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Abstract

Oceanic barium has many potential proxy applications, from the quantification of export
productivity using sedimentary barite, to the tracing of freshwater inputs or the circulation of
deep water masses. Using these proxies to reconstruct past oceanic conditions is of particular
importance in the Southern Ocean, where the ventilation of deep water masses and the
biological drawdown of CQare thought to play a significant role in climate regulation. However,
the distribution of particulate and dissolved barium in this region is not solely controllesl larg
scale water mass circulation and predictable biological associations, but by an additional
combination of spatially and temporally variable local and coastal processes.

In this thesis | have found that stronger near-surface gradients are observed in Antarctic waters
than in other ocean basins, with a significant association betvBsmand silicic acid in surface
waters at the WAP. As no direct link was observed betwmrand biological productivity,

these observations can be explained by an association betBaeand siliceous detrital

material, either by adsorption mechanisms or through barite precipitation in surface waters.
Greater levels oBa; release and inferred barite precipitation production are observed from the
decay of diatom-dominated detrital material.

The accumulation of particulate barium phases in WAP shelf sediments appears to produce a
benthicBa; flux that acts as a significant sourceBaf to coastal waters. Sea ice is found to be a
further, little studied, control on Antarctic coasty distributions, with non-conservative
distributions ofBa; observed in sea ice cores that may be due to abiotic barite precipitation, and
large fluxes of sea ice melt associated with unusually low suBaceoncentrations.
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Chapter 1

Introduction

Over the past several decades, great effort has been directed at finding reliable indicators
of past oceanic conditions, particularly for parameters involved in the carbon cycle. Barium was
first recognised as a potential proxy for productivity in the 1950s (Goldeberg aneindus
1958; Arrhenius 1959), and as knowledge of its oceanic distribution grew through the GEOSECS
expeditions of the 1970s, its links with biological cycling and other oceanic processes became
increasingly established (Wolgemuth & Broecker 1970; Chan et al. 1976; Dehairs et)al. 1980
However, despite a large body of work that has significantly increased our understanding of how
barium is imported to, exported from, and utilised within the oceans, many aspects of the
barium cycle remain unknown or poorly quantified. A greater understanding of these processes
may allow us to consider barium as a reliable proxy for several key oceanographic parameters,
such as ocean export productivity, de-glacial meltwater inputs, and ocean alkalinity.

Barium has the potential to be utilised in various forms as a proxy for organic and
inorganic carbon storage within the ocean, providing insight into the role the Southern Ocean
has played in climate regulation and biological feedbacks. However, there are complex
interactions in this region between the influences of biological activity and the sea ice regime,

and the lateral and vertical transport of water masses. The combined effects of these processes
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on the distribution of particulate and dissolved bariuBgy{) in polar waters are not fully
understood.

In this thesis, | investigate the distribution®& in Antarctic waters over several spatial
and temporal scales (Figure 1-1), in order to establish the relative controls of caadtateanic
processes. | aim to investigate the association observed betBaeand silicic acid throughout
the global ocean, and whether this is significantly altered in Antarctic waters by biological
activity, or by the formation and melting of sea ice. | will also asses the role of local irtrgacti
vs. large scale ocean circulationsBa distributions, and how this may impact the use of
dissolved and particulate barium phases as proxies for certain oceanic processes.

In Section 1 | will briefly discuss the motivation for studying the Southern Ocean, and in
Section 2 | will summarise the current scientific consensus on oceanic barium cycling,dollowe

by an outline of the proxy uses of barium in Section 3.

1. Studying Antarctic waters

The need for reliable proxies for past oceanic conditions is particularly important in the
Southern Ocean, which is thought to play a key role in the exchange of heat and carboe dioxid

between the atmosphere and the ocean.
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Figure 1-1: The southern hemisphere, with the sampling area that is the
focus of this thesis highlighted by the black rectangle. Sampling is focussbeé
Antarctic waters of the Scotia and Weddell Seas, and the waters adjacent to th
Antarctic Peninsula. Colour bar and scale represent ocean bathymetry.
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The Southern Ocean is thought to be involved in the regulation of atmospheric carbon
dioxide (CQ over glacial/interglacial timescales, with the potential to act as a critical net CO
source or sink depending on changing circulation and productivity (Skinner efL@].&@derson
et al. 2009; Watson & Naveira Garabato 2006; Marinov et al. 2686 region of upwelling, the
Southern Ocean sees the ventilation of deep water masses that brings nutrients and heat to the
upper layers of the ocean, degassing @@ the atmosphereDespite the high level of
macronutrients (nitrate, phosphate, and silicic acid) that this upwelling brings to surface waters,
the Southern Ocean is largely a High Nutrient Low Chlorophyll (HNLC) area, with under-
utilisation of macronutrients thought to result from micronutrient limitation (specificaibn
limitation) (Martin 1990). As biological activity sequestéf3 from the atmosphere and
transfers it to the deep ocean, the stimulation or suppression of productivityarsthuthern
Ocean through changes in upwelling or the relief of iron limitation, couldfisignily alter the
net exchange of Cetween the atmosphere and the ocean (Lovenduski & Gruber 2005;
Anderson et al. 2009As well as impacting on Southern Ocean €@hange, changes in
productivity and water mass circulation in Antarctic waters may also have further-reaching
impacts, disrupting the delivery of nutrients to low latitude waters (Sarmiento et al. 2004)

With such a potentially crucial role to play in the regulation of the global climate, it i
particularly important to develop our understanding of the physical and biogeochemicascycl
at work in Antarctic waters, and to be able to reconstruct the changes that this system has
undergone through geological time. Barium, in various forms, offers insights into this system as a
potential proxy for export productivity (Paytan & Griffith 2007), changing freshwatfieilences
(Kasten et al. 2001; Hall & Chan 2004), and deep water circulation (Lea & Boyle 1990), therefore
there is a need to ensure that our understanding of the oceanic barium cycle in this region is

more clearly understood.

2. Controls on the distribution of barium in the ocean

In the modern global ocean dissolved barium has a generally predictableS &4 ]V S
vertical distribution, being partially depleted in surface waters and enriched at depth. This bio-
intermediate profile is echoed by its distribution between ocean basins, with higher
concentrations of dissolved barium found in the deep Pacific Ocean than in the deep Atlantic
(see Chapter 3 for further details), and by the linear correlations often displayed with silicic acid
and alkalinity (Dehairs et al. 1980). Such patterns are usually indicative of somechibtogi
mediated uptake in surface waters followed by sinking and regeneration at depth. The processes
involved in this uptake of dissolved barium in surface waters is not fully understood, ner is th

exact role of biology in the observed downward flux of barium. Traditionally it has been
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associated with the formation of barite (barium sulphate, Ba3®©the water column, which
subsequently sinks and is regenerated either at depth or within the sediment (Dehairs et al.
1980; Bishop 1988; Paytan & Griffith 2007). Although the mechanisms involved i inarite
formation are still unclear, and the various hypotheses proposed will be discussed in detail
below, it is accepted that biological organisms play an important part in this synthesis
(Stroobants et al. 1991; Bernstein et al. 1998; Dymond et al. 1992) and theydhieg of barium
in the oceans is intrinsically linked to the barite and biological cycles.

Due to the assumed nature of its precipitation marine barite is often referred to as
Z 1}P v] EJUuU] v Ul e pt% o0 EP % E}%}ES]}V }( §Z % ES] pO §
in the form of aggregated or discrete microcrystals (Bertram & Cowen 1997). The ubiquitous
} MHEE v }(u] &} EC+S oo0]v E]58 S$ZE}uP-EppdingFaradgxEo [« }  ve ]
in ocean geochemistry, as thermodynamic estimates consistently predict that the global ocean is
undersaturated with regards to pure solid phase Bai8@ll but a few key areas where
equilibrium and slight supersaturation are reached (Monnin et al. 1999). Even accounting for
realistic levels of strontium impurities, the global oceans are still undersaturated with regards to
this mineral (Rushdi et al. 2000; Monnin & Cividini 2006). These findings hmigpersals first
suggested by Goldberg and Arrhenius 1958 that the thermodynamic conditions required for
barite precipitation may be provided within microenvironments found in aggregates of ginkin
organic matter. Resolving the nature of these microenvironments and the processes which lead
to the formation of the necessary thermodynamic conditions is a major focus of current research
into the barite cycle.

Particulate barium in the water column does not only take the form of marine barite.
Barium is associated with various other particulate phases, including carbonates, opal, ferro-
manganese hydroxides, organic matter, and terrestrial silicates (Plewa et al. 2012; Gonneea &
Paytan 2006). Analysis of sediments traps and results from leaching experiments suggest that
terrigeneous barium and barite are the dominant forms (Gonneea & Paytan 2006; Dehairs et al.
1980; McManus et al. 1998), and the terrigenous signal can be removed by normalising
particulate barium to aluminium Al) or titanium (T)) (Dymond et al. 1992). The remaining barium
contentof suspendedmaé&t E ]« E ( EE 38} <« $Z4Bakes) @fipsuoccasionally
erroneously equated with marine barite. However it is important to note that although barite
crystals are found throughout the oceanic water column, including surface waters (Jacquet et al
2004, Sternberg et al. 2005, 2008), it is mainly reported as the principal carrier wibanly in
mesopelagic depths (200 to 2000 m depth). Previous studies have commonly fa@trmtium

excess in the upper mixed layer is dominated by barium associated with phytoplankton or
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enriched in the celestite (SQ) tests of acantharians (Hoppema et al. 2010), and the content of
these fractions in other levels of the water column and in sediments is variable and should not
be neglected (Gonneea & Paytan 2006; Schenau et al. 2001).

Observations of increased particulate barium fluxes associated with high levels of
biological activity in the surface oceans are a common theme within the literature on thés topi
(for example Dymond et al. 1992; Dymond & Collier 1996; Jacquet etldl) 26d formed the
basis of many initial theories linking the barium and biological cycles. Similarly, seveieg stu
have recorded decreased concentrations of dissolved barium in surface waters associated with
distinct biological events such as phytoplankton blooms (Nozaki et al. 2001; JacqueO&t7a
Hoppema et al. 2010). It appears that either by direct biological uptake or adsomitorcell
surfaces, phytoplankton concentrate and remove dissolved barium from surface waters.
Therefore sinking phytoplankton debris create a downward flux of barium out of the upper
mixed layer. During phytoplankton decay this labile particulate barium appears to be released
back into the water column, with a small fraction becoming concentrated in supersaturated
microenvironments and precipitating as barite (Bishop 1988). However, directly equating
increased particulate barium fluxes with decreaseBanconcentrations is not necessarily
straightforward; barium removed from solution may not be directly transferred to localebari
stocks (Jacquet et al. 2007). Difficulties are also encountered due to the differenagnitude
between the two reservoirs; in the open oceBry concentrations range from approximately 20
nM (surface waters) to 200 nM (deep Pacific) whilst particulate phase concentrations v
around several hundreds of pM (Griffith & Paytan 2012; Jacquet et al. 2007, 2011)

The distribution of dissolved barium in any region of the global ocean will be the
cumulative result of several different processes, including the provenance of the water mass in
question, the proximity to local inputs of dissolved barium, and the effect of any in-situ
processes leading to removal or addition. It is important to understand all of the cotitgp
factors to this overall distribution, particularly when seeking to interpret data in terms of one
process in particular. The different mechanisms concerned in the barium cycle may often have
conflicting effects on the observed distribution, for example, surface measuremeBis of the
Canadian Arctic Archipelago show little seasonal variation, possibly because major fluvial input
events occur concurrently with large pulses of biological activity that export barium from the
surface layer (Thomas et al. 2011). It is therefore essential to have a thorough awareness of all
the potential controlling factors at work in the barium cycle, including the ntadeaiof their

effects and their spatial and temporal variation.
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2.1.Inputs oBa; to the ocean

2.1.iRiverine inputs
Rivers are the main source of barium to the oceans, transporting fluxes of approximately

1 x13°moles/year (Chan et al. 1976) from regions of continental weathering. It is carried in both
dissolved and suspended phases, taking the form of ions or complexes in aqueous solution, ions
adsorbed onto particulate matter, or as atoms within the structural lattice of mineral grains
(Hanor & Chan 1977). The solute phase constitutes the bulk of the fluvially transported barium,
and enhanced concentrations of dissolved bariunyYBee routinely recorded in surface waters
around river mouths (Martin & Meybeck 1979; Savenko et al. 2006; Viers et a). Ba@@ever,
these fluvial fluxes of Bare often significantly enhanced in estuaries and other river-ocean
mixing zones due to desorption of barium from river-borne sediments. This phenomenon can be
observed in plots of dissolved barium concentration vs. salinity, with an initial increasge in Ba
with increasing salinity reflecting a rapid desorption of barium in the low salinity régi@nd
Chan 1979; Guay & Falkner 1998; Nozaki et al. 2001). This desorption is ritpsxpdained by
the ion exchange model put forward by Hanor and Chan 1977, which postulated that whilst clay
minerals preferentially adsorb barium from aqueous solution in fluvial waters, a sufficient
increase in the dissolved concentration of other cations will displace some of this barium
through simple mass-action. As the system is in chemical equilibrium, the addition of reactive
ions such as Mgwill drive the substitution reaction forward, causing an increase in the
displacement of B4, As the ratio of dissolved major cations such a§ KaandMg?* to B&*
increases significantly in river-ocean mixing zones a progressive removal of barum fro
adsorption sites is therefore to be expected, leading to an increaBeyiThis mechanism has
been supported by laboratory experiments (Li and Chan 1979), and predictive models of such a
scenario closely match observations (Hanor & Chan 1977; Hall & Chan 2004).

