zone has been suggested as
a mechanism to explain observations of negative [Ba], in the Arctic Ocean, Mediterranean Sea, and the North
Pacific Ocean (Esser & Volpe, 2002; Jullion et al., 2017; Le Roy et al., 2018). We thus conclude that the enhanced
barite formation in OMZs leading to negative deviations from conservative dBa behavior is a general oceanic
feature.

3.7. Influence of Continental Shelves

Using d??®Ra activities, we quantified the input flux of dBa from the east North American continental margin to
the western Atlantic Ocean in the same way continental shelf inputs of dissolved Co, Fe, Mn, and Zn were deter-
mined (Charette et al., 2016). Though ??*Ra (#,,, = 5.75 years) has similar sources to ***Ra (¢,,, = 1,600 years),
its distribution is controlled largely by the location of Ra major sources (rivers, groundwater, and sediments)
and decayed due to its much shorter half-life (Charette et al., 2015). Highest d***Ra activities (4-8 dpm/100
L) and inventories were found in the top 1,000 m of the westernmost stations in GA03 (KN204 stations 1 and
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where dBa_,, and **Ra_,, are the average dBa and **®Ra concentration in the open ocean between 0 and 200 m

dBashclf - dBaﬂccan
depth, and dBa,,; and ***Ra,, ,, are the average dBa and ***Ra concentrations in the shelf water column between 0 and

228Rashelf - 228Raocean

(*®Raflux) x <

)

AdBa
A228Ra

in recent contact with sediment porewater exchange processes on time scales similar to the half-life of 28Ra. The
dBaflux = *Raflux) x (

Information S1). Minimum estimates are presented for each site and the range can be found in Table S3 in Supporting

2) (Charette et al., 2015; Moore et al., 2008). Roughly, 50% of d??®Ra activity in the North Atlantic has been
estimated to come from SGD (Moore et al., 2008). In general, 228Ra activity is indicative of waters that have come
input flux of dBa can be calculated using the net cross-shelf 22®Ra flux modified from Charette et al. (2016):

Figure 6. Benthic Ba fluxes from continental margin, slope, and open ocean locations (Table S3 in Supporting
Information S1. Hashed columns are new flux estimates of net dBa input flux.
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200 m depth. The ?**Ra flux for the North Atlantic shelf is 23.9 + 4.6 x 10?? atoms year~!, of which 60% is from the
western North Atlantic shelves (14.3 & 1.9 x 10%? atoms year~") over a shelf area of 2.5 X 10'2 m? (0~70°N) (Charette
etal., 2016; Kwon et al., 2014). The average dBag, . was estimated in the upper 200 m of the water column at KN204
stations 1 and 2 (45.6 & 2.5 nmol kg~! = dBa,), whereas the average dBa,_,,, was estimated in the upper 200 m of
the water column at KN204 stations 15-17 (41.3 + 2.3 nmol kg~!). Corresponding average ***Ra, ;- (0-200 m, KN204
stations 1-2) and ***Ra_,,, (0-200 m, KN204 stations 14-18) were 3.48 + 2.7 dpn/100L and 2.08 + 0.39 dpm/100
L, respectively, leading to (AdBa/A%**®Ra) = 6.9 + 14 x 10~°> nmol/atom. Using these values in Equation 5, the dBa
flux from the North Atlantic western continental shelf is 4 + 8 X 10° pmol m~2 year~! or approximately 10 + 20 Gmol
year~!. Though AdBa and A??®Ra (Equation 5) are small, average dBa and **Ra fluxes (i.e., dBag, ., dBa, ..., “*Ra .
and Ra ) are positive and significantly different between shelf and open ocean stations (p < 0.05). The high error
in dBa flux results from propagating the error associated with AdBa and A?**Ra.

Positive Ba* values of 2-5 nmol kg~ were observed in the upper water column in the western GAO3 transect
(Section 3.5). If we assume that the additional dBa shelf flux in the western basin, ~4,000 pmol m~2 year~™!, is
accurate, then it would take ~33—83 days to see a 2-5 nmol kg ~! increase of dBa in the top 200 m over the western
shelf region (i.e., for the shelf water volume of 5 X 10'* m? distributed over 2.5 x 10'> m? of the shelf area). A
shelf source would contribute to both the positive Ba* (Figure 3b) and Bag? (Figure S13 in Supporting Informa-
tion S1) seen in the upper water column despite pBa,, formation (Figure 2c) and dBa uptake.

