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Abstract

We diagnose the relative influences of local-scale biogeochemical cycling and regional-scale ocean circulation on Atlantic
barium cycling by analysing four new depth profiles of dissolved Ba concentrations and isotope compositions from the South
and tropical North Atlantic. These new profiles exhibit systematic vertical, zonal and meridional variations that reflect the
influence of both local-scale barite cycling and large-scale ocean circulation. Epipelagic decoupling of dissolved Ba and Si
reported previously in the tropics is also found to be associated with significant Ba isotope heterogeneity. As such, we contend
that this decoupling originates from the depth segregation of opal and barite formation but is exacerbated by weak vertical
mixing. Zonal influence from isotopically-‘heavy’ water masses in the western North Atlantic evidence the advective inflow of
Ba-depleted Upper Labrador Sea Water, which is not seen in the eastern basin or the South Atlantic. Meridional variations in
Atlantic Ba isotope systematics below 2000 m appear entirely controlled by conservative mixing. Using an inverse isotopic
mixing model, we calculate the Ba isotope composition of the Ba-poor northern end-member as +0.45 %0 and the Ba-rich
southern end-member +0.26 %o, relative to NIST SRM 3104a. The near-conservative behaviour of Ba below 2000 m indicates
that Ba isotopes can serve as an independent tracer of the provenance of northern- versus southern-sourced water masses in
the deep Atlantic Ocean. This finding may prove useful in palacoceanographic studies, should appropriate sedimentary
archives be identified, and offers new insights into the processes that cycle Ba in seawater.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The oceanic biological pump effectively strips nutrients
and carbon out of the surface into deep waters (Riebesell
et al., 2007). Silicic acid (Si(OH),) is a crucial nutrient for
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organisms such as diatoms, which are responsible for
exporting half of the organic matter that becomes seques-
tered in marine sediments (Nelson et al., 1995; Tréguer
and De la Rocha, 2013). Si(OH)4 and other nutrients in
low-latitude regions are sourced from thermocline waters,
which are fed largely from high-latitude preformed nutri-
ents, in addition to the spatially variable fraction sourced
from remineralisation (Sarmiento et al., 2004). Quantifying
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past changes in the supply of nutrients, such as Si(OH)y, is
key to understanding past variations in the biological
pump, carbon cycling and the global climate. Barium (Ba)
can help us understand such processes, because there are
strong, global links between Ba and other key elements in
both dissolved and particulate phases: dissolved Ba shows
links with Si(OH), both vertically and spatially, and partic-
ulate Ba varies spatially with particulate organic carbon
(POC) (Bishop, 1989).

The associations between dissolved Ba and Si(OH),4, and
particulate Ba and POC export, have led to the develop-
ment of a number of Ba-based palacoceanographic proxies.
For example, Ba incorporation into carbonates (denoted by
Ba/Ca) is used as a proxy for seawater dissolved Ba concen-
tration (denoted by [Ba]) and by extension any tracer with a
similarly-shaped dissolved profile such as alkalinity,
Si(OH)4 or DIC (Hall and Chan, 2004a.,b; Lea and Boyle,
1989, 1991). Another approach builds on evidence that par-
ticulate ‘excess Ba’ (denoted as Ba,; i.e. any Ba present in
particles that is unsupported by lithogenic material) corre-
lates with POC fluxes in suspended particulates (Dehairs
et al., 1991), sediment traps (Cardinal et al., 2005) and
POC export (Eagle et al., 2003). These observations insti-
gated the interpretation of Ba,s from marine sediment cores
as a proxy for POC fluxes, allowing the reconstruction of
export production and the biological pump through time
(Dymond et al., 1992; Gingele and Dahmke, 1994;
Nurnberg et al., 1997; Eagle et al., 2003). Ba,, that reaches
the sediments with sequestered organic matter is assumed to
be well-preserved due to the saturation of porewaters with
respect to barite (Paytan and Kastner, 1996). However,
quantification of nutrient cycling and export production
from sedimentary Ba-based archives is still hampered by
the lack of a complete mechanistic understanding of barite
preservation, the linkages between Ba,,, nutrients and POC
export, and their spatially variable relationships
(Hernandez-Sanchez et al., 2011).

Given the strong empirical correlations between particu-
late Ba and POC export fluxes, and between dissolved Si
and Ba concentrations in seawater, what is known about
the mechanistic controls on Ba distributions? Several expla-
nations have been proposed for the nutrient-like behaviour
of Ba in seawater, though there is now considerable labora-
tory (Ganeshram et al., 2003; Gonzalez-Munoz et al.,
2003), field (Dehairs et al., 1980; Collier and Edmond,
1984), morphological (Bertram and Cowen, 1997), geo-
chemical (Griffith and Paytan, 2012) and thermodynamic
(Monnin et al., 1999) evidence to suggest that the formation
of discrete, micron-sized barite (BaSO,4) crystals in the
water column is a biological or biologically-mediated pro-
cess, and that BaSOy is the major vector of particulate Ba
in the modern water column. However, these observations
do not address the mechanisms behind the similar depth
profiles of [Ba] and Si(OH),, which have been proposed
to relate to the similar remineralisation depths of their
respective carrier phases (BaSO, and opal, respectively;
e.g. Broecker and Peng, 1982), or are perhaps due to the lat-
eral advection and circulation of conservative nutrients
(Horner et al., 2015) with a Ba/Si ratio set by surface pro-
cesses in the high-latitudes where the water masses form

(Sarmiento et al., 2004). Although advected and organic
matter-derived nutrients are traditionally labelled ‘pre-
formed’ and ‘regenerated’ respectively, here we instead
use the terms ‘conservative’ and ‘non-conservative’ to refer
to these two components of Ba distributions. This choice of
terminology is intended to highlight that not only organic
matter remineralisation but also other processes, such as
barite cycling, have potentially important effects on ‘regen-
erated’ Ba, and because there is no ‘Redfieldian’ (i.e. fixed)
stoichiometry between dissolved Ba and organic matter
that that enables back-calculation of preformed Ba from
P or O, (e.g. Collier and Edmond, 1984).