Natural variation in the barium content of river loads exists between different river
systems due to differences in weathering regimes and continental terranes (Hanor and Chan
1977 and references therein). Temporal variation throughout the year is also to be expected,
particularly in high latitudes where melt water run-off in spring and summer creates a distinct
seasonality to river discharge levels (Thomas et al. 2011; Mitchell et al. 2001; Guapek Fal
1998) Variation in the magnitude and location of estuarine desorption has alsoobsernved,
both between river systems and within individual localities (Coffey et al. 1997). This itgriabil
has been linked to hydrodynamic conditions such as flow rate within the estuary environment
(Coffey et al. 1997), and raises the possibility of secondary inputs of barium to theyestuar

system that are as yet unconstrained, such as groundwater discharge and desorption from
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intertidal sediments (Carrol et al. 1993; Moore 1997; Nozaki et al. 2001). iitagralso be
additional inputs oBas from glacial meltwater and icebergs, as these meltwaters can often act
as sources of macronutrients, trace metals, and rare earth elements to the coastal system
(Raiswell et al. 2008; Sherrell et al. 2015; Kim et al. 2015). Although isolated measureiments
alpine glaciers indicate that meltwaters contain low levelBaf(5 nM - Mitchell et al. 2001;
Fortner et al. 2009), thBay concentrations of coastal glacial systems has not been well defined,
and therefore represent an unconstrained input.

As the dominant external source of barium to the oceans is from riverine discharge, and
its uptake at the surface and regeneration at depth are linked to biological cycles, links have
been drawn between it and the behaviour of other dissolved constituents such as alkalinity (Lea
& Boyle 1989). Although not directly linked by the processes that control their behavieur, t
similarity in their sites of uptake and regeneration produces a clear co-variation in the modern
ocean (Lea & Boyle 1990; Lea & Spero 1992). This similarity in distribution has formed the basis
for the use of palaeo- barium distributions as a proxy for alkalinity, and will be discussed in

further detail in Section 3.3.

2.1.iiHydrothermal vents
Another input of barium to the oceans is through hydrothermal vent systems,

demonstrable by the massive concretionary and layered barite deposits near hydrothermal
vents of along faults associated with spreading ridge environments (Feely et al. 1990). This
hydrothermal barite precipitates inorganically when barium-rich fluids expelled from vents come
into contact with sulphate-rich seawater. Attempts to estimate the flux of barium from
hydrothermal sources has revealed large variations between different vent fields, with values
ranging from 1.1-6.1 x2noles/year (Edmond et al. 1979; Von Damm et al. 1985). These inputs
are clearly not insignificant, and vent environments are consistently enriched in barium
compared to average seawater, but the extent of local precipitation makes it difficult to
accurately constrain the fluxes involved.

The habit of inorganically precipitated hydrothermal barite crystals differs recognisably
from that of biologically mediated marine barite and is not thought likely to survive transport
over more than a few hundreds of metres (Feely et al. 1987; Bertram and Cowen 1997). It is
therefore reasonably assumed by many authors that hydrothermally associated barite is only a

locally important feature (Dehairs et al. 1980).

2.1.iiiRecycling from sediments
Another consideration in the broad barium budget of the oceans is the level of recycling

that occurs in pelagic sediments. Several investigations into marine barium distributions record
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significant barium enrichment in bottom waters and a decoupling between barium and silicic
acid trends that suggest a deep water input of barium (Jacquet et al. 2004; Hoppetha et

2010), whist benthic incubation experiments have directly recorded barium fluxes from
sediments (McManus et al. 1998; McManus et al. 1994). Due to the concentratiaemjréuht

exists across the sediment-water interface, with bottom waters invariably undersaturated with
regards to barite and pore waters usually at or above the level of saturation, a diffusive flux out
of the sediment is to be expected. Detailed pore water profiles from the Arabian Sea and the
Equatorial Pacific support the idea of these epibenthic fluxes, wiitt@&zcentrations in the

pore waters increasing sharply within the first few millimetres of sediment, creating a steep pore
water gradient capable of sustaining a diffusive flux &f Bathe overlying water column

(Schenau et al. 2001; Paytan & Kastner 1996). Such a flux could result in up to 70% @ the sol
phase barium delivered to the sediments being recycled, with reactive barium released from
skeletal and organic material (Li et al. 1973; Paytan & Kastner 1996; Schenau et)al. 200
Attempts to estimate these epibenthic fluxes from pore water concentration gradients have
udlols &) I[* (JE+S 0o A }( 1((ue]}v u} ](]stthat@Ehesinphufrordehis v spPP
regeneration can range from 15 to over 50 nmot<cyear! (Paytan & Kastner 1996; McManus

et al. 1998).

2.2.Export and burial

The major output of dissolved barium from the ocean is the formation of particulate
barium, most commonly via the precipitation of barite, and its subsequent sedimentation and
burial. Despite the undersaturation of much of the global ocean with respect to barge, it i
thought that high sinking speeds allow a relatively large fraction of the barite formed within th
water column to reach the sediments without dissolution (Paytan et al. 2007). This marine barite
accumulates at the sediment-water interface along with other barium-bearing particulate
matter from the water column, including terrigeneous barium, barium associated with biogenic
opal and carbonate, and adsorbed onto iron and manganese hydroxides (Plewa et al. 2006;
McManus et al. 1998). The preservation potential of these various barium phases, particularly
marine barite, is of great importance when considering the use of barite (or barium
concentrations in sediments) as a palaeoproxy for export production/productiwiméd et al.
1992; Francois et al. 1995; Fagel et al. 2002). In order to reliably interréatium/barite
concentration within sediment cores, the relationship between barite delivered to the sediment
and that preserved must either be consistent or predictable from knowledge of other

parameters.
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Generally barite is thought to be highly refractory in oxic conditions, with a pissnv
potential much greater than that of organic carbon or biogenic silica; an estimated preservation
potential of 30 % compared to <1 % for organic carbon and around 5 % for isicgma
(Dymond et al. 1992; Paytan & Kastner 1996). This low solubility is one of tbasdasits
great potential as a proxy for export productivity. Nevertheless there is a distinct heterogeneit
observed in the burial efficiency of barium over different oceanic areas (McManus et a). 1999
therefore it is equally likely that the efficiency in any one area will have varied over time. Several
factors have been proposed as the major controls on the degree of barium preservation within
the sediment, but the relationships involved have not all been well established or quantified.

The three most important factors that have been proposed are mass accumulation rate,
the saturation state of deep waters, and diagenetic reactions due to redox conditions, although
there are other factors such as sediment provenance, reworking, and bioturbation whose effects
are largely unknown (Fagel et al. 2002). The importance of mass accumulation rates, both of the
sediment generally and the level of barite within the sediment, lies in its control over the length
of time accumulating sediments are exposed to the undersaturated bottom waters. Rapid rates
of accumulation should allow a greater degree of preservation, as deposited sediments will be in
contact with the bottom waters for a shorter period of time (Dymond et al. 1992; McManus et
al. 2002). Although theoretically sound, surveys do not always record predictable co-variation
between preservation potential and mass accumulation rates (Schenau et al. 2001). Moreover,
regions with very high sedimentation rates, specifically continental margin settings, usually
exhibit poor levels of preservation (Von Breymann et al. 1992; Hendy 2010). This intliaates
other factors such as the redox state of the sediment may be of greater importance when
considering levels of preservation, although accounting for changes to sedimentation rates
should not necessarily be neglected.

Having considered the impact of how long sediments are in contact with undersaturated
bottom waters, it is logical to also consider the degree of undersaturation of the waters
themselves. As discussed above, early diagenetic dissolution is thought to be controlled by
concentration gradients across the sediment-water interface. These gradients, and therefore the
magnitude of dissolution, can be altered by variations in the saturation state of the bottom
waters. It is predicted that barite saturation states vary both laterally and vertically throughout
the ocean (Monnin et al. 1999; Rushdi et al. 2000; Monnin & Cividini) 200&refore, the
preservation potential of barite in sediments will be to some degree dependent on its
geographic location and the depth of the sediment-water interface. Good correlations have

been shown between barite saturation index and barium accumulation rates in the upper
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2000m of the Arabian Sea, and is thought to account for the increased barite preservation wi
depth observed in this region (Schenau et al. 2001).

During very early diagenesis barium is thought to be released from reactive phases and
concentrated in the pore waters of the upper few milimeters of sediment (Paytan & Kastner
1996). The nature of these reactive phases is not well constrained, but is most likely to be
barium adsorbed onto or incorporated into biogenic material such as opal and carbonates
(Paytan & Kastner 1996). Under these oxic conditions, barite remains highly refractory (Henkel
et al. 2012). However, if the flux of organic matter to the sediment is such that aerobic
respiration consumes all of the available oxygen within the sediments, then the oxidation
process will progress through a series of subsequent oxidants of decreasing efficiency. In order
of use and decreasing energy production per mole of organic carbon consumed these oxidants
are: nitrate, managanese oxides, iron oxides, sulphate, and methane (Froelich et al. 1979). As
this progression takes place the pore waters within the sediments undergo equivalent shifts in
redox conditions, accompanied by the release of ions from the reaction of the new oxidant.
When sediments reach sufficiently anoxic conditions for sulphate reduction to occur t¢ime of
reactant phases is barium sulphate, and'Bans are released into pore waters (Van Santvoort
et al. 1996; Henkel et al. 2012). These ions can then diffuse through the pore spaces of the
e Ju vSe JE JvP 3} &] I[* « }v o A }(-precipitati}whew suffici@ntE
sulphate concentrations are encountered (Van Santvoort et al. 1996; Torres et al. 1996).

The occurrence of such sulphate reduction conditions within the sediments obviously
compromises the preservation of solid phase barite, and raises the possibility of extreme
diagenetic remobilisation of barium. This remobilisation, migration, angreeipitation of

USZ]P v] E]S ] $Z}uPZzZs §} E *%}ve] 0 (}& o C &E v }v €& §]]
deposits within sediments, often marking the redox boundary between sulphate and meethan
consumption (the sulphate-methane transition or SMT) (NUrnberg et al. 1994 yvilliabo et al.
2006; Hendy 2010; Henkel et al. 2012). Due to the potential misinterpretatiantbigenic
barite fronts, and the potential diagenetic removal of barium from its original site of depasi
areas that have undergone sulphate reduction are unlikely to be useful in reconstructing
patterns of barium accumulation. It is also likely that this kind of diagenetic overprinting caused
by high fluxes of organic matter to the sediments is responsible for the low levels of barite
preservation observed in near shore continental settings (McManus et al. 1998).

It has been suggested that sulphate reduction may occur not just in fully anoxic

sediments, but in anoxic microenvironments within sub-oxic or oxic sediments (McMaals e

1994, 1998). These microenvironments would most likely form around aggseghbrganic
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matter; however, the association of barite with such aggregates is not routinely observed below
the subsurface (about 200 m), where bacterial decay is thought to break down the aggregates
and disperse the discrete barite crystals into the water column (Stroobants et al. T984).

makes it unlikely that barite crystals would be regularly associated with such bio-aggregates
within the sediment. Such a scenario would also be expected to produce a negative correlation
between levels of organic carbon and barite concentrations within the sediment. As this is not
commonly observed, it is unlikely that anoxic microenvironments play an importantrole i

barite diagenesis (Schenau et al. 2001).

2.3.Biogeochemical cycling in the water column

Numerous observations regarding the distribution of dissolved and particulate barium
throughout the global oceans suggest that there is a significant relationship between barium
geochemistry in the oceans and biological cycling. The link between barite and praguesisi
first suggested by Goldberg and Arrhenius 1958, who recorded high rates of barium
accumulation in sediments beneath highly productive areas of the Pacific Ocean, and in the
1970s surveys from the GEOSECS expeditions (Wolgemuth & Broecker 1970; Bainbridge 1982;
Weiss et al. 1983; Ostlund et al. 1987) established the nutrient-like profile of barium in the
oceans. Filtration studies have since shown that areas of high biomass and productivity typically
coincide with higher concentrations of barium in suspended matter, and mesopelagic particulate
barium correlates with the rate of oxygen consumption in the water column as well as vertical
patterns of bacterial activity (Dehairs et al. 1980; Bishop 1988; Jacquet et al. 2007, 2011)
Sediment data show a strong positive correlation between fluxes of organic carbon and barium
(Dymond et al. 1992; Dymond & Collier 1996), and high barite saturation states often
correspond with the depth of maximum respiratory activity (Thomas et al. 2011). More recently,
improvements in detection precision have allowed the correlation between biological events
and concentrations of dissolved barium in surface waters to be reliably reported: non-
conservative mixing behaviour at river mouths has been associated with uptake by
phytoplankton blooms (Nozaki et al. 2001), and &apletions in surface waters in the North
Pacific and Southern Oceans have been linked to high productivity events (Esser & Volpe 2002;

Hoppema et al. 2010).

2.3.iBiogenically mediated precipitation of marine barite
Whilst it is accepted that biology plays a key role in the barium cycle, the exact nature of
its role has been the cause of some controversy. One process that has attracted a great deal of
attention, and is still not fully resolved, is the formation of barite in the water column. As

discussed above, barite in both its pure and impure forms is almost globally undersaturated in

Chapter 1 - Introduction11



the oceans (Monnin & Cividini 2006), yet barite microcrystals are found throughewtaker
column, particularly at mesopelgaic depths (200 to 260Q@Dehairs et al. 1980, 1991). It is
commonly held that this scenario is possible because the precipitation of bariteagibaily
mediated, either directly or indirectly.

It is thought that some protozoans and algae do precipitate barite directly, although its
biological function is not always clear (Finlay et al. 1983). For example, discrete intaacellul
granules of barite are found inoxodesan abundant planktonic freshwater protozoan, and in
some species of green algae (Finlay et al. 1983; Wilcock et al. 1989). In some of thasesrg
barite inclusions appear to be an integral biological feature, perhaps acting as statoliths involved
in gravitropic responses, and it is thought that they may play a significant role fnetbhwater
barium cycle (Finlay et al. 1983). However, in marine waters no equivalent planktonicsargani
have yet been described that actively precipitate barite (Griffith & Paytan 2B&2ram &

Cowen (1997) described rare occurrences of barite crystals precipitated by benthic foraminifera,
and discrete intracellular crystals of barite are found in fairly high concentrations within
Xenophyophoredyenthic protozoans that live mainly in the deep sea (Fresnel et al. 1979;
Gooday & Nott 1982; Levin 1994). There is no formal estimate of the lootim of these

benthic organisms to the barite budget of the ocean, but it is not thought to befiignt

(Griffith & Paytan 2012), and it has been suggested that crystals precipitated in this way are
morphologically distinct from those that make up the majority of sedimentary barite (Bera
Cowen 1997).