The method used to determine the shelf dBa source, based on lateral concentration gradients, derives a net source
and not a gross source. The method is insensitive to any recycling of barite on the continental shelf as recycling
will have no effect on lateral concentration gradients. Uptake and loss terms are balanced during recycling, so
it is only the net source that contributes to the offshore concentration gradients. Though the margin of error
is large, our estimate of ~4,000 pmol m~2 year~! net dBa addition from the western North Atlantic shelf falls
within other estimates of benthic dBa fluxes to the coastal zone (0-200 m water depth, Figure 6, Table S4 in
Supporting Information S2) from various continental shelf regions (Ho, Shim, et al., 2019; Moore, 1997; Moore
& Shaw, 1998; Roy-Barman et al., 2019; Samanta & Dalai, 2016; Shaw et al., 1998; Whitmore et al., 2021).
Indeed, net dBa input from the South Atlantic Bight is ~4,000-16,800 pmol m~2? year~' (Moore & Shaw, 1998;
Shaw et al., 1998). Flux estimates from other shelf regions (Table S4 in Supporting Information S2) range from
608 pmol m~2 year~! to ~54,700 pmol m~2 year~' (Bay of Bengal; Moore, 1997).

Several of the estimates in Figure 6 (and Table S4 in Supporting Information S2) for the coastal ocean are inputs
of dBa that have otherwise not been accounted for in the global marine Ba budget (Dowling et al., 2003; Ho,
Shim, et al., 2019; Moore, 1997; Moore & Shaw, 1998; Roy-Barman et al., 2019; Samanta & Dalai, 2016; Shaw
et al., 1998). These new estimates of dBa shelf inputs have been confirmed using Ba/??®Ra ratios, regional Ba
mass balances, and multiple trace element and stable isotope tracers (Dowling et al., 2003; Ho, Shim, et al., 2019;
Moore, 1997; Moore & Shaw, 1998; Roy-Barman et al., 2019; Samanta & Dalai, 2016; Shaw et al., 1998). A
recent reevaluation of the Mediterranean Sea Ba cycle revealed that inputs in addition to rivers, dust deposition,
and advected water inflowing at the Gibraltar Strait were required to balance the regional marine Ba budget
(Roy-Barman et al., 2019). Concomitant release of 2®Ra and Ba indicated that inputs via SGD may reconcile the
imbalance in the Mediterranean budget (Roy-Barman et al., 2019). Similarly, local mass balances and concomi-
tant 22°Ra, 22®Ra, and Ba release point to unmistakable SGD sources of Ba to the ocean along the South Atlantic
Bight (Moore & Shaw, 1998; Shaw et al., 1998) and the Bay of Bengal (Moore, 1997). Trace element end-mem-
ber characterizations, direct groundwater dBa measurements, and *He/*H groundwater-age recharge models have
independently verified that SGD can be a significant source of dBa to the Bay of Bengal, seasonally on par with
river inputs (Dowling et al., 2003; Samanta & Dalai, 2016). Trace element and isotopic signatures of water mass
end-members have been used in the Mississippi Bight and Arctic Ocean to identify substantial shelf sources,
likely via SGD, of dBa to the regional ocean (Ho, Shim, et al., 2019; Whitmore et al., 2021).