Barium stable isotope analysis provides a new and pow-
erful approach for investigating Ba cycling in seawater
(Horner et al., 2015; Cao et al., 2016), as isotopic tracers
are sensitive to ocean mixing and biogeochemistry: the pre-
cipitation of barite — a non-conservative process — preferen-
tially incorporates the lighter isotopes of Ba (Von Allmen
et al., 2010; Bottcher et al., 2012; Miyazaki et al., 2014;
Nan et al., 2015), rendering residual waters depleted in Ba
and isotopically ‘heavier’ than before precipitation
occurred. In contrast, ocean mixing — a conservative pro-
cess — does not fractionate isotopic distributions; resultant
concentrations and isotopic patterns follow predictable iso-
topic mixing schemes (Hoefs, 2015). Hence, the information
provided by seawater Ba isotopes, when used in combina-
tion with [Ba], can shed light on whether variations in
[Ba] are driven by conservative mixing of different water
masses or by non-conservative barite cycling, including
both the formation and dissolution of particles via lateral
and vertical transport. Only a few data exist for the isotopic
composition of barium in seawater (Horner et al., 2015;
Cao et al., 2016), and they show that isotopic variations
reflect a combination of ocean circulation and barite
cycling, with the latter evidenced by the presence of Ba-
depleted, isotopically-heavy subsurface waters. A South
Atlantic profile showed that, in the deep ocean, Ba isotope
values are largely a function of the circulation of major
water masses falling on a conservative mixing line between
Antarctic Intermediate Water (AAIW), North Atlantic
Deep Water (NADW) and Antarctic Bottom Water
(AABW), with end-members likely determined by barite
cycling in high latitude surface waters (Horner et al.,
2015). A Ba isotope profile from the East China Sea illus-
trated that freshwater input can also influence the Ba iso-
topic composition of near-surface seawater, with Ba
cycling in the upper water column dominated by the
removal of lighter isotopes onto particles (Cao et al., 2016).

The main aim of this study is to investigate water col-
umn Ba concentrations and isotopic distributions vertically,
zonally and meridionally within the Atlantic. We use these
data to examine the impact of BaSO, precipitation and dis-
solution on Atlantic Ba cycling and to quantify the relative
mixing proportions of northern- and southern-sourced
water masses using new seawater depth profiles from both
the eastern and western basins. Firstly, we use the isotopic
composition of dissolved Ba in seawater to investigate sub-
tle near-surface variations in Ba concentrations, and its
decoupling from Si, in the tropical North Atlantic. Sec-
ondly, we use seawater Ba isotopes to trace the proportion
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of deep ocean variation that is attributable to lateral advec-
tion (conservative mixing) versus barite cycling (and other
non-conservative vertical processes) in these tropical loca-
tions. Lastly, we compare our new tropical North Atlantic
data with profiles from the South Atlantic to investigate the
extent to which basin-scale Ba distributions are driven by
mixing, as opposed to barite cycling.

2. METHODS AND MATERIALS
2.1. Oceanographic setting

We present data from the South and tropical North
Atlantic, which are both influenced by similar water masses
at different stages of the Atlantic meridional overturning
circulation (Talley, 2013). In the South Atlantic, the water
column is composed of southern-sourced AABW (below
~3500 m), southward flowing NADW (~2000-3500 m),
Upper Circumpolar Deep Water (core at ~1500 m), AAIW
(core at ~600 m) and a mixture of Subantarctic Surface
Water (SASW) and Subtropical Surface Water (STSW).
In the Equatorial Atlantic, AABW occurs below
~4000 m, AAIW at ~1000 m (mixed with Mediterranean
Water), NADW below ~1500-2000 m, and tropical mode
and surface waters subduct to form the thermocline
(Talley et al., 2011).

2.2. Sample collection

Seawater collection and processing procedures for sam-
ples from the South Atlantic (D357/GAI10E; Oct-Nov
2010) are discussed in Horner et al. (2015). Samples from
the tropical North Atlantic (JC094; Oct-Nov 2013) were
collected using Niskin bottles attached to a CTD rosette
system, filtered cleanly through a 0.2 micron Acropak filter
(Pall Life Sciences) and samples for Ba analysis were acid-
ified (0.1 % v/v; pH =~ 2.0) the same day using concentrated
hydrochloric acid (HCl Romil UpA). Samples were stored
in a cool container (+4 °C) for transport back to the UK.
Sampling stations are shown in Table 1.

Temperature, conductivity and fluorescence were mea-
sured using a Sea-Bird (SBE) 9plus with a Chelsea Technol-
ogy Group (CTG) Aquatracka MKIII fluorimeter, and
data were post-processed using SBE Data Processing
(V7.20 g) software. Salinity was calculated from conductiv-
ity, and calibrated on board using bottle samples measured
using a GuildLine Autosal salinometer and with Autosal
software (2009). Dissolved oxygen was measured using an

Table 1
Locations of CTD profiles used in this study.

SBE 43 dissolved oxygen sensor mounted on the CTD
and was calibrated using bottle measurements, which were
carried out on board by the Winkler titration method using
a Q-Metrohm 848 Titrino plus unit with potentiometric end
point detection (Carritt and Carpente, 1966; Robinson,
2014).

Additional unfiltered samples were collected for nutrient
analysis and frozen at —20 °C for transport back to the
UK. Nitrate + nitrite, nitrite, silicate, phosphate and
ammonium were analysed using a Bran and Luebbe 5 chan-
nel segmented flow autoanalyser (Plymouth Marine Labo-
ratories, UK) and high-resolution colourimetry (Brewer
and Riley, 1965; Kirkwood, 1989; Grasshoff et al., 1999;
Zhang and Chi, 2002). Samples were defrosted back on
land for 48 hours at room temperature in darkness before
being analysed alongside a certified nutrient reference mate-
rial produced by KANSO Technos, Japan. The KANSO
Technos reference materials are analysed on a daily basis
as part of regular analytical protocols allowing the results
stated here to have an accuracy of 2 % or better when com-
pared to these reference concentrations. By adopting ana-
lytical methods and techniques according to GO-SHIP
protocols, improvements and checks are made to ensure
the analytical accuracy of nutrient analyses. Precision is
again at 2 % (or better) when this is determined along side
regular sample analyses. The standards used are all
high-quality materials, the highest standard concentration
is always greater than the highest sample concentration,
and a linear slope of standards is ensured, to allow full
confidence in the reported sample concentrations.