In the absence of the necessary evidence to support direct biological precipitation,
hypotheses involving biologically mediated passive precipitation have been put forward. The
most popular and supported of these is the idea that aggregates of decaying organic matter
provide the necessary thermodynamic conditions for barite precipitation withirmtained
microenvironments (Dehairs et al. 1980; Bishop 1988; Francois et al. 1995). Referrdigeto as
ZYEP v] PPE P § u} o[U 18 % E}%}e » $Z § §Z C }( %ZC8}% 0 Vit
material releases the necessary barium and/or sulphate to create conditions within the

aggregates that are supersaturated with respect to barite (Figure 1-2)
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Figure 1-2: Schematic representation of the aggregate model of barite formation:
microcrystals of barite precipitate inside microenvironments that become enriched in barit
and/or sulphate as biogenic material decays.

As the decay process continues the sinking aggregates are thought to eventually break
up, and release the discrete barite microcrystals into the water column. This theory has been
supported by detailed scanning electron microscopy- electron microprobe work by Stitsaian
al. (1991) on samples from the Scotia-Weddell Sea Confluence (Southern Ocean). They identified
barite crystals mainly contained within large bio-aggregates in the upper 200 re ofater
column, and below this as free discrete particles. The link between barite precipitation and
organic matter decay also tallies with the commonly reported increase in particulate barium at
mesopelagic depths, often directly coincident with sites of floc-accumulation (Jacquet et al.
2007), and correlations between maximum particulate barium fluxes and maximum oxygen
consumption (Dehairs et al. 1997). The role of bacterial degradation is also supported by
observations that vertical barite fluxes co-vary with bacterial activity, that barite fluxes are
reduced when efficient remineralisation in surface waters reduces bacterial activity at depth,
and that direct bacterial involvement in barite precipitation has been demonstrateémund
laboratory conditions (Jacquet et al. 2011; Gonzalez-Mufioz et al. 2003) 2

Variations on this model have arisen due to disagreements over the source of the

released barium and sulphate required to bring the microenvironments to supersaturation with
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respect to barite. It has been argued that additional sources of both components are needed,
and that these could be provided by dissolution within the aggregates of acantharian test
(Bernstein et al. 1992; Dymond & Collier 1996; Bernstein et al. 1998; Bernstein &Bg#é)e
Acantharians are protists that secrete celestite tests (9r#ich are often enriched in barium.
If this is the case, and acantharian tests are a requirement of marine barite formation, then its
use as a palaeoproductivity proxy would be severely limited.

dZ]e Z o0 *35]8S u} o] o°*} }v(E}VSe VvV Ju%}ES vS Jeep Vv}S ]JVv]S] oc
proponents of the organic aggregate modsf barite precipitation occurs concurrently with
organic matter degradation at mesopelagic depths, a mechanism is still required to create a flux
of barium downward from the surface layer. Studies have since shown that phytoplankton do
appear to have an active role in the uptake of dissolved barium from surface waters (Stecher &
Kogut 1999; Esser & Volpe 2002; Hoppema et al. 2010), and Ganeshram et al. 20§f3ohave
experimentally that decaying phytoplankton can produce the necessary conditions for passive
barite precipitation. Moreover, the surface Baepletions observed by Esser and Volpe 2002 in
the North Pacific were associated with biological activity with no commensurate depletion of Sr
suggesting that the drawdown could not be attributed to precipitation of acantharian celestite.
From this evidence it appears that the organic aggregate theory is still the most feasible

explanation for barite precipitation.

2.3.iiAbiotic precipitation of marine barite

There are also a number of processes not linked directly to productivity that may affect
the internal geochemical cycling of barium in the oceans. For example, barium accumulation
rates (already corrected for lithogenic input) have been found to correlate with terrigeneous
accumulation rates and accumulation rates ofikes(a parameter used to track iron oxides)
(Schroeder et al. 1997). It has been suggested that this could be due to adsorption of barium
onto, or growth of barite crystals within, organic coatings on aeolian particles. It is equally
possible that aeolian dust inputs may introduce iron oxides that scavenge bawi@pandently
of biological activity (Schroeder et al. 1997; Sternberg et al. 2005). In the few areastidere
surface ocean is saturated or slightly supersaturated with respect to barite, such as some regions
of the Southern Ocean, the potential for inorganic barite precipitation must also be given greater
consideration. Within sea-ice dominated areas, extreme solute concentration within brines may
result in supersaturation and inorganic precipitation, and may be accompanied by barite
precipitation associated with organic matter degradation within sea-ice (Carson 2008eidapp
et al. 2010). Although freezing experiments in laboratory conditions have showrideneg for

barite formation (Taylor et al. 2003), strongsBkepletions in surface waters associated with ice-
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edges in the Arctic suggest that the influence of sea-ice on local biological activity should be

considered when discussing barite formation (Guay and Falkner 1997).

2.4.Large scale ocean circulation and mixing

As well as the influence of internal biogeochemical cycling, barium concentrations in the
ocean are also controlled by physical factors such as proximity to sourBas(obntinental
run-off and hydrothermal vents) and the circulation of water masg&gi(e 1-3) Regional
circulation features have been found to have a strong influence on the distributiory¢&Bath
Atlantic t Horner et al. 2015; Southern Oceadacquet et al. 2004; Hoppema et al. 2010), and
Bay variation in deep waters can be broadly explained by conservative mixing of water masses
associated with large scale oceanic circulation (Horner et al. 2Didinguishing the
biogeochemical interplay between the dissolved and particulate barium pools from conservativ
mixing between water masses of differingsBancentrations is one of the crucial difficulties
involved in understanding and interpreting the ocea# distribution. New tools such as the
study of barium isotopes (see Section 3.6) are being applidd-tmnvolve these different

processes (Horner et al. 2015; Cao et al. 2016).
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Figure 1-3: Summary schematic of the major inputs (river run-off, hydrothermal ven
benthic fluxes) outputs (sedimentary burial), and biogeochemical cycles (association with
biogenic material, barite formation and dissolution) involving dissolved barium in the oces
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2.4.iDistinctive continental signatures

As the dominant input oBa; to the oceans is through continental run-off via rivers,
oceanic water masses with a significant freshwater component may develop distinctive efissolv
barium concentration signatures. This elemental abundance can be used in conjunction with
more traditional tracers such as salinity, oxygen, nitrate etc. to identify the sources of freshwater
inputs (Falkner et al. 1994; Yamamoto-Kawai et al. 2010). This has been demonstrated in the
upper Arctic Ocean and its adjacent séhsA Z @ cam be used to distinguish between river
run-off and sea-ice melt, and Beoncentrations can then be utilised to determine whether the
river run-off is of North American or Eurasian origin (Guay & Falkner 1997, 1998; Taylor et al
2003; Thomas et al. 2011). Barium can be used as an effective tracer in these circumstances
because of the natural variability in barium loads between the major Arctic rivers, whicktpersi
as a distinctive signal well beyond their estuaries and into the basin itself (Guay & F&88gr 1
Attempts to construct a barium budget for the Arctic basin indicate that on an annual and basin-
wide scale barium can be assumed to act as a conservative tracer despite the uncertainties
introduced by its biogeochemical cycling (Taylor et al. 2@D&r the scales involved such non-
conservative behaviour is thought to be sufficiently suppressed by the ice-field for its dffects
be regionally insignificant (Taylor et al. 2003). However, the rapid retreat of Arcticesezay
well increase the dominance of thesemconservative processes, making it even more

imperative to have a greater understanding of the biological cycling of bariunan waters.

2.4.iiLateral shelf transport

As well as a tracer of freshwater inputs, barium has also been utilised as a tracer of shelf
waters (Moore & Dymond 1991; Roeske et al. 2012). Due to their similaresoamd chemical
properties barium is often considered an analogue for radium (van Beek et al. 2009) andl Ba an
226Ra generally show a linear correlation wAtPRa /Ba ratios fairly constant throughout the
ocean (Li et al. 1973; van Beek et al. 2007). However, Moore and Dymond et &).qtt98rved
that in sediments traps in the Pacific Ocean this ratio decreased with depth, accompanied by an
increase in particulate fluxes of Ba and Al. These observations have been attributed to the
introduction of horizontally transported particles (including barite) from continental margin
~D}}E Vv Cu}v i68ieX dZ « Z}o E[ SE Ve+% }P3Ra/Ba@ié] o » AJoo Z
due to the decay of?®Ra over time. Therefore the observed relationships between radium,
barium, and aluminium can potentially be used to infer the contribution of particulateitvari
from laterally advected fluxes. It has been proposed that such horizontal transport of
resuspended barite and/or refractory organic matter may be one factor responsible for the

poorly constrained correlation between particulate barium and organic carbon in nearshore
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areas (Fagel et al. 2002; Plewa et al. 2006). Therefore these relationships may be useilyl not o
for tracing shelf waters, but for distinguishing between local and transported particulate barium

signals.

3. Proxy potential in the modern ocean and the geological record

Due to its association with organic matter various methods have been established for

using barium as a proxy for export productivity, both in the modern ocean (Jacquet et al. 2007,
Thomas et al. 2011) and in sediment cores representing past oceanic conditions (Thompson &
Schmitz 1997; Nurnberg et al. 1997). Additionally, the inclusion of bariunsketetal carbonate
is assumed to represent the ambient barium concentration at the time and location of its
growth, enabling Ba/Ca ratios in foraminifera tests and scleractinian corals to be used to
reconstruct past oceanic barium concentrations. These barium concentrations are then utilised
as proxies for various oceanic conditions and events, from alkalinity to pulses of deglacial
meltwater (Lea & Boyle 1989; Lea & Boyle 1990; Hall & Chan 2004; Plewa86al.I%is also
possible to use the chemical and isotopic signatures of elements incorporated in to marine
barite to reconstruct palaeoceanographic conditions (Griffith and Paytan 2012 and references
therein).

These various ways of using barium to develop our understanding of past and present
ocean processes are explored below. As well as highlighting the great potential of barium as a
proxy, it is also clear that the reliability and application of these methods can liegously

improved via a greater understanding of the barium cycle.

3.1.Biogenic Ba in sediments

The observed association between barium enrichment in sediments and the productivity
of overlying waters, particularly in highly fertile regions of upwelling, formed the first frasis
utilising barium as a proxy for palaeoproductivity (Goldberg and Arrhenius 1958). Subsequent
research aimed at establishing the link between biological cycling and the formation aemari
barite (Stroobants et al. 1991; Dymond et al. 1992; Dymond & Cdlig§)has strengthened
this hypothesis, although many caveats and unknowns still exist regarding its application. The
distribution of barium in deep sea sediment cores has been used by several authors as a
qualitative means of assessing changes in palaeoproductivity (Thompson & Schmitz 1997;
Schmitz 1987), with increased concentrations of non-terrestrial particulate barium interpreted
as the result of increased productivity in overlying waters. This proxy has been applied over a
range of timescales, from the Palaeocene-Eocene-Thermal-Maximum (PETM) (Paytan et al.

2007) to the present (Hernandez-Sanchez et al. 2011; Jacquet et al. 2011).
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Quantitative approaches to this proxy have also been formulated. Dymond et @2) (19
and Francois et al. (1995) used the ratios of organic carbon/biogenic barium in globatisedim
trap data to identify a predictable relationship between export production and barite flux to the
seafloor. From this relationship a quantitative algorithm can be derived which enables the
estimation of new production from biogenic barium accumulation rates. Such an algorithm was
proposed by Dymond et al. (1992) which also incorporated a factor related toskelded
barium concentration of the water column. This was included to account for a spatial trend
observed in global &g/bio-Ba ratios that suggested particulate barium uptake may be influenced
by the dissolved barium content of seawater (Dymond et al. 1992). However, afterdigam
the initial sediment trap data, Francois et al. (1995) produced a simplified equation which
removed the Baterm. This larger dataset indicated that particulate barium uptake is not
systematically dependant on the dissolved barium content of seawater (Francois et gl. 1995
This conclusion has been further supported by laboratory-based studies which suggest that it is
the availability of microenvironments, not the diffusion of barium from the surrounding
seawater, which is the rate-limiting step in barite formation (Ganeshram et al. 2003).

Although the link between productivity and the biogenic barium content of sediments is
well supported in theory (Dymond et al. 1992; Dymond and Collier 1Bg8juet et al. 2011),
there are several practical difficulties involved in using it to derive reliable estimates of
palaeoproductivity (e.g. Dymond and Collier 1996; Fagel et al. 2002; Paytaniffitid ZD07).

One major problem is the unknowns surrounding the preservation potential of barite in the
sediment. As discussed above the general assumption is that barite preservation is reasonably
high due to its low solubility in oxic conditions (Dymond et al. 18@¥tan and Kastner 1996).
However, changes to the redox conditions of the sediment over time (sulphate reduction in
particular) could lead to variations in the level of barite preservation. Such changes matpneed
be accounted for in order to derive accurate interpretations from barite records (Henaly et
2010). The matter of sediment redox history is of particular importance when considering near
shore/margin settings due to the high likelihood of the sediments bearing a diagenetic overprint
from anoxic conditions (Von Breymann et al. 1992; Fagel et al. 1999). For this, ress®f

biogenic barite as a palaeoproductivity proxy is generally restricted to obsenamges in

areas of low-moderate productivity (Tribovillard et al. 2006). Even in open oceamseahere

are unconstrained factors such as sediment reworking and bioturbation that may affect the
preservation of productivity signals in barite deposition (Fagel et al. 2002). HovBavggsshas

been found to provide accurate estimates of carbon export (tested against other exporegroxi

even in complex settings such as the naturally Fe-fertilised Crozet Plateau (Southern Ocean),
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provided that appropriate corrections are undertaken for lithogenic inputs, sediment focussing,
and barite preservation (Hernandez-Sanchez et al. 2011).