If we assume that a conservative value for this additional shelf source of dBa to the ocean (i.e., 0.6 mmol
m~2 year~!, Figure 6, Table S3 in Supporting Information S1) is representative of other continental shelf regions,
the total additional dBa from the continental shelf, area of 28.8 x 10'> m? (Rabouille et al., 2001), to the global
ocean is at least 17 Gmol year~!. Using the conservative value of 0.6 mmol m~2 year~! yields a lower estimate of
dBa flux from the western Atlantic Shelf (area = 2.5 X 102 m2) of ~1.7 Gmol year~'. Collecting and assessing
high-resolution vertical and lateral samples closer to shore for concomitant dBa and 2?®Ra release (i.e., Moore &
Shaw, 1998; Shaw et al., 1998) are needed to help constrain the dBa flux from SGD.
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3.8. Hydrothermal Vent Influence

Dissolved Ba, pBa
along the North Atlantic and East Pacific transects (Figures 2 and 5, Figures S9, S10 and S15 in Supporting
Information S1). Hydrothermal vent fluids from the MAR and EPR can be enriched in dissolved metals, Si, C,
stable, and radiogenic isotopes by up to several orders of magnitude above surrounding ambient ocean concentra-
tions (Diehl & Bach, 2020a, 2020b). In the case of barium, reported dBa in hydrothermal vent formation fluids
(~0.1 pmol kg~! up to ~98 pmol kg~!, mean 16.6 pmol kg~!) suggests that we are not likely to see a water column

.« and [Ba]  distributions did not show much, if any, influence from hydrothermal vents

influence on its distributions in the two transects nor a significant contribution to oceanic Ba budgets (Diehl &
Bach, 2020a, 2020b). The seawater observations most impacted by hydrothermal inputs in GAO3 were between
2,600 and 3,500 m at KN204 station 16 (Hatta et al., 2015; Jenkins, Lott, et al., 2015; Measures et al., 2015).
In GP16, the most hydrothermally influenced samples were between 2,200 and 2,900 m at station 18 (Jenkins
et al., 2018; Resing et al., 2015). Dissolved Mn profiles at GA0O3 KN204 station 16 and GP16 Station 18 show
clear maxima within the MAR and EPR hydrothermal plumes (Hatta et al., 2015; Resing et al., 2015), respec-
tively, with dMn concentrations ~2 orders of magnitude greater than ambient. However, the dBa profiles do not
exhibit corresponding maxima at the same depth ranges (Figure S15 in Supporting Information S1). Hydrother-
mal inputs of dBa are thus minor and do not significantly impact nonconservative Ba distributions along GA03
and GP16.

3.9. Benthic Ba Flux From Deep-Water Sediments

Benthic inputs are an additional source of dBa to both ocean basins (Figure 6, Table S3 in Supporting Informa-
tion S1). In the deep eastern basin of GA03, a region of high nonconservative [Ba] extends north to Lisbon (Figure 3).
Similar dBa anomalies (i.e., positive [Ba], . of ~5-10 nmol kg~") below 2,000 m were observed near Lisbon in 2014
during the European GEOVIDE cruise (GEOTRACES GAO1) (Le Roy et al., 2018) (Figure S3b in Supporting
Information S1). Positive [Ba],, with increasing depth may in part be due to benthic inputs via dissolution of sedi-
mentary Ba carrier phases (McManus et al., 1998, 1999; Paytan & Kastner, 1996) as well as dissolution of barite as
it settles through the water column (Chan et al., 1977). High d*?®Ra activities and d*?°Ra (>2 dpm/100L) were found
in the same near-bottom samples (Charette et al., 2015), which require a sediment source (Cochran, 1980; Cochran
& Krishnaswami, 1980). The ~2 to 4-fold increase in the gradient of dBa with depth in the two deepest samples
at KN199-4 stations 10 and 11 (Figure S16 in Supporting Information S1) compared to the gradient in the depths
above it indicates that there is a benthic source of Ba to the overlying water column.

There are a few reported values of benthic dBa flux underlying these stations from the Cape Verde Plateau,
ranging from 292 to 332 pmol m~2 year~! (Rubin et al., 2003). In the North Atlantic, reported benthic Ba fluxes
in the western basin at sites from the Cearé Rise range from 15 to 153 pmol m~2 year~! (Figure 6, Table S3 in
Supporting Information S1, Rubin et al., 2003). Benthic Ba flux measurements were available for locations near
GP16 stations: the Peru Margin (296-300 pmol m~2 year~!) (Rubin et al., 2003) and the Equatorial Deep Pacific
(6-1,060 pmol m~2 year~!') (McManus et al., 1998; Paytan & Kastner, 1996). Benthic inputs, along with barite
dissolution in the water column, likely account for the positive [Ba] , below ~2,000 m in GAO3 and the minor
positive [Ba]  observed near the sediment-water interface along GP16.