2.3. Barium isotope analysis

Seawater Ba concentrations and isotopic compositions
were measured at the NIRVANA Lab at Woods Hole
Oceanographic Institution (WHOI) using a method similar
to that of Horner et al. (2015), which consists of double
spiking, co-precipitation and ion-exchange chromatogra-
phy followed by Ba isotope analysis via MC-ICP-MS
(multiple-collector inductively-coupled plasma mass spec-
trometry). A new double spike composed of roughly equal
proportions of '**Ba and '**Ba was used instead of the
135Ba-137Ba double spike previously described by Horner
et al. (2015); see Supplement for spike composition. The
new choice of spike combination was optimised to minimize
the impact of interferences from Xe — present as a trace
impurity in the Ar carrier gas — found on m/z 136 (Xe,
Ba, Ce) during MC-ICP-MS analysis.

Cruise CTD number Station Latitude Longitude Water depth (m)
JC094 CTDO002 (CTD2) 2 9° 17.I'N 21° 38.0'W 4524
JC09%4 CTDO005 (CTDS) 39 10° 51.8'N 44° 29.5W 5161
JC094 CTD006 (CTD6) 44 15° 16.2'N 48° 15.6'W 4183
D357 CTD025 (CTD25)* 6 39° 59.4'S 0° 55.2'E 4927
D357 CTDO013 (CTD13) 3 36° 27.6'S 13° 23.4'E 4894

% From Horner et al. (2015).
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Barium concentrations were estimated from dissolved
[Si] values and an appropriate amount of > Ba-!'**Ba dou-
ble spike was added to 5 ml of seawater to achieve roughly
equal proportions of spike- and sample-derived Ba in the
spike-sample mixture. In accordance with GEOTRACES
protocols (Cutter et al., 2010), additional ultra-pure HCI
was added to the tropical North Atlantic samples at WHOI
to achieve a final HCI concentration of 0.024 M (pH <2).
Spike-sample mixtures were refluxed at +60°C for
24 hours, allowed to cool to room temperature, then co-
precipitated through the addition of 350 pl of 1 M Na,CO;
solution in 50 pl increments (Foster et al., 2004). After cen-
trifugation and decantation of residual seawater, precipi-
tates were dissolved in ~2 M HCI, dried, and resuspended
in 250 pl of 2.3 M HCI for ion-exchange chromatography.
Purification of Ba was achieved by passing samples twice
through 500 pl of AG 50 W-X8 (200-400 mesh) cation
exchange resin that was precleaned and conditioned with
6 M and 2.3 M HCI, respectively. Non-Ba matrix elements
were eluted with 2.3 M HCI, followed by Ba elution using
2 M nitric acid (HNOs). Purified samples were subsequently
dried, to oxidize any resin-derived organic material that
may have co-eluted with Ba — dried again, and finally re-
dissolved in 2% HNO; for mass spectrometric analysis.

Samples were analysed for barium isotope compositions
at the WHOI Plasma Facility using a Thermo Neptune
MC-ICP-MS operated in low-resolution mode, fitted with
‘Regular’- and ‘X’-type sampler and skimmer Ni interface
cones, respectively. Samples were aspirated at ~120 pl/
min using an Elemental Scientific PFA pFlow nebulizer,
via a CETAC Aridus II desolvator, and admixed with 3—
5ml/min N, gas to reduce BaO' formation which was
<0.1% during Ba ionisation (Miyazaki et al., 2014).
Baseline-corrected ion beams corresponding to mi/z 131
(Xe), 135 (Ba), 136 (Xe, Ba, Ce), 137 (Ba), 138 (Ba, La,
Ce), 139 (La) and 140 (Ce) were measured simultaneously
by 40 x 4.194 s integrations at sample-derived Ba concen-
trations of around 20 ng/ml; Ba™ transmission efficiencies
were generally >1%. Barium isotope compositions were
calculated in MATLAB using the three-dimensional geo-
metric interpretation of the double spike problem (Siebert
et al., 2001). In this interpretation, the x-, y-, and z-axes
are defined by '**Ba/'**Ba, '*’Ba/!**Ba and '*°Ba/!*°Ba,
and interference corrections for Xe, Ce, and La were per-
formed via the nested iterative approach described in
Horner et al. (2015). Sample-derived Ba concentrations
were calculated based on the instrumental mass bias-
corrected '**Ba/!*°Ba ratio (noting that most '*°Ba is
spike-derived) and a priori knowledge of the spike added
to each sample. Isotopic compositions are reported in the
d-notation relative to National Institute of Standards and
Technology (NIST) Standard Reference Material 3104a

(Ba):
()
Ba sample

(1383a

138/134
o1/ Baysr =
134Ba)N1s7SRM3140a

— 1% x 1000 (1)

Isotopic uncertainties are reported as the larger of either the
long-term 2 x SD (Standard Deviation) uncertainty on
sample unknowns (£0.03 %o, n = 8) or the pooled internal

2 x SE (Standard Error) of repeat sample measurements
(median number of replicate analyses = 4), as described in
Horner et al. (2015).

Blanks were monitored by passing aliquots containing
~1 ng of Ba double spike through the procedures described
above and treating as sample unknowns. The mean analyt-
ical blank (from reagents and ion-exchange chemistry) was
measured as 11 + 8 pg (mean + 1 SD; n = 4) and the proce-
dural blank (co-precipitation plus analytical blank) was
determined as 726 4+ 124 pg (mean + 1 SD; n = 6). All sea-
water Ba concentration data were procedural-blank cor-
rected but Ba isotope data were not as the small
proportion of blank-derived Ba in seawater samples was
deemed unlikely to alter Ba isotope compositions outside
of long-term uncertainty (40.03 %0; Horner et al., 2015).
Additional details regarding the reporting of uncertainty
are presented in the Supplementary information.