These corrections are a crucial stage in the application of sedimentacy-8a a
reliable palaeo-proxy, and face two main complications. Firstly, an important challenge when
using this correction is that the Ba/Al ratios of lithogenic components are not always well
constrained, and the source and composition of this siliciclastic fraction is likedyytan time
and space (McManus et al. 1998; Schenau et al. 2001; Hendy 2010) Despite such uiesertain
Baxcesscorrected for in this way is regularly used as a proxy for the biogenic barite content of
sediment. Secondly, this correction assumes that any other non-barite phases are either
negligible or that they behave similarly to biogenic barium. Sequential leaching studies by
Gonneea and Paytan (2006) have shown that this is not the case; non-barite phases can
sometimes constitute 20-40% of &ass and do not co-vary predictably with export productivity.
Therefore in order to establish a reliable measurement biogenic barite in sediment, it may be
necessary to apply extraction methods that can isolate the marine barite fraction (Paytan and
Griffith 2007).

3.2.Baxcessenrichment in the water column

As barite formation is thought to be associated with bacterial degradation of organic
matter (Gonzalez-Mufioz et al. 2003; 2012), it has also been suggested that the conceuntration
discrete barite microcrystals in the water column can be used as an indirect proxy for the
mesopelagic mineralisation of organic matter in the modern ocean (Jacquet et al. 200haCardi
et al. 2005). Recent attempts to derive carbon export fluxes from mesopelagic:Bathe
Southern Ocean have not tallied well with estimates produced from other proxies, such as
bacterial activity (Jacquet et al. 2011). This may reflect discrepancies in the timescales of the
processes involved, and suggests that further work is needed before this proxy can be reliably
applied. On the other hand, reasonable estimates of organic carbon export have been derived in
the Canadian Arctic using a similar approach (Thomas et al. 2011). In this case, a value for
biogenic barium formation (equivalent to &as) was computed using discrepancies between
observed concentrations of dissolved barium and projections of the concentrations expected if

barium were behaving conservatively (Thomas et al. 2011).

3.3.Ba/Ca in skeletal carbonate
The incorporation of trace metals into marine carbonate is often exploited in attempts to
reconstruct past oceanic conditions. Of particular interest to researchers is the ability to
reconstruct patterns of past deep ocean circulation through the distribution of refractory

nutrients (Lea & Boyle 1991). Dissolved barium is particularly useful in this instance because of
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its observed co-variation with alkalinity and dissolved silicate (Figure 1-4), rgduttin their

shared sites of uptake and regeneration. It has therefore been proposed that past distributions
of alkalinity in deep water masses could be reconstructed from past distributions of dissolved
barium, providing insights into the upwelling and lateral transport of deep waters (Lea ared Boyl
1989). Provided that the incorporation of barium into marine carbonate is representative of the
ambient concentration in seawater, it should be possible to reconstruct these past distributions

from the Ba/Ca ratio of benthic foraminifera, corals, and other skeletal carbonate material.
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Figure 1-4: Scatter plots showing the relationship between dissolved barium and
a. Alkalinity; and b. Silicate from the GEOSECS global database
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The size difference between barium and calcium ions (1.35A vs. 1.00A) (Shannon 1976)
has led to suggestions that the incorporation of barium into calcite should be limited by steric
incompatibility (Pingitore 1986). However, Lea and Boyle (1989) foundhidia/Ca ratios in
benthic foraminifera from recent sediment core tops increased linearly with the barium
concentrations of bottom waters. Additionally, Lea and Spero (1992) used cultured foraminifera
to demonstrate that barium uptake into the calcite lattice responds linearly to increased
seawater barium concentrations under laboratory conditions. This suggests that at the low
concentrations of barium found in the oceans its uptake is unhindered by steric incompatibility
and increases in proportion with ambient concentrations. Records of relative barium \griabil
produced in this way have shown sensitivity to accepted climate cycles that highlight its
potential as a palaeoceanographic tracer (Lea & Boyle 1990).

Calibrations of Ba/Ca in skeletal material with contemporaneous seaBajdrave
opened up the possibility of making quantitative reconstructions of past seaBatealthough
observed differences between the incorporation of Ba in different coral taxa have highlighted
the need for taxon-specific calibrations if absolute Beonstructions are to be accurate
(LaVigne et al. 2016)

3.4.Ba/Ca and Baciay as records of freshwaters fluxes

Whilst past distributions of barium recorded by benthic foraminifera may yield clues
about alkalinity and deep water circulation, Ba/Ca in planktonic foraminifera can be used to
track past changes in the barium concentration of surface waters (Lea and Spero 1994).
Experimental results indicate that barium uptake into foraminiferal calcite can be taken as a
reliable indicator of ambient barium concentrations (Lea and Boyle 1991; Lea armw1992
LaVigne et al. 2016). Laboratory cultures also demonstrate that the uptake mioBa i
foraminiferal tests is not appreciably affected by variations in temperature and salinity @nat m
be experienced by surface waters (Lea & Spero 1994), and appropriate cleaning methods have
been devised to ensure measurement of only lattice-bound barium (Lea and Boyle 1991).
Sediment core records of Ba/Ca ratios produced using these methods show elevated barium
concentrations coincident with apparent meltwater pulses, corroborated by oxygen isotope data
(Hall and Chan 2004). Elevated barium signals can be attributed to enhanced levels of barium in
riverine discharge due to increased weathering and erosion during deglaciation, increased
export of freshwater due to ice-sheet retreat, or desorption from shelf sediments during sea-
level rise (Lea and Boyle 1991; Hall and Chan 2004; Plewa et al. 2006).

In addition to Ba/Ca in planktonic foraminifera, past and present surface ocean

freshwater changes have also been reconstructed from other calcifying organisms, including
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coralline algae (Hetzinger et al. 2013) and warm-water corals (Sinclair & MdC20104; Allison
& Finch 2007). Furthermore, some researchers have suggested that peaks in the total barium
content of the clay fraction (Baiay) in sediment cores can be equally indicative of freshwater

discharge events, as they indicate an increase in terrigenous output (Plewa et al. 2006).

3.5.Sr/Ba in marine barite
Records of cation substitution in marine barite itself can also be explored, with the

abundance of elements substituting for barium in the crystal lattice used to reconstruct their
distribution in sea water at the time of formation. The most common substitutions for barium
(B&*) are strontium (SF) and calcium (C3, as well as potassium*fkradium (R%), lead (PF),
and rare earth elements. Minor substitutions by iron, copper, zinc, silver, mercury and vanadium
have also been reported (Griffith and Paytan 2012 and references therein).

As strontium is one of the most common impurities incorporated into marine barite
during its formation in the water column, the Sr-isotopic composition of sedimentary beite
been investigated as a means of reconstructing the palaeoceanographic Sr-isotopic ratio of
seawater (Paytan et al. 1993). During the course of such studies it has been observed that
strontium concentrations in barite crystals from superficial sediments are lower than those
sampled from the water column (Bertram and Cowen 1997). Subsequent investigations have
revealed that mean Sr/Ba ratios in barite from cores in the Pacific and Southern Oceans appear
to decrease with increasing water depth (Van Beek et al. 2003). One explanation for these
observations is that Sr-rich barite crystals dissolve preferentially in the water column, so that as
barite dissolution increases with depth strontium is disproportionately removed caeurn,
and thus the Sr/Ba ratio decreases. Van Beek et al. 2003 suggested that this water-depth
dependence of the Sr/Ba ratio recorded in sediments could therefore be developed as a proxy

for the level of barite dissolution that the sediments have experienced.

3.6.Barium isotopes in seawater and particulate barium

Dissolved barium has been shown to correlate in the global ocean with silicate and
alkalinity, displaying a nutrient-like profile with depth (Wolgemuth & Broecker 1970; Badtai
al. 1980). This apparent biologically-mediated distribution has been attributed to the cgétling
marine barite, which is thought to precipitate in specific microenvironments formed around
decaying organic matter (Bishop 1988). However, as barite precipitation and dissolution are not
thought to be diatom-dependent (Ganeshram et al. 2003) there are many questions still to be
answered regarding the strong co-variation of barium and silicate in the ocean.

D suE]VP 8§Z 8 o0 ]e}8}%¥Bh(sTtEigtion 1-2) in seawater and in

particulate barium can provide insights in to mechanisms of barite cycling, as thesditgges
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of barium are preferentially incorporated into barite when it forms (von Allimen et al. 2010),
leaving the residual water mass isotopically heavy and depleted in dissolved Ba.

The relationship betweeBaand silicate can be investigated using paired concentration
measurements and B& %4 values Ecuation 1-1) to identify areas where these elements de-

couple

BaResidual = gg Measured _ ((Gj(QH),Measured * g|5ne of correlation) + intercept))

Equation 1-1

If this de-coupling is driven by barite precipitation then this will be shown by variation in
EJpu J}8}% u - EB3Band): whereas if the main driver is silicate
remineralisation then barium isotopesZ } p o v (( 8§ X dZ1*¥1¥Baustipe w
altered by barite cycling, but should be unaffected by silicate cycling (Sternberg et al. 2005;
Horner et al. 2015). If the decoupling is being dominantly driven by water mass migmthik
wilb Ale] o ]Jv u]Z£]vP o]¥Bea V& 4/fBa] spdoe (Worner et al. 2015; Cao et al.
2016).

138 134
Ba/ Basample

138Ba/134Bayjst srM 3104a

5138/134g4ior = ( - 1) x 1000

Ecuation 1-2: Standard delta notation af?®'3‘Ba relative to a standard (NIST SRM 3104

4. Understanding barium cycling in Antarctic waters

As discussed in Section 3, there are many proposed uses of dissolved and particulate
barium as proxies for past and present oceanic conditions such as export production, alkalinity,
and meltwater input (Jacquet et al. 2007; Lea and Boyle 1989, 1990; Hall and O4anrae
reliability of these proxies is underpinned by how well we understand the oceanic barium cycle,
and its relationship with all of the processes that affect it. Whilst this understanding has
increased significantly over the past several decades it is by no means comprehensive. Several
UVIV}Ave ¢8]Jo0 E u JvU ep Z « 32 £ v 3SuUE }( EJule- o]vl 8} &
this is reflected in the dissolved and particulate pools, the extent of abiogenic barite formation,
and factors influencing barite preservation.

One way to address these issues is to further investigate the factors influencing the

distribution of dissolved barium in the modern ocean. The responses of this dissolved pool to
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external factors such as biological activity, sea-ice formation, dust fluxes, and meltwater input
could help to reveal the nature and extent of their involvement in the barium cycle. In the
following chapters | investigate these responses using high resolution ID-ICRRadGrements

of dissolved barium in the Scotia Sea, the Weddell Sea, and the waters adjacent to the West
Antarctic Peninsula. This investigation will hopefully lead to a greater understanding of what
factors affect the barium cycle in this region, and how the application of barite formation as a
proxy for palaeoproductivity and/or barium distributions as a proxy for alkalinity or freshwater
fluxes can be better constrained.

The aims and objectives of this study are therefore as follows:

0 To measure the dissolved barium concentration of seawater in the waters of the
Southern Ocean adjacent to the West Antarctic Peninsula, resulting in a dataset that
shows the horizontal and vertical distribution of ocedB in this region.

0 To use this dataset, alongside ancillary parameters, to investigateBapim this region
varies in relation to:

f Productivity indicators such as macronutrient concentrations,aChl-
concentrations, and estimates of primary production

f Silica cycling, primarily through the distribution of silicic acid

f The freshwater regime, including fluxes of meltwater and the forming and
melting of sea ice

f The physical structure of the water column and the movement of different
water masses

o0 To further investigate the role of sea ice formation and melting in barium cycling by
comparing measurements &fa in whole ice and interstitial meltwater samples from
the WAP and from the Arctic Sea.

0 Once investigated, to incorporate these relationships into a more thorough picture of
barium cycling in Antarctic waters, and to consider the potential impacts on the use of
barium proxies in this area.
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Chapter 2

Methodology

This chapter primarily concerns the measurement of dissolved bariugh i(Bseawater
and sea ice samples from the Southern Ocean and the Arctic Ocean, which were carried out
specifically for this thesis. The collection of ancillary data such as macronutrient concentrations,
temperature, salinity, and oxygen isotope measurements were all carried out by third parties,

and methods will be briefly described in the appropriate data chapters.

1. Measuring Bain seawater and sea ice

In recent decades, investigations throughout the global ocean (the Southern Ocean:
Jacquet et al. 2005, 2007; Hoppema et al. 2010. The Arctic: Thomas et alTR®Equatorial
Atlantic:Esser & Volpe 2002) have shown that it is possible to form a more comprehensive and
quantifiable understanding of the oceanic barium cycle through detailed studies of the
distribution of dissolved barium. These detailed studies have been made possible by
development of an ID ICP-MS method, which can be used to produce high precision datasets of
dissolved barium concentrations using only a few millilitres of seawater, without the need for

any separation chemistry.
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This chapter will outline the method used and details of how the accuracy and precision
of the results have been checked, including repeat measurements, long-term reproducibility o

standards, and inter-laboratory calibrations.

1.1. Capturing small dynamic ranges: the need for precision

Concentrations oBa, in ocean waters are typically on the order of tens of nM, with the
lowest values recorded in the surface waters of the North Atlantic (approximatetjd6 ppb)
and the highest in the deep waters of the North Pacific (approximat&hn /20 ppb) (see
Chapter 3. HighBa, concentrations are also reported in estuarine environments, as barium is
delivered to the oceans via dissolved phases in riverine fluxes and desorption from particulate
phases (typically 100 @00 nM; Coffey et al. 1997). Although this total range throughout the
ocean is fairly large, the variationsBay concentration over regional scale horizontal and
vertical gradients, and over temporal timescales, are usually much smaller. For example, the
variation observed iBa concentrations in WAP surface waters is only 15 nM (70 to 85nM; see
Chapter 4). These subtle spatial and temporal variations most likely arise due to interactions
between local hydrodynamical and biogeochemical controls (Jacquet et al. 2004). It is the aim of
this thesis to investigate and de-convolve the effects of these different controls on the
distribution ofBay, therefore high precision and high resolution measuremenBBafare
necessary in order to capture small changes.