Using Th-normalized particle sinking flux and mass AR, we see nuanced differences in GAO3 and GP16 from
prior conceptualizations of the global marine Ba mass balance. Specifically, prior summaries predicted that
~80% of barite that forms in the mesopelagic zone remains intact upon settling to sediment (Dickens et al., 2003;
Paytan & Kastner, 1996) and that pBa,, dissolution rates in sediments should be higher in regions underlying
high productivity zones than in those underlying lower productivity zones (Paytan & Kastner, 1996). However,
in this study, we estimate that only ~30%—-40% of pBa,, remains intact during settling from 1,000 m depth in
the water column to the seafloor throughout GA03 (Figure 4, Table 3). In the western basin of GP16, instead of
~80% of pBa,, being preserved while settling through the water column, we observe ~80% dissolution (Figure 4,
Table 3). And in the high productivity eastern GP16 basin, we observe ~100% burial efficiency (defined as the
average Th-normalized pBa AR divided by the average Th-normalized pBa, flux in the 0-1000m layer of the
water column) for pBa, instead of high dissolution rates (Figure 4, Table 3). The margin of error in the average
pBa, AR of the eastern basin is high in GP16 (Figure 4). However, all rates were greater than burial rates under-
lying the subtropical gyre in the western basin. These are maximum estimates of burial efficiency; if sediments
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Table 3

Compilation of Riverine dBa Freshwater (Salinity <0.5) End-Member Concentrations, Annual Specific Yields, and Annual River Input Flux to the Ocean

[dBa] (nmol Q (km? Specific discharge® dBa-specific yield" Riverine dBa flux!
River kg™ Area (10° km?)* year™)f (L/m~2 year™") (pmol m~2 year™") (mol year™") Refs
Zaire 134.6 3.698 1,200 324 43.7 1.6 x 108 1
Mississippi 462¢ 2.98 262 88 40.7 1.3 x 108 2
Red 371¢ 0.240 35.6 148 55.0 1.6 x 107 2
Changjiang 420 1.810 928 513 216 4.0 x 108 3,4
Amazon 150¢ 6.110 6,590 1,078 151 9.5x 108 3,4,12
Yukon 345 0.849 200 236 81 6.9 x 107 5,6,7
Sepik 46.7 0.00787 120 1,525 71 5.7 x 10° 3,4
Danube 242.1 0.8170 207 253 61 5.1 x 107 3,4
Lena 87.6 2.490 525 211 19 4.7 x 107 3,4
Colorado 1,025 0.107 2.49 23 24 2.6 X 10° 3,4
Ganges 120.5° 1.050 493 470 57 5.9 x 107 8
Brahmaputra 120.5° 0.580 510 879 106 6.1 x 107 8
Ganges-Brahmaputra 157° 1.630 1,000 613 103 5.3 x 108 9
Pearl 204.5 0.437 363 831 174 7.6 x 107 10
Mackenzie 418° 1.787 308 172 90 1.6 x 108 10
Yenisey 24 2.590 620 239 30 7.8 x 107 10
Lena 75 2.490 525 211 27 6.8 x 107 10
Ob 37 2.990 404 135 14 4.0 x 107 10
Pechora =B5F 0.348 131 376 38 1.3 x 107 10
Uruguay® 208 0.240 145 604 126 3.0 x 107 11
Parana® 208 2.783 568 204 43 1.2 x 108 11
Ogooué 128 0.206 137 666 86 1.8 x 107 13
Total 169 + 100¢ 35 x 10° 14,300 3.0 x 10°

Note. The freshwater flux from the sampled rivers comprises 37% of the total annual global freshwater flux to the ocean (global total = 39,080 km? year~!, Diirr
etal. (2011)). The combined drainage basin area of the rivers accounts for 31% of total global exorheic area (i.e., land area that faces the ocean, 114.7 X 10° km?) (Diirr

etal., 2011).