3. RESULTS
3.1. Temperature, salinity, oxygen and nutrient profiles

The potential temperature and salinity measurements
show typical profiles for the South Atlantic and tropical
Atlantic sites, with marked latitudinal differences above
3000 m water depth. Near-surface and subsurface tempera-
tures are over 15 °C warmer in the tropics than the South
Atlantic, and significantly more saline (Fig. 2A and B).
The oxygen profiles from the tropical Atlantic sites show
a pronounced minimum centred on approximately 500 m
water depth, absent from the South Atlantic sites, and
higher oxygen levels at depth than at 40°S (Fig. 2C).

Nutrients showed expected concentration profiles
(Fig. 2D and F), with low concentrations at the surface
as a result of biological uptake, and higher values at depth

175

125

100

Maximum monthly mean MLD (m)

- cTD025 ﬁ | 25
e — — 0
Fig. 1. Map showing locations of seawater profiles: CTD002,
CTDO005 and CTDO006 (stations 2, 39 and 44, respectively) from
cruise JC094; CTDO013 and CTDO025 (stations 3 and 6 from cruise
D357/GA10E); CTD025 data from Horner et al., 2015. Colour
contours show maximum mixed layer depths (calculated from the
monthly means) from National Oceanographic and Atmospheric
Administration Monthly Isopycnal & Mixed-layer Ocean Clima-

tology (Schmidtko et al., 2013). Produced using Ocean Data View
(Schlitzer, 2000).
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Fig. 2. Water properties at the CTD stations used in this study: (A) potential temperature; (B) salinity; (C) oxygen; (D) nitrate; (E) Si*; and
(F) Si(OH)4 concentration. The figure legends apply to all subsequent figures.

as a result of lateral transport of conservative nutrients and
regeneration. Regenerated nutrients are represented by N*
(not plotted; N* = NO3 — 16PO,) and Si* (Fig. 2E) where
Si* = [Si(OH),] — [NO3]+ dN* and the denitrification cor-
rection d=1 for N*<-3 uM (d =0 otherwise) (Gruber
and Sarmiento, 1997; Sarmiento et al., 2004). No denitrifi-
cation correction was required for the tropical Atlantic
samples. Si* is only conserved when remineralisation (or
uptake) processes release (or take up) Si(OH); and NO;
in a 1:1 ratio, which is not the case in regions of the South-
ern Ocean where AAIW and mode waters are formed as a
result of strong nutrient uptake by iron-limited diatoms
(Si(OH)4:NO3 uptake ratio ~4:1; Brzezinski et al., 2002;

Sarmiento et al., 2004). Hence, Si* is a powerful tracer of
Southern Ocean intermediate depth waters, and can be used
to pinpoint AAIW at ~1000 m depth in our North Atlantic
depth profiles (Fig. 2).

3.2. Barium and barium isotopes

Water column Ba concentrations from our new seawater
profiles show the now well-established vertical fractionation
of [Ba], with lower values in surface waters (~40 nM) and
higher values at depth (~80 nM for the tropical Atlantic
profiles and ~100 nM for the new Southern Atlantic pro-
file; Fig. 3; Supplementary information). [Ba] increases
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Fig. 3. (A) Barium concentrations and (B) barium isotopic compositions of the seawater samples analysed in this study. Tropical Atlantic
data are plotted in red (eastern tropical) and blue (western tropical) with circle symbols, South Atlantic data are plotted in black with triangle
symbols. Open triangle symbols and black dashed curves show previously-published data from the southeast Atlantic at 40°S (Horner et al.,
2015). Error bar shows representative +2SD (£0.035 %0). The uncertainties on the barium concentrations are within the size of the symbols.
See Fig. 2 for legend. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

down the water column from ~1500 m to 5000 m in all of
the new profiles; the tropical Atlantic profiles show a slight
increase of <5nM at ~1000 m, before declining again
towards the subsurface. The shallower samples of the pro-
files, above ~50 m, show that [Ba] increases slightly by
~5nM towards the surface. The 3'**Ba values generally
mirror [Ba], becoming progressively lighter as [Ba]
increases, in good agreement with the previously-
published South Atlantic 8'**Ba profile (Horner et al.,
2015). The tropical Atlantic 3'**Ba data differ from the
published South Atlantic profile in two respects. Firstly,
surface 8'*Ba profiles show heavier values at approxi-
mately 200 m (~+0.6 %0), followed by a decline of
~0.1 %o towards lighter values at the surface in the tropical
Atlantic samples only (Fig. 3). Secondly, there is a diver-
gence in both [Ba] and §'**Ba between the tropical north-
west and northeast Atlantic samples in the mid-depths,
centred around a core at approximately 1500 m.

4. DISCUSSION
4.1. Ba” (barium star)

These new [Ba] and &'**Ba profiles, especially when
assessed in the context of a previously published South
Atlantic depth profile (Horner et al., 2015), provide a new
insight into the relative roles of different processes that
affect Atlantic Ba cycling: conservative versus non-
conservative barium, the depth ranges of organic matter
and barite remineralisation, and water mass mixing. These

processes can be further quantified by combining measure-
ments of 8'*¥Ba with Ba*, which is defined as the difference
between in situ and predicted [Bal:

Ba" = [Ba),, — 0.6296(0.0022) * [Si(OH),],, ...
— 38.63(£0.07) )

insitu

This formulation of Ba® is based on a York Regression of
1505 globally-distributed [Ba}-{Si] measurements from the
GEOSECS expeditions (Geochemical Ocean Sections; e.g.
Craig and Turekian, 1980), and differs slightly from the for-
mulation used by Horner et al. (2015), which was based
only on GEOTRACES-era co-located [Ba}-{Si] measure-
ments from the South Atlantic. Regardless, the absolute
values of Ba® are essentially arbitrary — the utility of Ba®
is derived from the shape of the depth profiles. Vertical pro-
files of Ba" that vary with depth arise from subtle variations
in the integrated histories of Ba and Si cycling. These vari-
ations relate to differences in the ventilation of preformed
water masses, as well as the differing uptake and remineral-
isation processes of the two elements: barite precipitation
and dissolution affects the cycling of Ba but not Si, whereas
biological opal formation and dissolution impacts the
cycling of Si but not Ba. For example, the water column
profiles of Ba™ show more negative values in the mesopela-
gic zone, in both the North and South Atlantic, which trend
towards more positive values below approximately 2000 m
before become more negative again below 3000 m (Fig. 4).
The shapes of these profiles arise as a result of sampling dif-
ferent water masses with different physiochemical proper-
ties, locations of origin and ventilation ages.
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4.2. Surface and near-surface cycling of barium

The depth profiles of Ba* and §'*®Ba (Figs. 3 and 4)
suggest that there are marked latitudinal differences in the
sub-surface processes which influence the barium cycle in
the Atlantic, with a gradient in Ba" between latitudes and
more heterogeneous &'**Ba near-surface values in the trop-
ics compared to the South Atlantic. Of particular interest
are the heavy near-surface isotopic values that trend lighter
towards the surface in the North Atlantic, compared to the
relatively homogeneous near-surface waters of the South
Atlantic at 40°S (Fig. 4; Fig. 5; Horner et al., 2015) — this
could potentially relate to differences in biological produc-
tion (Tilstone et al., 2015), or to differences in the physical
structure of the mesopelagic layer between the North and
South Atlantic.

The heavy Bavisotope values in the sub-surface (relative
to deeper waters) throughout the Atlantic are likely a result
of barite formation, which preferentially incorporates
isotopically-light Ba (Von Allmen et al., 2010), thus render-
ing residual seawater isotopically heavier and depleted in
Ba. We can calculate an apparent fractionation factor (g’)
for barite formation in the mesopelagic and near-surface
layers by solving the following equations using iterative lin-
ear regression (Marquardt-Levenberg algorithm), assum-

ing closed or open fractionation respectively:
0'%Ba = ¢ In([Ba]) + ¢ 3)
51%¥Ba = ¢([Ba]/[Ba,) + ¢

where [Ba], is the barium concentration of the water sup-
plying the mesopelagic layer (after Varela et al., 2004)
and c is the intercept (for more details, see the Supplemen-

tary information). Using this method, the apparent frac-
tionation factor is calculated to be —0.34 4 0.06 %o
(closed) or —0.45 4 0.08 %0 (open) for the North Atlantic,
and —0.28 +0.03 %o (closed) or —0.39 £ 0.04 %o (open)
for the South Atlantic (uncertainties represent the standard
error). Whilst these values agree well with previous esti-
mates of Ba isotopic fractionation during barite formation
in the laboratory (Von Allmen et al., 2010), these estimates
are likely to underestimate the true fractionation factor as
the simple assumptions of the fractionation models are
often violated in complex oceanic settings. Moreover, the
study of Cao et al. (2016) identified that the A'**Ba offset
between particles and seawater was significantly larger than
estimated here using Rayleigh-type fractionation models.
Barite formation is likely associated with organic matter
decomposition by heterotrophic bacteria, and high particu-
late Ba,, has been seen to be associated with organic matter
remineralisation and oxygen consumption at the top of the
mesopelagic layer (Cardinal et al., 2005; Jacquet et al.,
2007, 2008; Dehairs et al., 2008). The oxygen minimum
(which mirrors the apparent oxygen utilisation and is more
pronounced in the tropics) and chlorophyll maximum occur
at different depths in the two locations (Fig. 5), potentially
contributing to differences in sub-surface Ba* and §!'**Ba
profiles. Biological net community production at 40°S is
markedly higher than in the North Atlantic (Tilstone
et al., 2015), and variations in organic matter availability,
and hence barite formation, could explain the sub-surface
latitudinal differences observed here. However, mass bal-
ance considerations suggest that, whilst it is important for
particulate barite formation, Ba directly associated with
organic matter is likely to be unimportant in terms of set-
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Fig. 5. Plots of (A) fluorescence, (B) oxygen, (C) Ba” and (D) 8'**Ba in the top 1000 m at the different study sites. Tropical Atlantic data are
plotted in red (eastern tropical) and blue (western tropical) with circle symbols, South Atlantic data are plotted in black with triangle symbols.
Open triangle symbols and black dashed curves show previously-published data from the southeast Atlantic at 40°S (Horner et al., 2015) (see
Fig. 2 for legend). Error bar shows representative £2SD (10.035 %o). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

ting the depth profile of Ba and Ba isotopes in the dissolved
phase (Horner et al., 2015). Thus, neither the amount of nor
depth of organic matter degradation (and so barite forma-
tion) can account for the trend towards lighter Ba isotope
signatures towards the surface in the tropics, a feature that
is absent from the South Atlantic profiles.

We suggest that the differences in the North and South
Atlantic sub-surface water column profiles of Ba® and
5'3®Ba are as a result of the interplay between the physical
structure of the upper water column and the vertical segre-
gation of BaSO, and opal precipitation. Mixed layer depths
(MLD) are shallower (less than 50 m) in the tropical Atlan-
tic compared to the South Atlantic (maximum MLD
greater than 100-150 m; Fig. 1), owing to a cap of
low-density water in the Subtropics. Although both sam-
pling events reported here were carried out in Oct—Nov,
published MLD climatologies indicate that these MLDs

are likely to persist for the majority of the year (Kara
et al., 2003). Regardless, if the MLD were to penetrate to
the depths of barite formation, typically below 150 m (e.g.
Dehairs et al., 2008; Jacquet et al., 2008), or able to entrain
deeper waters that have experienced higher degrees of Ba
removal into barite, the upper water column would be uni-
form for [Ba], Ba* and 5'**Ba. The relatively constant [Ba],
Ba* and §'**Ba observed in the uppermost ~200 m of the
South Atlantic water column is thus consistent with peri-
odic homogenisation of the upper water column by vertical
mixing (Figs. 1 and 95).