Previous methods of measuring barium such as graphite furnace atomic absorption
spectrometry (AAS), ICP emission spectrometry, or isotope-dilution thermal ionisadies
spectrometry (IDTIMS), have required large volumes of sample for pre-measurement separation
steps. The high sensitivity of inductively coupled plasma mass spectrometry (ICP-MBY cou
with isotope dilution (ID) spiking, negates the need for any preliminary separation steps that
may lead to contamination/result in a high procedural blank; the barium isotope ratio of small

samples of seawater (100 D0 L) can be measured directly (Klinkhammer & Chan 1990).

1.2.Isotope dilution (ID) 10RS
The basic theory of isotope dilution involves a sample with a known isotopic compositio

of an element, but an unknown elemental concentration. In this case, samples with an unknown
concentration of barium are assumed to have a natural isotopic ratif®é/**Ba. This sample
] ul& A]3Z Iv}Av <u v8]8C }( Z*%o]l [ *}ousd]}v 8Z § ] VE] Z ]v &
13Ba, with a knowr**Ba/***Ba ratio, and a known concentration. Once homogenised, the
¥9Baf*® € 5]} }( 8Z]e Z*%]l e+ u%o0 [ Vv -MSyandjtsEoncgntfation/ W
calculated using the known parameters of the original sample and spike (see Figure 2-1,

Equation 2-landEquation 2-2).
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The advantage of using ID-ICP-MS is that only the accurate measurement of the masses
involved and determination of the isotope ratio are necessary. Any matrix effects or sénsitivi
losses may be assumed to affect both isotopes in the same way, and therefore not compromise
the accurate determination of the isotope ratio. Also, once the spike-sample mixture has
equilibrated, the isotope ratio of the blend is assumed to be constant throughout, ther ¢fie
accuracy of the measurements will not be affected by any loss of the analyte. For the seawater
measurements performed here, the ability the produce numerous duplicate measurements from
a small volume of initial sample has been helpful in establishing robust reprodycibil

measurements, and increasing confidence in the precision of the data.

Sample: known sample quantity
known '**Ba/'**Ba ratio
unknown [Ba] Spiked sample: measured '**Ba/'**Ba ratio

calculated [Ba]

138 135
homogenisation

Spike: known quantity

known'**Ba/"**Ba ratio

known [Bal] 138 135

lon intensity

P }

138 135

v

Isotopic mass

Figure 2-1: Conceptual summary of isotope dilution (after Vogl and Pr
2010), with a known quantity of a spike solution enriched®JBa, with a know
concentration and a knowBa/**Ba ratio, is mixed with a known quantity o
sample of unknown concentration, assumed to have a natéfzé/***Ba ratio.
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138p, od— (1383a) spike + (1383a) sample
EET P Mk (1353a) spike + (13sBa) sample

Equation 2-1: Simplified concept of isotope dilutior

_ mspike Rspike - KRsampIe fspike
Csample - Cspfke X X

msamp.'.e KRsampIe - R?mtum{ standard fnafuml standard

Equation 2-2: Full isotope dilution equation, where:
Gample = CONcentration of barium in sample
Cpike = CONcentration of barium in spike
m = mass
R = ratio of**Ba/***Ba in sample, spike, or natural standard
f = abundance df"Ba in spike or natural standard
K = mass bias correction coefficient for dilute seawater

2. Sample Collection

In total, 622 seawater samples afil sea ice samples have been analysed across three
laboratories (Department of Marine and Coastal Science, Rutgers University, NJ; School of Earth
and Ocean Sciences, Cardiff University; and the Bristol Isotope Group, Bristol University). In

summary, the following datasets have been produced:

A. Spatial seawater Ralistributions (vertical and horizontal) in the Scotia and
Weddell Seas, comprising transects across the Drake Passage (WOCE repeat
section A23) and the North Scotia Ridge, and two stations in the Weddell Sea.

Collected during the austral autumn 20RRS James Clark Rossise JR299
(Figure 2-2).

372 seawater samples analysed (Bristol University, 2015)

Ancillary data: temperature, salinity, dissolved inorganic nutrients

Discussed in Chapter 3
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Figure 2-2 a. JR299 cruise track with CTD stations marked by black dots. E»
Weddell Sea sea ice cover during sampling campaign shown in the south of the in
Detailed bathymetry of the North Scotia Ridge transect (JR273b). Colour scale is depthsi
Contours give sea surface height (SSH) chAil 2014 (mauve dots represent location
drifter deployments). c. Detailed bathymetry of the Drake Passage (JR293, SRiliijer:

2N1 1\

B. Spatial surface seawater Bdistributions (horizontal only) in waters adjacent to
the West Antarctic Peninsula (WAP), comprising surface samples from the
Palmer Long Term Ecological Research (PalLTER) grid.

Collected during the annual PalLTER cruises cAR®V Lawrence M. Goulder
two consecutive austral summers: LMG11-01 (2011) and LMG12-01 (2012)
(Figure 2-3).

180 seawater samples analysed (Rutgers University, 2014; Cardiff University,
2015)

Ancillary data (*indicates ancillary data not available for eBaysample):
temperature, salinity, chlorophyll*, primary production*, dissolved inorganic

VUSE] VIOZU w

Discussed in Chapter 4
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Regional Grid

65W  60W 55y

Figure 2-3Schematic of the Palmer LTER grid of stations adjacent to the WAP. Th
sampled annually by the R.V. Lawrence J. Gould. (Map view
http://pal.lternet.edu/research/sampling-grid)

C. Temporal seawater Ralistributions at the fixed Rothera Oceanographic and
Biological Time Series (RaTS) site in Ryder Bay, WAP (Figure 2-4

Collected over two consecutive years, from March 2013 to January 2015.
70 seawater samples analysed (Bristol University, 2015)

Ancillary data (*indicates ancillary data not available for evegysBmple):
temperature, salinity, size-fractionated chlorophyll, dissolved inorganic

VUSE] VOZU w

Discussed in Chapter 5
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D. Ba concentrations of sackhole sea ice brines from Rothera Point, Adelaide
Island, WAP (Figure 2:4

Collected in 2005 to 2006.
18 sea ice samples analysed (Cardiff University, 2014; Bristol University, 2015)

Discussed in Chapter 6
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Adelaide
Island

Figure 2-4Map view of the West Antarctic Peninsula; inset showing a close up of
Bay and the location of Rothera Research Station and the RaTS CTD Sites (maps 1
Antarctic Digital Database www.add.scar.oyg/

E. Ba concentrations of sea ice drill cores from the Arctic Ocean (Figure 2-5)
Collected during the 2014 N-ICE Test Cruise and the 2015RWIC&nhceruise.
78 sea ice samples analysed (Bristol University by B. Butler, 2015/16)

Discussed in Chapter 6
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90°E

Ocean Data View

-10°0.0" -5°0.0" 0°0.0" 5°0.0° 10°0.0" 15°0.0° 20°0.0°
RADARSAT-2 images provided by NSC/KSAT under the Norwegian-Canadian RADARSAT agreement 2013 © MacDonald, Dettwiler and
Map created by the Norwegian Polar Institute / Max Konig

Figure 2-5: a. Northern hemisphere context showing location of N-ICE samplithgn
north of Svalbard in the Arctic Ocean; b. Detailed view of the N-ICE cruise track, map ct
the Norwegian Polar Institute/ Max Konig.

The following sections detail the collection of the samples for each of these datasets.
There were slight discrepancies between the methods of sample collection, with samples for
some datasets filtered during collection (Palmer LTER annual cruises, see Section 2.1.8 WAP se

ice interstitial brines, see Section 2.3) and others not filtered (BAS JR299 cruise, RaTS, Arctic sea
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ice melt, see Sections 2.1.ii, 2.2, and 2.4 respectively). All samples were acidified within 24 hours
of collection and kept in dark conditions to limit any biological activity. Fitnatias not

undertaken as standard due to the logistical difficulties involved, but this may have introduced
uncertainty across the datasets as particulates in unfiltered samples may have dissolved during

acidification.

2.1. Seawater collection from ship-board CTD and towfish

2.1.iPalmer LTER annual cruises (West Antarctic Peninsula)

Routine annual cruises are made to sample the PalLTER grid (Figure 2-3), usually by the
ARSV Lawrence M. Goudld this thesis samples were analysed from two consecutive annual
cruises: LMG11-01 (2nd January 2a¥th February 2011) and LMG12-01 (30th December 2011
t 7th February 2012).

A Conductivity-Temperature-Depth (CTD) rosette was deployed at each station, recording
the temperature and conductivity of the water column via SeaBird 911+ sensors that were
calibrated by SeaBird pre- and post-cruise (Martinson et al. 2U00&er was sampled from 12 L
Niskin bottles closed on the upcast of the CTD into clean HDPE bottles, then filtered usimg 0.2 u
Acropak-200 (Pall) filters and acidified. Two depth profiles collected in this way weyseohai
this thesis (Station 200.100 and Station 200.160 collected in 2012).

During ship transit, surface waters were sampled using a trace metal-clean towfish, with
samples drawn from this into clean HDPE bottles, filtered using 0.2 um Acropak-200ligtall) fi
and acidified. The surface samples from 2011 and 2012 analysed in this thesis were alldcollecte
in this way by Dr. Marie Seguert, with sub sampleBfgranalysis aliquoted from 250 mL
samples stored at Rutgers University by K. Pyle (samples at Rutgers were kept in the dark at
room temperature). Additional samples were collected during the 2012 cruise spégifardda,
analysis by Marie Seguret, also from the underway towfish. This has allowed a greater spatial

resolution in the 2012 PalLTER dataset than in the 2011 PalLTER dataset.

2.1.iiBAS JR299 cruise (Scotia and Weddell Seas, Antarctica)
| participated in British Antarctic Survey cruise JR89%e RRS James Clark Rioss
austral autumn 2014 {9Marchto 27" April). The cruise involved two legs: JR293 from Rothera
Station on Adelaide Island, WAP, to Punta Arenas, Cﬁ‘ilm@ﬂ}“ March) surveying the World
Ocean Circulation Experiment (WOCE) repeat transect SR1b; JR272c and JR273b from Punta
Arenas to Stanley, the Falkland Islands (via the Weddell Sea and South GeotdWgr(3ito
27" April), taking in four SR1b stations abandoned during JR293 due to bad weather and
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surveying repeat transect A23 (Weddell Sea to South Georgia), and a transect of the North Scotia
Ridge (Figure 2-2).

At each station a CTD rosette was deployed with twenty-four 12 L Niskin bottles and a
SBE9PIus unit with dual SBE3PIlus temperature and SBE4 conductivity sensors, a Paroscientific
pressure sensor, oxygen sensor, fluorometer, altimeter, photosynthetically activate radiation
(PAR) sensor and transmissometer. CTD conductivity and salinity were calibratecegsilarly
collected bottle samples that were analysed on board using a Guildline Autosd 8400
salinometer. Data from the oxygen probe was calibrated using discrete bottle samples feom fiv
stations that were analysed on board for dissolved oxygen concentrations using Winklerritratio
(Full details of calibrations can be found in Meijers 2015).

Samples were collected specifically Ba analysis at 47 stations, with Niskin bottles
closed on the CTD upcast at depth chosen to give a representative vertical profile of the water
column. Samples fdda, were drawn from the 20 L Niskin bottles using specified Tygon tubing
into trace-metal clean 60 mL or 125 mL HDPE bottles. The Tygon tubes were reseBagd for
sampling, and in between stations were rinsed three times with, and stored in, deionised water.
Samplers were required to wear clean nitrile gloves when han@adottles andBa, sampling

equipment, and followed a sampling protocol summarised as follows:

X Attach Tygon tubing to Niskin spigot, and rinse water through tube for several
seconds.
X Rinse HDPE bottle three times by filling with approximately 10 mL, capping,
shaking, and emptying over the tube and spigot.
Fill to the neck of the bottle and screw cap on tightly.
Throughout process, avoid touching the ends of the Tygon tubing, theafidlak
bottle, or the thread of the screw caps, to avoid potential contamination from the
outer surface of the gloves.
Once samples had been collected they were individually acidified with Optima for Ultra
traces analysis 32-35% hydrochloric acid (HCI).(68 }( , o m§g paples; 125.. >
added to 125 mL samples) in order to prevent biological alteration of the sample duriagesto
If necessary, the necks of bottles were dried using Kimtech wipes to prevent salt crystal
formation at the bottle rim. Bottles were then capped, sealed with Parafilm, and stored in the
dark in the cool room at a constant temperature of 2 to 4°C to minimise evadpareffects.
Sample acidification was conducted in a fume hood in the Radiation Lab on bo&&8dames
Clarke Ross AZ] Z A+ 0o v SZ}E}UPZoC & 3Z 3 ES }(8Z Epul-
area as much as possible. The length of time that samples were left uncapped was minimised in

order to reduce air contamination.
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2.2.Seawater collection at Rothera Oceanographic and Biological Times Series (RaTS)
Station personnel at Rothera conduct CTD sampling eventbd RaTS time sedgen a

weekly basis, deploying a SeaBird SBE19 and a 5 L Niskin bottle from a rigid inflatable boat at
CTD Site 1 in Ryder Bay (Figure 2-4) using a hand-cranked winch. During periods of gufficientl
heavy ice-cover, the CTD is instead deployed through a hole cut in the ice. When CTD Site 1 is
inaccessible, CTD Site 2 is occupied instead. Conductivity measurements are calibrated post-
season using discrete measurements made on an Autosal 8400B salinometer, and by comparison
with the SeaBird 911+ instruments carried on iRV Laurence M. Gowddd theRRS James
Clarke Rosssamples collected by station personnelBeay analysis were acidified but not

filtered, and were kept refrigerated and in the dark during storage and transport.

2.3.Collection of sea ice brine samples at Rothera Point, Adelaide Island
Between the 18 October 2005 and 21November 2006, sea ice interstitial brines were

sampled from various sites around Rothera Point (Hangar Cove, CTD Sites 1 and 2, Rothera
wharf; see Figure 2-4) by K. R. Hendry via sackhole drilling. Snow was cleared fronidbe sea
surface using a plastic edge and a hole drilled into the sea ice, which was then cleaned of brash
ice and contaminants, and covered for five minutes to one hour. The brine that dratocithén
hole was collected into clean HDPE containers and taken to Rother Station, where they were
filtered using 0.2 micrometer polycarbonate membranes (Whatman), and the filtrate acidified

using 1 ml HN@per litre of brine (Hendry et al. 2009, 2010).