aRivers comprising Rio de la Plata. ®PAverage of reported values (Salinity <0.5). “Discharge weighted average. YAverage of concentration reported in Refs. 3 and
12. ®Average of concentrations reported in Ref. 10 at S < 1 (i.e., 410 and 425 nmol kg~! for the Mackenzie River; 25 and 45 nmol kg~ for the Pechora River). Drainage
basin area and average annual discharge data from Meybeck & Ragu, 1995. &Specific Discharge = (annual discharge)/(drainage basin area). "Riverine dBa-Specific
yield = ([dBa] X (annual discharge)/(drainage basin area)), assuming the density of freshwater is 1 kg L~!. 'Riverine flux = [dBa] X discharge, assuming the density
of freshwater is 1 kg L=, iReferences: 1—Edmond et al. (1978); 2—Joung and Shiller (2014); 3—Cao et al. (2016); 4—Cao et al. (2020); 5—Shiller (2003); 6—
Shiller (2005a); 7—Shiller (2005b); 8—Moore (1997); 9—Carroll et al. (1993); 10—Guay and Falkner (1998); 11—Hsieh and Henderson (2017); 12—Charbonnier

et al. (2020); 13—Moquet et al. (2021).

are significantly older than modern, the burial efficiency may be even lower than estimated for GP16 (e.g., an
uncorrected age of 25ka will result in mass accumulation rate, i.e., 25% too high). We expect burial efficiencies
underlying OMZs to vary depending on the extent and depth of these zones of high productivity.

The burial efficiency underlying the subtropical gyre in GAO3 (~37%, average derived using available pBa, ARs
between 19° and 43°N from Hayes et al. (2021) and we assume it applies to all GAO3 stations except KN199-1,
KN204-1, KN204-2, and KN204-4; Figure 4) is ~2X higher than the burial efficiency underlying the gyre along
GP16 (~17%, TN303 stations 18-36) despite a barite saturation index of <1 in the North Atlantic and >1 along
GP16 (Figure S8 in Supporting Information S1). High sediment AR coupled with high pBa, concentrations
likely play a role. Future studies must investigate why such a large fraction of the barite formed in the water
column dissolves under supersaturated conditions. In any case, these data represent some of the first high-resolu-
tion water column pBa, fluxes and highlight variability in preservation and regeneration efficiencies in similar
biogeochemical provinces in different ocean basins.
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3.10. Marine Barium Cycle

In prior summaries of the marine Ba cycle, river dBa inputs to the global ocean are ~15-18 Gmol year~! (Dickens
et al., 2003; Paytan & Kastner, 1996). These previous estimates were based on either river end-member concen-
trations from the Zaire River (Edmond et al., 1978; Paytan & Kastner, 1996) or a series of unnamed rivers in
North America (Livingstone, 1963; Wolgemuth & Broecker, 1970). We reassessed this input vector by compiling
available dBa concentrations at the mouths of several rivers at salinity <0.5 (Cao et al., 2016, 2020; Carroll
et al., 1993; Charbonnier et al., 2020; Edmond et al., 1978; Guay & Falkner, 1998; Hsieh & Henderson, 2017,
Joung & Shiller, 2014; Moore, 1997; Moquet et al., 2021; Shiller, 2003, 2005a, 2005b) (Table 3). Together these
rivers account for ~40% of the global freshwater discharge to the ocean (Diirr et al., 2011), and their drainage
basins account for 31% of total global exorheic area (Diirr et al., 2011). Their combined dBa input flux is 3 Gmol
year~!. Taking the discharge weighted average dBa concentration, 169 + 100 nmol kg~!, we estimate the total
river freshwater dBa flux to the ocean is 6.6 + 3.9 Gmol year~'. This flux is ~2-3x lower than in previous models
(Dickens et al., 2003; Paytan & Kastner, 1996); however, those summaries combined freshwater dBa river inputs
with the dBa that may be released from the suspended particulate matter upon estuarine mixing.