In contrast, mixed layers in the tropical North Atlantic
do not extend much below 50 m over an annual cycle
(Fig. 1; Schmidtko et al., 2013). This range does not pene-
trate to the depths necessary to entrain Ba-depleted STUW
(Subtropical Underwater; >200 m) or to those estimated for
barite formation (>150 m). The STUW data are notable as
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they exhibit significant decoupling of Ba and Si, first noted
by Chan et al. (1977). This decoupling is clearly evident in
the more negative values of Ba" in STUW compared to sur-
face waters, implying Ba depletion relative to Si (Fig. 5C).
More negative Ba® in STUW are also associated with
~+0.1 %o increases in dissolved Ba isotope compositions rel-
ative to surface waters, consistent with the removal of
isotopically-light Ba into BaSO, (e.g. Von Allmen et al.,
2010). Such a pattern of more negative Ba* associated with
heavier Ba isotope compositions in shallow subsurface
waters is only expected if two conditions are met: if both
the removal of Si and Ba are vertically segregated (e.g.
via opal for Si and via BaSO,4 for Ba) and if the segregation
remains protected from homogenisation via vertical mixing.
As both of these conditions are satisfied in the STUW of the
tropical North Atlantic, we conclude that the interplay
between physical mixing and the vertical segregation of
BaSO, and opal formation must be responsible for the dif-
ferences between the profiles of Ba* and 5'*Ba in the trop-
ical North and South Atlantic (Fig. 5).

4.3. Barium concentrations and isotopic variations in deep
and intermediate waters

As with other elements that display nutrient-like beha-
viour, an important issue in understanding oceanic Ba
cycling surrounds the relative contributions of conservative
versus non-conservative Ba — the extent to which Ba
distribution reflects simple mixing of different water masses
versus in situ precipitation and dissolution. Since Ba is not
directly cycled in association with organic matter
(Sternberg et al., 2005), it is not possible to
‘back-calculate’ conservative Ba for a given water mass
from other hydrographic parameters (e.g. using O, and
in situ P; Broecker et al., 1985), thus requiring an alternative
approach. A further complication arises when considering
where the particles that are involved in dissolution pro-
cesses originate from: some particles may arrive at depth
from vertical sinking and some others from lateral trans-
port. At depths below the MLD, our new profiles reveal
key meridional and zonal differences that reflect the relative
role of ocean circulation and barite dissolution in Ba
cycling, both in deep waters (>2000 m) and at intermediate
depths (500-2000 m).

We investigated mixing processes by plotting our data in
a mixing diagram, in which conservative mixing relation-
ships will result in straight lines. The linear relationships
shown in Fig. 6a illustrate that the tropical Atlantic Ocean
5138Ba-1/Ba systematics are consistent with conservative
mixing being a major control below approximately 500 m,
but also that statistically-significant differences exist
between the tropical North and South Atlantic datasets
(least squares fits to the data possess statistically-different
intercepts and slopes for North and South Atlantic data).
The different slopes of the mixing lines from the North

_ (f, x 6"%/1%Ba, x [Ba],) +

([1—f,] x 8"/1**Ba, x [Ba],)

and South Atlantic may reflect a subtle overprint from
in situ remineralisation of BaSO,4 and other Ba-bearing par-
ticles. This additional input of Ba would result in Ba-
depleted (and initially isotopically heavy) deep waters from
the North Atlantic exhibiting roughly similar Ba isotope
compositions to Ba-replete water masses from equivalent
depths in the South Atlantic, despite possessing signifi-
cantly less Ba. Regardless, this effect is relatively small as
the overall North Atlantic trend is linear (Fig. 6a), indicat-
ing that conservative mixing is the dominant control on Ba
systematics in both the deep North and South Atlantic. Our
Ba isotope data underscore the importance of conservative
mixing as a control on Atlantic Ba cycling without the need
to ratio to other biogeochemical tracers (e.g. [Si], T, S). As
we show in the next section however, we can use these addi-
tional tracers to independently constrain relative deep water
mass mixing proportions, thus enabling us to estimate the
Ba isotope compositions of the end-member northern-
and southern-sourced water masses that mix in the deep
Atlantic.

4.3.1. Meridional overturning control of deep (>2000 m) Ba
isotope distributions

The linear relationships between Ba isotope composi-
tions and 1/Ba illustrate that conservative mixing accounts
for essentially all of the Ba isotope variation in the deep
Atlantic. Below 2000 m, the Atlantic is dominated by the
mixing of nutrient-poor (and O,-rich) northern-sourced
waters (collectively termed NADW) with nutrient-rich
southern-sourced bottom waters from the Weddell Sea (ter-
med here AABW). Our data can be used to place con-
straints on the likely Ba isotope compositions of these
two end-member water masses by independently calculating
their relative mixing proportions. Broecker et al., 1991 sug-
gested that the fraction of northern-sourced waters in a
given sample, f,, can be calculated using:

£, = (1.67 = PO})/(1.67 — 0.73) (4)

where PO} =[PO; ]+ ([0,)/175) — 1.95. If we compare
our Ba isotope data for samples below 2000 m against f,
(Fig. 6b), we observe a distinct curvature that is indicative
of a two-component hyperbolic isotopic mixing trend (e.g.
Mariotti et al., 1988). In order to quantify the end-
members responsible for generating the hyperbolic mixing
trend, we make the simplifying assumption that there is
no influence from non-conservative biogeochemical pro-
cesses below 2000 m. Though this is likely an oversimplifi-
cation, the strong linear (mixing) relationships shown in
Fig. 6a indicate that mixing is certainly the dominant con-
trol on Ba isotope systematics in the deep Atlantic, despite
barite being below saturation at these depths. As such, we
can approximate the Ba isotope composition of a deep
water mass purely in terms of mixing between northern-
and southern-sourced waters:

5138/134]3' insitu —
¢ (f, x [Bal,) + ([ — f,] x [Ba],)
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where ,, or ; denote the northern- and southern-sourced
end-members, respectively. The Ba concentration of the
northern end-member was estimated to be 50 nM based
on data from the Atlantic GEOSECS Expedition (average
of Labrador Sea Water, Iceland-Scotland Overflow Water
and Denmark Strait Overflow Water; Chan et al., 1977);
the southern-sourced end-member was assigned [Ba]
=105 nM (based on Weddell Sea water; Hoppema et al.,
2010).