2.4.Collection of sea ice melt from Arctic drill cores (N-ICE cruise and Test cruise)
As part of the Norwegian Young sea ICE cruise (N-ICE 2015) proj&l thencevas allowed

to freeze into sea ice north of Svalbard in the Arctic Ocean and drift passively with the ice

throughout the sea ice season (FigureBYX v Jv]8] o Z3§ 8 E](3] Epupls A« EE]

February 2014, whilst the main N-ICE cruise took place from'ttiaduary to 28 June 2015.

Sea ice drill cores were collected throughout this period, divided into depth sections, and
allowed to melt. Sub-samples of this whole-ice melt were drawn into clean HDPEsbottle
specifically foBg analysis. The water column below the ice was also sampled by deploying a

Hydro-Bios Slimline CTD rosette through a 1 m diameter hole cut in theesea ic

3. Sample Storage

Samples were stored in parafilmed clean HDPE bottles (see Sectiond#ri)
refrigerated conditions and in the dark immediately following collection and during transit, in
order to prevent alteration of the sample through evaporation or biological activity

Subsequently, samples were typically kept at room temperature in the dark. Efforts vesle m
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to keep the samples at a constant temperature (approxima2dRC). Whilst refrigerated
conditions would have been preferable, the large total volume of the samples made this
impractical.

Samples were stored double-bagged in batches of @tavith inner bags and the
bottles themselves only exposed within a clean laboratory environment. Standard trace metal
laboratory procedures were followed in order to minimise potential contaminatiothe
original samples; aliquots for analysis were poured from sample bottles into theauh
centrifuge tubes (see Section 4.1.i) within a laminar flow hood, and sampledeatdre

immediately re-sealed with parafilm.

3.1. Evaporation checks

Due to the logistical difficulties of refrigerating the large volume of samples, and the
impossibility of guaranteeing constant temperatures during transit of samples (for égathp
transport of sample splits between Rutgers University, Cardiff University, and Bristol University),
is was necessary to check whether potential evaporation through the HDPE storage dmithbs
significantly alter thdBg concentration of a sample. This was particularly necessary to establish
as some samples were kept in storage for several years prior to analysis, whilst others were
analysed within a f& months of collection (for the period elapsed between collection and
analysis, see Section 2 for dates of sample collection and analysis

Two tests were conducted to assess the potential impact of evaporation effects on
measurement reproducibility. The potential effects of evaporation on un-diluted, un-spiked
seawater samples were investigated by comparing the measured concentrations of the&sNASS-
seawater standard over three years, in three different laboratories. In this case, after the initial
analyses at Rutgers University, a 10 mL aliquot of NASS-5 seawater was transported to Cardiff
University, and subsequently to Bristol University, and stored at room temperature in a
parafilmed 15 mL centrifuge tube. At each of these institutions, bulk spiked solutions 0BNASS-

were prepared from this aliquot (see Tabld 2-and analysed (Figure 2:6
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Figure 2-6Reproducibility of standard seawater solution NASS-5 R (spiked) as
of potential evaporation effects during storage and transport of samples at
temperature. NASS-5 solution was spiked and analysed at Rutgers University (RAS
10mL aliquot of unspiked, undiluted NASS-5 solution was then transported iff @ad
Bristol Universities, where spiked solutions were prepared and analysed iraryeBdd-
(Cardiffy and from March-September 2015 (Bristol). Error bars shown are 2*SD
measurements made in each laboratory. Within this intra-laboratory reproduc
measurements oBa concentration are identical over the three years that the N3
seawater was stored.
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Additionally, standard seawater solutioris-house standards Amundsen_1 and SO, and
certified standard NASS-5) were spiked in bulk (125 mL of final spiked solution) at Rutgers
University and analysed on the Element-1 in April 2013. 60 mL sub-samples of these bulk
solutions were then transported to Cardiff University and stored at room temperature
(approximately 22C) for eleven months. In February 2014 these solutions were analysed at
Cardiff on the Element XR, and the concentrations were found to be within error of theabrigi
measurements, with no systematic off-set or alteration (Figure 2-7).
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Figure 2-7: reproducibility of standard seawater solutions (Amundsen_1 R, Sd
NASS-5 R (all spiked in bulk)) as a check of potential evaporation effects during siml
transport of samples at room temperature. The solutions were spiked and analysed at
University in April 2013 (see Table 2 11), and then transported in pagdfiHDPE bottles
Cardiff University where they were re-analysed in February 2014
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Both of these tests show that, within analytical error, 8& concentration measured in
the same seawater solutions does not vary over the course of one to three years, even when
stored at room temperature. This implies that the effect of any evaporation experienced by
samples during non-refrigerated storage will have a negligible impact onBhgtoncentration

over this timescale.

4. Detall of theD-ICRMS method

4.1. Sample preparation and spiking

Samples were prepared for isotope dilution (ID) under clean laboratory corglitiathin
laminar flow hoods, typically in batches of 27 (with three duplicates per batch - see Section
5.2.ii). After the method described by Klinkhammer and Chan (1990), aliquots of seawater wer
spiked gravimetrically with E°Ba-enriched solution (10 ug/mt*Ba, Inorganic Ventures,
Christiansburg, VA, USA, gravimetrically diluted to a Working Spike solution with a conaentrati
of approximately 100 nM Ba using high purity 3% kJN®achieve d**Ba/*Ba ratio of 0.65 to
1. The volumes of sample and spike solution required varied according to the estimated Ba
concentration of the seawater sample, but the majority of seawater samples were analysed
using either 250 pL seawater plus 3@0spike solution, or 20QL seawater plus 16QL spike
solution (Table 211

A summary of the method protocol used in all laboratories is as follows:

X Weigh run tubes, recording to four decimal places
Aliquot 2 to 3 mL of sample into sample tubes, recording the tube number o
each sample

X Pipette 250uL /200 pL of each sample into corresponding run tube. Use a new
pipette tip for each sample, and discard 380/200 pyL into the waste beaker
before pipetting the same volume into the run tube.

x Weigh the run tubes (+sample), recording to four decimal places
Pipette 200uL /160 pL Working Spike solution (approximately 100 nM) into each
run tube. Use the same pipette tip throughout, ensuring that it does not touch
the edges of any of the tubes of bottles. Before beginning to pipette the spike,
clean the pipette tip by discarding 2p0 /200 pL 2N nitric acid into the waste
beaker two times, followed by 25a_/200 yL Milli-Q water six times.
Weigh the run tubes (+sample +spike), recording to four decimal places.
Add an appropriate volume of high purity 3% HN®dilute the seawater 20
times.

X Invert each tube fifteen times to ensure that the mixture homogenises, and leave
to equilibrate for several hours, preferably overnight.
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Table 2-1: Typical spiking ratios for a range of potential seawater concentratg&msnig a working spike concentration of 100U A]8Z Zd}$ o

referring to solution plus spike (Tot&I"Ba = P Bagampie* **"°f,) + C"P°Bagpixe* **°*°f,))

Approximate | Sample | Spike Ba] sample @ Total [Ba Total solution | HNQ to Seawater
?ga] (M) (er; (rrr)1L) [ (Lmol)p (nmc[>l)] Total™Ba | Total™Ba  “Ba/"Ba (mL) add(%mL) dilution
5 1 0.05 0.005 0.005 0.0047 0.0038 0.800 20 18.95 5%
20 04 0.09 0.008 0.009 0.0085 0.0061 0.716 8 7.51 5%
30 0.4 0.1 0.012 0.01 0.0094 0.0090 0.951 8 7.5 5%
40 0.21 0.09 0.0084 0.009 0.0085 0.0063 0.750 4 3.7 5%
50 0.2 0.1 0.01 0.01 0.0094 0.0075 0.800 4 3.7 5%
60 0.2 0.13 0.012 0.013 0.0122 0.0091 0.742 4 3.67 5%
70 0.2 0.13 0.014 0.013 0.0122 0.0105 0.858 4 3.67 5%
80 0.2 0.16 0.016 0.016 0.0150 0.0120 0.800 4 3.64 5%
90 0.2 0.16 0.018 0.016 0.0151 0.0135 0.895 4 3.64 5%
100 0.2 0.2 0.02 0.02 0.0188 0.0151 0.800 4 3.6 5%
110 0.2 0.25 0.022 0.025 0.0235 0.0167 0.709 4 3.55 5%
120 0.2 0.25 0.024 0.025 0.0235 0.0181 0.770 4 3.55 5%
130 0.2 0.25 0.026 0.025 0.0235 0.0195 0.831 4 3.55 5%
140 0.2 0.25 0.028 0.025 0.0235 0.0210 0.891 4 3.55 5%
150 0.1 0.15 0.015 0.015 0.0141 0.0113 0.800 2 1.75 5%
200 0.1 0.2 0.02 0.02 0.0188 0.0151 0.800 2 1.7 5%
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4.1.iCleaning of equipment

The HDPE bottles used for storing samples, and the 15 mL sterile PP centrifuge tubes
(orange capped Corning Centristar) used for ID-ICP-MS spiking and analysis, were cleaned using
2N nitric acid (analytical reagent grade) and&®  ]}v]e  AARerGdiXal rinsing with
deionised water, bottles and tubes were filled approximately 2/3 with 2N nitric acid and stored
upright for 24 hours, and upside-down for 24 hours. They were then emptied of acid and rinsed
three timeswith 18DO  J}v]e A 8 & (}JE 3Z % E} e+« ADOE % & pe]JvP ié
deionised water. After a final rinse, bottles and tubes were dried within a laminar flow hood and

stored under clean conditions until needed.

4.1.ii Spike calibration
An essential component of the isotope dilution method is establishing the concentration
and**Ba/***Ba ratio of the*Baenriched spike solution. The manufacturers of the spike

solution provide a certification of these properties that is summarised in Table 2-2

Isotope Natural abundance (fx)
¥Ba 0.06592 6.6%
13'Ba 0.11232 11.2%
1%%Ba 0.71699 71.7%

Natural ratio (Rx)
13882/ Ba 10.87667
B'Ba/**Ba 1.703883

Isotope Certified spike abundance (fy)

13Ba 0.9273 92.7%
¥'Ba 0.0091 0.9%
13883 0.0404 4.0%

Certified spike ratio (Ry)
13889/1%%Ba 0.043567
1¥'Ba/***Ba 0.009813

Isotope | Certified spike concentration (cy)

(ug/mL) (nM)
1%Ba 10.035 73067
13'Ba 0.0988 719
13%Ba 0.4393 3199

Table 2-2: Certification of Inorganic Ventut&Ba-enriched spike solution.

42| Chapter 2 - Methodology



Whilst this manufacturer-provided concentration (for Primary spikel® pug/mL) can be
taken as a starting estimate, it is important to calculate an accurate concentration for #ee spi
solution, as well as establishing accurate values of the other ID parameters re(Riirethe
naturally occurring**Ba/***Ba ratio; R= the'**8a/***Ba ratio in the spike solution; £ the
abundance of the spike isotog&Ba in the spike solution. The abundance of the spike isotope
13%Ba in nature is assumed to be 6.6%, see Table 2-2). These measurements are determined by
calibrating the spike solution via reverse-isotope dilution of blended solsittontaining a
mixture of the spike solution and a Ba-natural standard from High Purity Standards (Table 2-3
The'®*Ba/**Ba ratio of these blends are measured and used to calculate an accurate
concentration of the spike solution using reverse-isotope-dilution. At the sanmeaith5ppb
spike solution is also run to measuygeahd R, andadiluted natural standard (1 ppb) is run to
measure R

1¥Ba (ng/mL) *Ba(ng/mL) *Ba/*Ba

Blend 1  1.0734657 0.7566340 & 0.7048516
Blend2 1.0735765 | 0.7577312 0.7058009

Table 2-3: Isotope quantities antfBa/**Ba ratio in typical solutions prepared for spike
0] & 8]}ve ~ 3p o A op « (E}6 spiEd edlipoatir})AThe bi@njdis are a mixture
of a 1.5 ppb spike solution to measure for reverse ID spike parameters and diluted natural
standard (1 ppb) to measure for reverse ID natural parameters.

Spike calibrations were carried out at regular intervals (every one to two months), so that
the ID calculations carried out on samples could be adapted to time-varying sensitithie
instrument (Figure 2 8 and Table 2 4). The absolute variation in the measured values over time
was small, tended to be consistently higher that the values reported by the manufacturer, and
did not vary systematically between the different laboratories.