The realization of substantial shelf inputs of dBa may also have implications for explaining the greater surface
ocean dBa concentrations in the Atlantic versus the Pacific Ocean. Hsieh and Henderson (2017) and others (e.g.,
Dehairs et al., 1980; Dickens et al., 2003; Paytan & Kastner, 1996; Wolgemuth & Broecker, 1970) have contended
that upwelling of deep waters and river inputs are the major vectors by which dBa is supplied to the surface ocean.
Of the two, the estimated upwelling flux (£, = 128 Gmol year~!) is much higher than the river flux. To measure
the relative degree of Ba removal from the surface ocean (e.g., via the formation of barite) and the rate of upward
mixing of Southern Ocean deep waters, Hsieh and Henderson (2017) defined a Ba utilization index (Ba utiliza-
tion, defined as Ba,;,..., = 1 — ((Bal,y, ,/[Balgy), where [Bal,, ,, are average measured Ba values in <400 m
and [Ba]g, is average dBa in the Southern Ocean at depths >2,000 m and assumed to be 99 nmol/kg (Hsieh &
Henderson, 2017)). Using their formula, we find Ba utilization along GA03 and GP16, ~57% and ~65%, respec-
tively, similar to the values derived by Hsieh and Henderson (2017) for the Atlantic and North Pacific Oceans,
~55% and ~70%, respectively.

Hsieh and Henderson (2017) suggested that the greater utilization value for the Pacific involves slower vertical
mixing rates of upwelled water masses or greater removal related to primary productivity. However, their equa-
tion is problematic because (a) it is not deep Southern Ocean water that is the primary upwelled Ba supply in
these transects, it is intermediate waters, such as Subantarctic Mode Water and AAIW for the South Pacific and
NPIW for the North Pacific (Hartin et al., 2011; Talley, 2013; Toggweiler et al., 1991), and (b) their index does
not account for the margin source of Ba, which reflects a greater relative contribution of shelf input in the Atlantic
than the Pacific Ocean, due largely to the greater shelf/basin area ratio of the narrower Atlantic Ocean, and thus
probably accounts for the apparent interbasin difference in the Ba utilization.

Regarding other dBa inputs, recent studies suggest that hydrothermal vent inputs (Hsieh et al., 2020) of dBa
may be lower than the 2-3 Gmol year~! estimated in previous marine budgets (Dickens et al., 2003; Paytan &
Kastner, 1996). For the flux from the continent to the ocean, desorption or dissolution of carrier phases along a
salinity gradient as riverine sediment loads that enter the ocean has been estimated to be an additional significant
flux of dBa to the marine budget, anywhere from 3 to 13 Gmol year~! (Bridgestock et al., 2021) though some
work suggests that desorption may be less important to the global Ba marine cycle (Joung & Shiller, 2014). The
net addition of new dBa from continental margins (~17 Gmol year~), likely via SGD, may thus equal or surpass
the combined inputs of dBa carried by rivers (i.e., 7 + 4 Gmol year~!) plus the supply of dBa by desorption from
river sediments (3-13 Gmol year~!) on a global scale. The additional continental shelf dBa flux would bring
global dBa inputs to at least 29 Gmol year~! (Table 1).

Using a compilation of Th-normalized mass AR (Hayes et al., 2020, 2021), a minimum estimate of the global
marine Ba output flux in >1,000 m water depth, via the burial of pBa,_, is ~19 + 10 Gmol year~!. The inven-
tory of dBa in the ocean is ~150 Tmol. Using the revised range of dBa input fluxes (i.e., 29-44 Gmol year~!,
Table 1) and assuming that the marine Ba cycle is in mass balance, the residence time of dBa in the ocean is thus
~3,500-5,000 years rather than ~8,500 years.