Using the independent estimates of water mass mixing
proportions from Eq. (3) and literature values of [Ba] for
the northern- and southern-sourced end-members, we
solved Eq. (4) for the Ba isotope compositions of the two
end-members by minimisation of the data-line misfit,
expressed as the RMSD (root-mean-square deviation;
Fig. 6b). This calculation was restricted to the 21 samples
from >2000 m and omitted sample #WO0117 (JC094), as it
possessed f,, >1. The best-fit Ba isotope compositions for
the northern- and southern-sourced water mass end-
members were calculated as 5% 4Banist = +0.45 %o and
+0.26 %o, respectively. These two end-member composi-
tions achieve a data-line RMSD of 0.03 %o, roughly equiv-
alent to our measurement precision of 0.03 %o for Ba-rich
deep waters.

Importantly, this analysis suggests that the northern-
and southern-sourced water masses that fill the deep Atlan-
tic possess clearly-resolvable Ba isotope compositions
(A”g/ B34Ba orthosouth 2 0.2 %o; Fig. 6b). If this pattern is ver-
ified throughout the Atlantic basin, Ba isotope analyses of
deep waters may have utility in constraining ‘°f,” indepen-
dently of existing methods. Moreover, if sedimentary
archives that faithfully record deep water Ba isotope signals
can be identified, Ba isotope analyses may enable temporal
reconstruction of northern- versus southern-sourced waters
in the deep ocean — and thus the geometry of overturning
circulation — from a single biogeochemical tracer.

[21(506"38/134 Bayysr —13)]

S E e r—r which is valid over the range of

4.3.2. Zonal differences. influence from Labrador Sea Water
at intermediate depths (500-2000 m)

A zonal (east-west) difference in Atlantic Ba concentra-
tions and 8'*®Ba systematics is suggested by differences
between our tropical North Atlantic seawater profiles,
centred at approximately 1500 m water depth (e.g.
Fig. 3). In the western tropics (CTD005 and CTDO006),
Ba isotope compositions are =~ +0.1 %o heavier than the
values of §!%Ba~+04% seen in the eastern basin
(CTDO002; Fig. 3). These depths correspond to the depths
of recently ventilated Upper Labrador Sea Water (ULSW)
as shown by hydrographic data (nutrients, dissolved oxy-
gen, and ventilation tracers such as radiocarbon; Chen
et al., 2015; Jenkins et al., 2015). One possible interpreta-
tion for the eclevated 5'°*'**Ba in ULSW may relate to
non-conservative processes, such as extensive barite for-
mation or input of isotopically-heavy Ba in the Labrador
Sea. Input of isotopically-heavy Ba into the Labrador Sea
is unlikely since [Ba] is lower in ULSW compared to the
equivalent water depths in the eastern tropical Atlantic
(Fig. 3a). Similarly, the E-W difference in [Ba] is
only ~ 3 nM, and depth profiles of Ba” from the eastern
and western North Atlantic show similar gradients, sug-
gesting that extensive barite formation is unlikely to be
responsible for removing significant quantities of Ba from
the Labrador Sea. Moreover, non-conservative processes
are largely precluded by the linear mixing relationships
(Fig. 6a), suggesting that the isotopically-heavy Ba at the
depths corresponding to ULSW are a conservative mixing
feature. Thus, a simple explanation for this Ba isotope fea-
ture is that the influence from the advective inflow of
ULSW is far greater in the western basin (CTDO005, 006)
compared to the eastern basin (CTD002), and that — since
ULSW is recently-ventilated — this imparts an isotopically-
heavy Ba signal at the depths where the influence from
ULSW is greatest.



296 S.L. Bates et al./ Geochimica et Cosmochimica Acta 204 (2017) 286-299

These subtle features in the depth profiles that are lar-
gely undetectable from examination of [Ba] illustrate that
Ba isotope distributions are highly sensitive to ocean circu-
lation, highlighting the possible utility of Ba isotopes as a
powerful tracer of basin-scale hydrography in palacoceano-
graphic studies.

4.3.3. The sediment-water interface: a sedimentary source for
dissolved Ba?

The limited number of near-bottom water samples col-
lected from the tropical North Atlantic, in particular from
the eastern basin, each show a slight deviation towards
heavier 8'*®Ba at the very base of the profile (Fig. 3). We
have no reason to believe that these signals are an analytical
artefact or a blank issue for two reasons. Firstly, these sam-
ples were not atypical in other respects (e.g. 7, S, O,), sug-
gesting that the bottles fired at the correct depths.
Secondly, the Ba isotopic composition of the procedural
Ba blank was measured as~0 %o (Horner et al., 2015),
whereas these bottom water samples exhibit shifts toward
isotopically-heavy Ba of ~+0.4 %o rather than towards the
isotopic composition of the blank. Our results hint towards
a sedimentary source of dissolved Ba into these bottom
waters since dissolved Ba and Ba” show significant upticks
at the very base of the profiles, whereas a water mass signal
would presumably also affect dissolved Si or other hydro-
graphic parameters. The direction of the 5'**Ba anomaly
is opposite to that expected if the signature was a result of
sinking barite, which would be expected to add Ba with an
isotopic composition of ~+0.3 %o (assuming that BaSO,
precipitates are approximately —0.2 to —0.4 %o lighter than
mesopelagic waters; e.g. Von Allmen et al., 2010; Horner
et al., 2015; Cao et al., 2016). Instead, this Ba may be
sourced from seafloor sediments, which would indicate pos-
sible Ba isotopic fractionation effects during sediment diage-
nesis. Significant diffusive efflux of Ba from sediments under
sulphate-reducing conditions has been previously noted
(McManus et al., 1994; Hoppema et al., 2010), and could
provide a possible mechanism for the apparent injection of
isotopically-heavy Ba into overlying seawaters with lighter
compositions. However, recent laboratory experiments
(van Zuilen et al., 2016) have shown that diffusive transport
results in a preferential release of isotopically-light Ba, and
that adsorption preferentially retains isotopically-heavy
Ba — both of these effects have the opposite fractionation
factor to the patterns observed here. Clearly, further work
into the nature of this isotopic enrichment is justified,
including further field-based studies, given that sediments
are a potentially important source of dissolved Ba to abyssal
depths.