For all measurements made in Cardiff University and Bristol University, the same Primary
Spike (B) from Inorganic Ventures was used. Measurements in Rutgers University were made
using a Primary Spike solution from a different source (A). The PriffBaenriched spike
solution (B) was diluted in two stages with 3% Romil Super-Pure Acid (SPA) to predurkiang
spike of approximately 100 nM Ba concentration (Table 2-4). These working spike (W)solutio
were periodically replaced (approximately every six months) to reduce the potential for
contamination build-up. The accurate concentration of each new WS was back-calculated using
the results of the most recent spike calibration and the gravimetrically measured degree of

dilution.
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X Spike calibrations in Cardiff and Bristol X Spike calibrations in Cardiff and Bristol

Concentration of primary spike (B) 138Ba/13°Ba ratio measured in 1.5ppb spike
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Figure 2-8: Spike calibrations performed in Bristol University and Cdnilférsity from February 2014 to November 2015 (primary spike
Concentration of primary spike (B) determined by reverse-isotope dilution calculatisfBa/**Ba ratio measured in 1.5 ppb spike solution (E
%®8a/*Ba ratio measured in 1 ppb natural standard; g,f(ratio of the abundance of*Ba in spike to the abundance 6fBa in natural standar(
measured. Dotted line in all figures represents the value given by the manufacturer (Indrfganices). The colour of markers and lines indicate
values used to calculate concentrations and parameters for different Workikg Sgutions (WS_C1 light blue; WS_B1t light green; WS_B2 dark
green).
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Table 2-4:. Details of the concentrations and associated parameters calculated forgvepkies from spike calibrations performed at Rutgers
University, Cardiff University, and Bristol University. Primary spike concentrations are tterivélde spike calibration, with working spike concentrations
subsequently calculated using the gravimetrically measured dilution factor. Details ofitteryPspike certification from the manufacturer given for

reference.
P””.‘ary Wor!qng Spike Calibration Primary splke Dilution Working $p|ke ID parameters from spike calibration
Spike Spike concentration factor concentration (¢)

("M)  (ug/mL) (M) (Mg/mL) | R R fo fo g

A WS R1 Rutgers pre-2013 | 223898  30.8 2266 98.8 0.0136 11.05 | 0.04 @ 96.3%  6.6% 14.60

A WS R2 Rutgers April 2013 | 223898 30.8 2318 96.6 0.0133 11.05 | 0.04 @ 96.3% 6.6% 14.60

B WS C1 Cardiff February 2014 74627 10.2 777 96.0 0.0132 10.62 | 0.04 @ 96.1% 6.6% 14.58

B WS C1 Bristol January 2015 | 77828 10.7 777 100.1 0.0137 11.15 | 0.05  94.4%  6.6% 14.32

B WS C1 Bristol February 2015 | 78573 10.8 77 101.1 0.0139 11.16 0.04 | 94.9%  6.6% | 14.40

B WS C1 Cardiff March 2015 | 78434 10.8 777 100.9 0.0139 11.04 | 0.04  96.0%  6.6% 14.57

B WS C1 @ Bristol April 2015 (start) 78202 10.7 777 100.6 0.0138 11.04 | 0.05 @ 94.6% 6.6% 14.35

B WS_B1 | Bristol April 2015 (end) 79389 10.9 806 98.5 0.0135 11.20  0.05 | 94.6% 6.6% 14.35

B WS_B1 Bristol May 2015 79485 10.9 806 98.6 0.0135 11.12 | 0.05 @ 94.5% 6.6% 14.33

B WS_B1 Bristol June 2015 79043 10.9 806 98.1 0.0135 11.03 | 0.05  94.4% 6.6% 14.32

B WS_B2 | Bristol November 2015 75958 10.4 761 99.8 0.0137 10.73 | 0.04  94.9%  6.6% 14.39

Primary spike certification (B) 72812 10.0 10.88 | 0.044  92.7% | 6.6%  14.07

Primary spike certification (A) 206000 28.3

Chapter 2 - Methodology45




4.1.iii Determining ratio of spike to sample: preventing error magnification

In isotope dilution the uncertainty of the final calculated concentration is largely
determined by the precision of the isotopic ratio in the spike-sample mixture. There is an
optimum isotopic composition of this mixture which will give the greatgstision (De Bievere
and Debus 1965; Hoelzl et al. 1998), which'{iBa/**Ba has been found to be between 0.65
and 10 (Klinkhammer and Chan 1990).

As the concentration of the Working Spike is constant, a rough estimate of the sBagple
concentration is needed in order to calculate the appropriate volumes of sample and spike
E «<pJ]E 38} zZ] A u suE E 8]} A]8Z]v 8Z]« ZE vP }( u]lv]upu
matter for most of the samples analysed, as the rangd®aptoncentration in seawater change
gradually and reasonably predictably zonally and with depth, and it is the subtle variations
within these larger ranges that are the subject of this theS@mples that were over- or under-
spiked due to a mistaken estimation of th&@& concentration were identified as having a
1388a/*%Ba ratio less than 0.65 or greater than 1.0, and were prepared again using a re-
calculated spike/sample volume and re-analysed. This procedure was particularly common when
measuring the sea ice samples, which often had unpredietdll concentrations.

A summary of the estimated volumes necessary for different concentrations is shown in
Table 2-1. For extremes of high and IB& concentrations it was sometimes necessary to alter
the total volume of the spie-sample mixture to accommodate the 5 % dilution factor necessary
to run seawater samples directly through the ICP-MS. Volumes also had to be adapteicto
using volumes < 90 L, as the weighing errors on these small volumes dedreapegcision of

the calculated concentrations.

4.1.ivGravimetric determination of solution quantities
The volumes of spike solution and sample used to prepare the spike-sample mixture must
be accurately known, therefore | determined them gravimetrically using a four-decimal place
balance and an anti-static gate. Tubes were weighed before and after samples were added, and

again after the spike solution was added, and the following equations applied:

Sample volume = (l\/lass tube + sample — Mass tube) * Density seawater
Equation 2-3 (where Densifyaeris taken as 1.025 kg'L
Spike volume = (Mass tube + sample + spike — Mass tube + sample) * DenSity HNO3

Equation 2-4 (where Densifybsis taken as 1.011 kg'L
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4.2.Contamination checks: blanks
Baium is not abundant in the natural environment, therefore contamination levels are
not expected to be high, particularly when work is carried out under clean laboratory conditions.

However, it is important to monitor blank levels to ensure that:

a.) Any variation in blank measurements over time are noted and accounted for;
b.) There is not a disproportionate blank contribution from one isotope relativén¢o t
other, which could lead to inaccuracies in the measurféBa/*Ba ratio.
This latter point is particularly pertinent due to the handling of spike solutions with a non-
natural ***Ba/***Ba ratio in the vicinity of samples, which may lead to accidental contamination.
There are three types of blank measurement to be investigated and monitored: sample
collection blanks, procedural blanks, and instrument blanks. Each of these, and the steps taken

to account for them, are briefly outlined in the sections below.

4.2.iSample collection blanks and procedural blanks

In order to check for potential contamination during sample collection and preparation,
sample collection and procedural blanks are monitored. The sample collection blankgdnvolv
collecting eightZ o vl « u%o0 [ Jv 8Z (}&u }( ]}v]e A 38 E SZE}uPZ}pus &
dZ ¢ Z o vl s u%o [ AE SE 3 « ]1( 8Z C A (®fthe a¥ip bore W /£ %o}
the same length of time, handled similarly around the CTD rosette and in the laboratory,
acidified, and stored under the same conditions. The purpose of this was to quantify if these
solutions, once diluted with 3% HN@s if they were samples, showed any significant variation
in either the absolute amount da, present, or in thé**Ba/**Ba ratio measured, from clean
HNQ blanks considered to have a mininBd, content and a naturaf®Ba/**Ba ratio. The
U *H@E u vs }( 8Z « 1PZ3 Z o vwMS isishowneif FAdure 2Mthough three of
the solutions were found to have slightly elevated absolute Ba compared to idid&blanks,
they were still below 0.2% and 2.5% of average spiked seawater cotB& 4nd**Ba
respectively). Moreover, thE€®Ba/***Ba ratios measured for each were comfortably within the
range measured in standard clean HX@nks. This indicates that even though there may have
been slight sources of Ba contamination on board the RRS James Clarke R&&a/AfiBa

ratios of the samples was probably not compromised.

Figure 2-9:~}A o0 (¢ Z spode (E}u :Z1ddeichisedwiatercelarted a
stored under the same conditions as samples, then diluted 20 times with 3¥ahiN&nalyse
alongside clean HNGcid blanks. Absolute counts per secont¥®a and™’Ba are elevated
three samples, but all show naturdfBa/***Ba ratios comparable to those measured in the ¢
HNQ acid blanks
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Potential contamination during the spiking process was checked by analysing procedural
blanks t clean HN@weighed and mixed with spike solution as if it were a sample. Calculation of

the Ba, concentration of blanks prepared in this way were comfortably within error of zero.

4.2.iiAcid blanks

The general background level of Ba contamination that may be present in the laboratory
or introduced within the introduction system of the IGFSwas quantified by analysing clean
acid (HNG) blanks regularly alongside sample analysis. The average counts per second (cps)
measured for each isotope in these blanks were subtracted from sample cps (after correction for
matrix effectst see Section 4.3.iii) in order to remove this background signature from the
1388a/*%Ba ratio measured in samples.

Monitoring blank levels also proved to be a useful tool in diagnosing when there were
problems within the workings of the ICP-MS. As can be seen in Fidilxéo@ekground blank
levels were very low, typically constituting < 0.1 % and < 1.0 % of avapikgel seawater cps
for **Ba and"*®Ba respectively.

However, there were three periods of time (April/May 2015, June 2015, and September
2015) when the background blank levels measured in Bristol were significantly elevated, with
13883 in particular reaching levels of up to 4 to 9 % of seawater cps. These periods correspond to
sample analyses when anomalously low/high concentrations were measured for standard
solutions (see Figure PZ and Figure 2:8), indicating that thé**Ba/**Ba ratios measured were
not accurate. Given the coincidence of these anomalies with the high blank levels, it was
assumed that there was a source of contamination with a non-nattiga/**Ba ratio. In an
effort to isolate this source of contamination, all reagent acids were disposed of and replaced,
the ICP-MS introduction system was cleaned with dilute HN@ deionised water, new sample
and skimmer cones were introduced, and new spiked standard solutions were prepared and
measured. Despite these attempts, the problem persisted intermittently. | therefore carefully
monitored the background blank levels and the reproducibility of standard solutions, andtdid no
attempt to analyse samples if the background blanks were above a threshold%f ¥Ba as a

percentage of average seawater Cps.

Chapter 2 - Methodology49



9%

—Bal35(LR) Bristol

8% - —Bal38(LR)

~ Rutgers ‘Cardiff
7%

6% |
5%

4%

seawater cps (%)

3%

2%

1% -

Average blank cps as a fraction of average

0%

2% % %,

Figure 210: A record of background blank levels measured in cleans; HN®utger
University, Cardiff University, and Bristol University, from April 2013 to Nover@Qh&y ®&itt
hatched lines delineating the measurements made in the different labs. The red liesers,
the average™®Ba blank cps as a percentage of average seawater cps, whilst the bl
represents the averag€™Ba blanks cps as a percentage of average seawater cps. Three
of elevated background blank levels are observed in April/May 2015, Jube&@ Septemb
2015.

4.3. Determination of barium counts through IKIB-

4.3.iTypical sequence set-up (Method, differences between various Elerohimasia
Isotope ratios ®Ba/**Bg) in spiked samples were analysed in low resolution mode using
a Thermo-Finnigan Element-2 ICP-MS (SEM detector only) in Bristol University, an Element XR
ICP-MS (dual mode SEM with Faraday detector) in Cardiff University, and an Element-1 ICP-MS
(SEM detector only) in Rutgers University. The same counting mode method (Taba-5)
used on all three instruments, as well as a similar quartz spray chamber and PFA-100 Teflon
nebuliser with a flow rate of 125 pL miinan/ W D~ Egdkizn{er and ICPMS Ni sample cone.

Accurate Method Mass Magnet Sample Settling
Isotope . Mass range . .
mass mass offset | window mass time time
135Ba 134.9051 0 10 134.624 - 134.905 0.002 0.001
) 135.186 ' ' '
137.617 -
138Ba 137.9047 0 10 138.192 134.905 0.002 0.001
Samples per| Segment Search Integration Scan Detection Integration
Isotope . . :
peak duration window window type mode type
135Ba 100 0.02 80 10 Escan Counting Average
138Ba 100 0.02 80 10 EScan Counting Average

Table 2-5Method used to measure barium on Therfionigan Element 1/2/XR DS

Samples were analysed alongside regular measurements of spiked standard solutions,

blanks, and natural standards, with a typical sequence set-up as shown in Filjlire 2-
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Blanks x3

Blanks x3

Blanks x3

Blanks x3

Blanks x3

Blanks x3

Figure 211: Typical sequence set-up to run 27 seawater samples (with three si
prepared in duplicate and all samples run in duplicate). Running thi®msegwn a Therm
FinniganElement ICRAS using the method outlined in Table 2-5 took approximately 8 1
hours.
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Samples were typically analysed in duplicate in batches of 27, with three samples
prepared in duplicate as well as being analysed in duplicate (see Sections 5.2.i and 5.2.ii). At least
two standard solutions were measured in between every nine samples, as well as acid blanks,
matrix-correction solutions (see Section 4.3.iii), and a 1 ppb Ba natural standard. The ICP-MS
instrument was tuned before every sequence to optimum parameters for high sensitivity,
stability, and low oxide production. These parameters inofladerch position, sample gas flow,
and ancillary gas flow, all of which varied widely during the three years over which samples were
analysed. The threshold for uranium oxide production, taken as an indicator of potential barium

oxide formation, was set at 5%.

4.3.iiMass calibration
Prior to every sample sequence a mass calibration was performed in low resolution
mode, scanning fot5 elemental peaks in a multi-element 1 ppb Ba standard solution, and using

the results to calibrate the programmed search windows for each element.

4.3.iii Accounting for matrix effects and interferences from seawater analyte

Although there were considerable practical advantages to analysing seawater samples
directly, without the need for time-consuming separation chemistry, the introduatios
seawater analyte to the ICP-MS instrument introduces its own challenges. Typically, spiked
samples were diluted 20 times with 3% Romil SPAH&ItAough this was altered in cases
where samples were known to contain higher/lower salinity (Table 2-1), so that the fin&bsol
introduced to the ICP-MS was no more than 5% seawater.

Each sample sequence (see FigudelPtook approximately eight to ten hours to
complete. Over this time, the sensitivity of the ICP-MS instrument decreased due to the
noticeable coating of the sample and skimmer cones with salt precipitates from the dilute
seawater analyte. This decrease in sensitivity throughout the course of a run was monitored
(Figure 2412) and was generally observed to constitute a gradual decline of approximately 20%
sensitivity over eight hours. Provided that the spiked standard solutions (of comp#&able
concentration to the samples being analysed) measured at the start and end of the sequence did
not differ beyond analytical uncertainty, this decrease in sensitivity was not deemed to be
significant to the accurate measurement'diBa/**Ba ratios.