The marine Ba isotope budget (Horne & Crockford, 2021) indicates that there must be a major unaccounted dBa

source other than rivers and hydrothermal vents: the average 8'3¥!3*Ba of pBa,_, assumed to be the principal

Xs?
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form of Ba output from the ocean, is ~+0.1%o0 (Bridgestock et al., 2018). Rivers and hydrothermal fluids have
§13%134Ba of ~0.2%0 (Cao et al., 2016, 2020) and —0.17%o to 0.04%o (Hsieh et al., 2020), respectively. This
additional source may be SGD, the fresh component of which has a §'33/134Ba of +0.1%0 (Mayfield et al., 2021).
Estuarine processes will also play a role, where dBa released from river sediment loads has a §'3%/13Ba signature
that is 0.2%0—0.3%0 lower than the dissolved load (Bridgestock et al., 2021). Given the range of input fluxes
(Table 1) and associated §'3¥13*Ba signatures, the remainder of the shelf source would need to have a 5!3¥/13*Ba
of 0.09%0—0.18%o to bring the marine Ba isotope budget into mass balance.

4. Summary and Conclusions

Several processes were investigated to clarify the nonconservative dBa behavior across the North Atlantic and
East Pacific transects: (a) in situ water column formation of solid phase barite linked to organic matter respira-
tion; (b) dissolution of barite at depth upon settling through the water column; (c) pBa burial fluxes and fluxes
of dBa back to the water column from dissolution of previously sedimented particulate Ba; (d) continental
margin inputs, which may be via SGD; and (e) hydrothermal inputs. Of these processes, we found that hydro-
thermal inputs of dBa from the MAR and EPR had a negligible impact on nonconservative dBa distributions
in GAO3 and GP16.

While mixing of waters with differing pre-formed dBa is a dominant factor determining the oceanic dBa
distribution, nonconservative processes are estimated using OMPA to both supply and remove about 30% of
the observed dBa in the North Atlantic and East Pacific transects. Deviations of approximately +30% were
also observed in dBa concentrations predicted from correlations between Ba and Si and between Ba and ?*°Ra.
The transfer of Ba between dissolved and particulate phases plays an important role in controlling the noncon-
servative dBa behavior in the ocean. In situ formation of barite in OMZs leads to negative deviations from Ba
concentrations predicted from water mass mixing. Likely, barite formation in other OMZs in the ocean will
lead to similar deviations from the conservative behavior, typically when O, falls to <175 pmol kg~! during
organic carbon respiration. Regions of negative [Ba] ; extended from 0 to ~1,000 m in GAO3, whereas nega-
tive [Ba],, extended down to ~2,000-3,000 m in GP16. 2*°Th-normalized pBa_, fluxes reveal that an estimated
~65%-85% of particulate Ba dissolved in the water column before the particles reached the sea bed, except
in the stations east of the EPR underlying an extensive OMZ. The eastern basin of GP16 had average pBa,,
mass AR similar to water column fluxes, suggesting little to no dissolution of barite upon sinking through the
water column. The flux of pBa, in the upper 1,000 m of the water column, derived via normalization to excess
particulate *°Th activity, may have been underestimated in this study, in which case pBa, dissolution rates
may be higher than estimated here. In GA03, dissolution of barite either in the water column or in the sedi-
ments led to positive deviations from dBa concentrations predicted from water mass mixing. Broadly, pBa,
dissolution in the water column below the mesopelagic zone may explain inter-ocean variability in [Ba],.
Benthic inputs of Ba, though not explicitly calculated in this study, can contribute to positive [Ba],  in bottom
waters near sediment in some parts of the ocean and not others, likely dependent on the extent of active barite
formation in the overlying water column.

We also estimate that global river dBa delivery (7 = 4 Gmol year™') to the ocean is ~50% lower than previ-
ous estimates. Previously unaccounted for dBa inputs from broad shallow continental margins, inferred to
originate from SGD, have been neglected in global marine Ba models. Using ratios of Ba/?*®Ra, we calculate
the western continental shelf of the North Atlantic supplies significant net new dBa to the ocean basin. We
estimate that the global net new addition of dBa is equal to or exceeds the combined dissolved plus desorbed
particulate Ba global flux from rivers. The shelf source has a large uncertainty, and the ocean dBa budget can
be improved by additional measurements of shelf dBa inputs, particularly in regions where high SGD flux
is anticipated, such as the Gulf of Mexico. Taken together with revised estimates of global sediment pBa,
AR, the residence time of dBa in the ocean is probably on the order of 3.5-5 kyr, ~40%—60% lower than
previously estimated.
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