4.4. Synthesis: decoupling of barium concentration and
isotopic composition in the Atlantic

4.4.1. A conceptual model for Ba cycling in the Atlantic
One of the key observations in our new data is that there
is a stronger meridional variation in Ba concentrations
compared to 3'*®Ba (Fig. 3). This apparent decoupling
may be due to low fractionation of Ba during barite forma-
tion, resulting in relatively subtle variations in 5'**Ba and a

larger dissolved pool relative to particulate phases (Dehairs
et al., 1991). Despite the overprint of barite remineralisa-
tion, Ba and 8'*®*Ba variations can be traced along the
meridional ocean circulation resulting in a conceptual
model (Fig. 7) of the Ba cycle that is consistent with our
new observations.

A greater concentration of Ba in southern-sourced mode
waters in the tropics compared to 40°S is consistent with a
gradual stripping of Ba in the upper mesopelagic layer
(200400 m) as a result of barite formation as the water
mass is transported north by meridional circulation. Barite
formation results in a small fractionation of Ba isotopes,
resulting in the insignificant difference in 5'**Ba between
mode waters in the near-surface waters of the tropics com-
pared to the South Atlantic, despite having undergone
extensive Ba removal into BaSO, formation. In addition,
there is also a re-entrainment of deeper water in the Equa-
torial upwelling regions, potentially allowing a certain
degree of resetting on Ba isotope values. The rapid transit
of water via LSW will also mean that samples in the mid-
depths of the western basin will have heavier Ba isotopes
and lower Ba concentrations than waters from the corre-
sponding isopycnal in the eastern basin centred at approx-
imately 1500 m. Similarly, NADW at 40°S has a greater
Ba concentration than in the North Atlantic as a result of
‘ageing’ (barite dissolution, with a small contribution from
the remineralisation of other Ba-bearing minerals e.g. celes-
tite) along the meridional ocean circulation path and more
AABW entrainment at depth.

4.4.2. Implications for the use of Ba-based proxies in
palaeoceanography

Our Ba and §'**Ba depth profiles provide useful insights
into the utility of carbonate Ba/Ca data as geochemical
archives of ocean conditions. Firstly, the 8'**Ba data from
the North Atlantic are consistent with the formation of bar-
ite in subsurface waters, below 150 m, at the top of the
mesopelagic layer rather than deeper in the water column,
supporting the paradigm that barite formation occurs at
similar depths associated with organic carbon remineralisa-
tion and export. Secondly, our data support the recently-
advanced hypothesis that variations in the relationship
between Ba, 8'**Ba and dissolved Si are largely driven by
ocean circulation and are set by the degree of barite forma-
tion in the subsurface waters of the high latitudes — where
intermediate and deep waters are ventilated and subducted
into the ocean interior (Horner et al., 2015). Small varia-
tions in the relationship between Ba and Si — quantified here
using Ba" — point to Ba-specific overprinting through barite
cycling, which imparts minor changes to Ba distributions
but does not affect Si. However, these changes in Ba cycling
are small relative to the overall structure of dissolved Ba
and Si profiles, which are set by large-scale circulation pro-
cesses. These observations suggest that geochemical
archives of Ba, such as foraminiferal Ba/Ca, coupled
together with proxies for marine silicon cycling, could shed
light on changes in high-latitude carbon export and recy-
cling. Moreover, reconstructions of deep ocean Ba isotopes
could provide insight into the advective origin of water
masses in the deep ocean and thus the geometry of the
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meridional overturning circulation through time, subject to
the identification of appropriate sedimentary archives.

5. CONCLUSION

We present four new full barium isotope depth profiles
from the North and South Atlantic Ocean, allowing a
robust assessment of both zonal and meridional Ba cycling
across the Atlantic. Our data show that sub-surface barite
formation results in heavy seawater 5'°*Ba at approxi-
mately 200400 m depth, at the top of the mesopelagic
layer, and that mesopelagic Ba isotope heterogeneity is
likely determined by the depth of the mixed layer relative
to that of barite formation. Below the depths of barite for-
mation, Ba and 8'*Ba systematics are mostly controlled by
large-scale ocean circulation (i.e. conservative Ba cycling),
with a subtle overprint from regenerated Ba that we attri-
bute to in situ barite dissolution. We synthesise these find-
ings to present a conceptual model of barium systematics
in the Atlantic, which indicates that deep water barium con-
centrations and isotopic variations can be explained by con-
servative mixing between NADW and AABW with 5'**Ba
of the two end-members determined as +0.45 and +0.26 %o,
respectively. This mixing model suggests that Ba isotopes
may facilitate tracing the proportion of northern- versus

southern-sourced waters filling the deep Atlantic in the geo-
logical past — and therefore the geometry of deep ocean cir-
culation — from a single biogeochemical tracer. These
results underscore the importance of large-scale mixing as
the proximal cause of the strong correlation between dis-
solved Ba and Si in the Atlantic, thereby highlighting the
utility of barium isotopes for understanding the processes
governing marine Ba cycling. The use of Ba isotopes in
marine chemistry thus harbours great promise as a new
means to probe the mechanisms governing Ba-based tracers
in palacoceanography and how these relate to the temporal
evolution of the oceans’ biological carbon pump.
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