Even at only 5% of the final analyte, the presence of seawater in the sample solutions
analysed could potentially cause unpredictable matrix effects that may alter the sensitivity of th
isotope measurements. These matrix effects would not be accounted for in a clean acid blank
correction. To overcome this, two solutions of dilute seawater standard NASS-6 were routinely

analysed alongside a 1 ppb Ba natural standard solution. The first NASS-6 solutitton(3dl
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was diluted 20 times in 3% HR/@vhilst the other was diluted 20 times in a 1 ppb Ba natural
standard solution (Solution B)he contribution of the NASS-6 seawater to the measured isotope
content of Solution B was removed by subtracting the measured isotope content of Solution A.
The remaining isotope content of Solution B (1 ppb Ba in a 5% seawater matrixjenas t
compared to the isotope content measured in the pure 1 ppb Ba natural standard solution, to
<p v8](C §Z % E **]}v }E u%o0](] S1}v }( SZ Z3®pQ ]*}S}% }vs
interference with a dilute seawater matrix. This correction was then applied to the average acid
blank contribution which was subtracted from sample counts. The magnitude and sign of this
correction varied between individual sets of sample analysis, but generally invalved a
approximatelyt 20% modification of the blank for botffBa and™**Ba. This represents an

%% E}AJU S 0C 119 % @E e<]}v }( 82 ZSEP [ }vS vS }G(}SZ 138} %0
dilute seawater matrix. However, once again, as this matrix interference appeared to affect both

isotopes equally, it does not seem to compromise the meastif&d/ *Ba ratio of the samples.

105%
100% -
95%
90% -

85% -

Seawater $3°Ba cps as a fraction of
first seawater 1*°Ba cps (%)

80% T T T T T T 1

Time elapsed (hours)

Figure 212: Sensitivity loss experienced over a typical run (8 hotffa signe
diminished to approximately 80% of initial sensitivity by the end of the sequeace=abe i
fairly gradual. Only seawater sample readings are shown (not standards or olSekgienct
were set up with the intention of running samples of similar concentrations tog&haéga. shov
here are from 2% February 2014, analysis performed at University of Cardiff.

4.3.ivCalculating K: monitoring and accounting for mass bias
Within the ICP-MS instrument, artificial isotopic fractionation can occur as a result of
variable transmission of the ion beam (variation in the deflection of lighter versus heavier
isotopes) that is known as mass bias. This was corrected for by calculating a mass bias correction

co-efficient (K) which accounted for the deviation of ti#8a/**Ba ratio measured a 1 ppb Ba
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natural standard solution prepared in 5% (v/v) seawater (NASS-6 seawater standampbat 5

0.15 Ba)Ruiute seawate) from the average natural ratio 6°Ba/**Ba (Rierawre = 10.88) (Equation
2.5).

Riiter -
K e ( literature )

Ryilute seawater

Equation 25: Equation for the calculation of the mass bias correction coefficient (K’
the natural ratio of**Ba/***Ba (Riwrawre) Of 10.88, and the measurétfBa/**Ba in a solution
NASS-6 seawater diluted 20 times in 1 ppb Ba natural standayek (Ruwate)-

The variation of the isotope ratio determined in this solut{®giute seawate) IS SUMMarised
in Table 2-6. The measured uncertainty on this value across each set of samples analysed never
exceeded 1.5% (2*RSD). This uncertainty was consistently less than the mass bias determined

for each sample run, which was on average a 1.9% deviation from the literature value.

Bristol Cardiff Rutgers
average determined mass bias 2.03% 2.22% 1.48%
minimum determined mass bias 0.47% 1.48% 1.81%
maximum determined mass bias 4.76% 3.21% 1.04%
average precision on Raiute seawater (2 *RSD) 0.50% 0.75% 0.67%
maximum precision on Raiute seawater (2 *RSD) 0.22% 0.31% 0.31%
minimum precision on Raute seawater (2 *RSD) 1.28% 1.44% 1.14%
range of Ruaiute seawater measured 10.67 to 11.40 | 10.53t0 11.04 | 10.99t0 11.08

Table 2-1: Summary of mass bias determined during sample analysis at
University, Cardiff University, and Bristol University. Mass bias is repodssl ds th
proportional deviation of measuredyRie seawaterffTOM Riterature-

5. Quantifying uncertainty

5.1.Procedural uncertainty

There are several sources of uncertainty in the calculatiddap€oncentrations using ID-

ICP-MS, which are summarised below:

5.1.iWeighing errors
The mass of sample and spike quantities were determined using a four-decimal place

balance, with an implicit uncertainty on final measurements of + 0.00005 g. Accountithgsfo
error on the two measurements used to calculate each spike or sample volume (EquaBions 2-
and 2-4) gives an error of + 1.41*16n each final mass (calculated using basic error

propagation for addition/subtraction, see Equations 2-6 ang.2-7
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5.1.iilnternal precision of mass spectrometry
The isotope content (ions counted per second) reported by the ICP-MS instrument is an
average of measurements from 3 passes and 500 runs, with a reported error of 2*RSD (relative
standard deviation). Internal RSDs were usually below 1 %. A threshold was set of 3 % RSD, with

sample measurements recording internal precision less than this not considered robust.

5.1.iiiCounting statistics
The precision of measurements by ICP-MS is limited by counting statigtiesandom

error encountered in the measurement of ions by the SEM detector. This standard error is

proportional toa/—%, where N is equal to the number of measurements made. Therefore the

standard error decreases as the number of measurements increases. The typical intensity
measured for spiked seawater samples wa®Ba = 300,000 cp&¥®Ba = 200,000 cps. Therefore
the standard error contribution from counting statistics was + 0.189%%®ma counts, and +

0.22% on*®Ba counts, which can be considered insignificant.

5.1.ivDuplicate averaging
Every spiked seawater sample was analysed in duplicate routinely, with two consecutive
measurements made on each solution to ensure internal consistency. The resultant
concentrations of duplicate measurements were averaged, and a difference of greater than 1.0%

was considered a threshold for samples to be re-prepared and re-analysed.

5.1.vFull error propagation through ID calculation
These individual errors were each considered and propagated through the isotope
dilution (ID) equation using basic error propagation relationships for addition, subtraction,

multiplication, and division (Equations 2-6 and)2-7

Addition/subtraction: o = |0Z + of + o
(x=a+b-c)

Multiplication/division: Zx — ,(ﬁ)2+ (@)2
P ’ x a b
(x=a *b)

Equations 2-6 and 2-7: Error propagation equations for addition/subtractnc
Upo3]% o] 3]ivl JA]e]}vU AZ E =+« A <5 v E Al 3]}V E]
concerned.

The full propagation of errors in shown in Equatio8:2-
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2 2 2 2
g O\ 2 . 0. g
Opy = “Rb _|_(_K) + VA I B2 I &y
Ry K my, m, Cy

Equation 2-8: Propagation of errors through the isotope dil
calculation (Equation 2-2) where: « A S v & Al 8]1}vV
Rb =1®/"Ba ratio measured in spiked seaw:
solution; K = mass bias correction co-efficient;
m, = mass of sample;
my = mass of working spike;
G = concentration of working spike;
G = concentration of sample

5.2.Consistency checks
The reliability of the finaBay concentration of samples was investigated by assessing the
level of uncertainty associated with the sampling procedure, the preparation of samples for ID-
ICP-MS analysis, and the analysis itself. Standard seawater solutions were also measured

routinely alongside samples to quantify external reproducibility over time.

5.2.iSampling consistency: sample duplicates
In order to investigate how representative each seawater sample collected was of the
larger population it was sampled from, | performed ID-ICP-MS analyses on multiple sets of
samples collected from the same location/depth. As can be seen in Figurard Figure 23,
Bay concentrations calculated for these sample duplicates were identical within analytical

uncertainty.

5.2.iiProcedural consistency: sample preparation duplicates
During sample preparation, even under clean laboratory conditions, there is the potential
for error to be introduced through contamination and human error. This was relytin
monitored by preparing one sample in every ten twice, resulting in two separately prepared
spiked solutions made using one sample. Ideally, if there were no procedural error icsedu
ME]JVP » U%0 % E % E S]}vU §Z « ZSu U Baccpncentrhtidigio E SPEV ]
The same threshold was set for tube duplicates as for the analysis duplicates discussed in
Section 5.1.ivt duplicates that did not agree within 1 % would be re-prepared and re-analysed.
Nearly all tube duplicates prepared agreed within this error threshold, indicating that the ID

preparation procedure was not a significant source of error.
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Figure 214: Measurements of PalLTER sample duplicates. Data shown here froQC
grid line (2012). Blue crosses represent measurements made at Rutgers Universityed
from samples stored at Rutgers University. Green crosses represent measurements
Cardiff University, prepared from sample stored at Cardiff University. Error leasgtaio 1.2 9
the reproducibility of the SO standard over the duration of the measurements. These twc
samples were collected simultaneously from the same Niskin bottles during the 2012
annual cruise, and data from both sample sets have been combined to produce a
resolution dataset than could be produced from either sample set alone. On occasior
samples were duplicated in both sample sets, both were analysed to check reprodusilml
duplicate samples typically agreed withif4l
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Figure 213: Measurements of JR99 Niskin duplicates (samples collected simulta
from different Niskin bottles closed at the same depth). Samples collected from JR2¢
Passage transect (SR1b) Station 3, 358 m depth. Samples were collected fromiffemes
Niskin bottles (N1, N2, and N3). These samples were spiked and analysed in dighoakd
using the standard barium method, with samples from N3 also prepared in duplicate (Ni &
Analysis was initially performed in Bristol University March 2015) and repeated in Car
University (8 March 2015) and again at Bristol University {18arch 2015). Measuremer
detailed in Table 2-2.
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Date of analysis Laboratory Average Ba, (nM) SD 2*SD 2*RSD

1st March Bristol 88.3 0.199 0.398 0.45%
6th March Cardiff 88.8 0.233 0.467 0.53%
15th March Bristol 88.7 0.270 0.539 0.61%

All measurements 88.6 0.323 0.647 0.73%

Table 2-2: Details of the measurements of JR299 Niskin duplicates represehigal¢
2-13, three samples collected from the same depth (358m) at Station 3, JR293 Drake
transect, drawn from three different Niskin bottles, prepared and analysddplicate on thre
separate occasions. The result&a,; concentrations were identical within analytical error.

5.2.iiiInternal consistency: running duplicates
As well as routinely analysing sample in duplicate, with the second measurement made
directly following the first, checks were performed to ensure that the changing sensitivtitg
ICP-MS instrument over time would not significantly alter Bagconcentrations measured.
Results from sets of samples measured at the beginning and end of a sample sequence (Figure

2-15), and on two consecutive days (Figur&6); both show that there is no significant deviation

Cx (nM})

Second meaurements

First measurements

Figure 215: Graphical representation of samples run twice in consecutive sample
(26" March 2015, Bristol University). Blue line represents the®acentrations calculated frc
the first set of measurements, the purple line represents the concentrations calculated fi
second set of measurements. Error bars represent the uncertainty on the cal
concentrations. Within this uncertainty, concentrations from the two sample blocks
identical.

in Ba, concentrations measured over time.
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Table 2-3Results from samples run twice in consecutive sample blocks (see Fidj)
to assess reproducibility of samples within a sequence. Average Ba therefore repres
concentration calculated from four measurements (consecutive duplicate measurement:
two sample blocks). Reproducibility of the concentration measurements througho
sequence was on the same order as uncertainty on the concentration measurements (c:
through propagation of error through isotope dilution equatidrsee Section 25.1.v). Sam|
measured on 2&March 2015 in Bristol University.

Figure 216: Graphical representation of samples analysed twice on consecutive d&
March and 18 March 2015, Bristol University). Green line represents thec&acentration
calculated from the analysis on the "LBlarch, the purple line represents the concentrat
calculated from analysis on the 16March. Error bars represent the uncertainty on
calculated concentrations. Within this uncertainty, concentrations from the analyses
identical.

15th March'15 16th March'15 Comparison
concentration concentration Difference in  Difference of
SRS SUEEEE S Td uncertainty sl ) uncertainty Ba (nM) 16th from 15th
9 5mA1l 75,2 0.06% 75.4 0.10% 0.12 0.15%
9_10m1 754 0.11% i75.3 0.22% 0.18 0.24%
9_60m 1 75.4 0.16% 75.5 0.18% 0.12 0.16%
9_100m 1 77.0 0.20% 70 0.26% 015 0.19%
9.254m 1 81.0 0.23% 81.3 0.19% 0.21 0.26%
9 350m 1 83.5 0.10% 83.7 0.06% 0.18 0.21%
7_400m 1 87.0 0.12% 87.2 0.14% 0.23 0.27%
7_600m 1 89.7 0.06% 89.9 0.13% 0.19 0.21%
7_650m 1 89.9 0.11% 90.0 0.05% 0.13 0.14%
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Table 2-4: (previous page) Results from samples run twice on the Element e
two consecutive days, to assess the reproducibility of samples over separate sequence
samples were prepared and analysed at Bristol University, with the sample solutionsrstbf
mL centrifuge tubes at room temperature (approximately\’@lovernight between the analy.
(on the 18 March and 18 March 2015). Measurements made on the™1Blarch wee
consistently 0.15 to 0.3% higher than measurements on tfleM&rch. This error is on the sa
order as uncertainty on the calculated concentrations.

5.2.ivExternakonsistency: measurement of standard solutions over time
Standard seawater solutions, prepared using the same method applied to seawater
samples (Table 21) were routinely analysed alongside samples to monitor external
reproducibility (Table 2:0 and Figure 2-7). The standard most comparable to the bulk of
seawater samples measured in this thesis is In-house standard SO, which showed a long-term

reproducibility of 1.63 % or better.

In t house Std

Standard: (SO) NASS-5 NASS-6
2*RSD 1.34% 3.26% 1.73%
Bristol n 72 33 70
[Ba] (nM) 735+1.0 37.4+1.2 49.3+£0.9
2*RSD 1.29% 1.53% 1.22%
Cardiff n 23 22 23
[Ba] (nM) 73.7+£1.0 37.0+0.6 495+ 0.6
2*RSD 1.63% 2.46% 2.84%
Rutgers
n 27 27 26
[Ba] (nM) 74.1+1.2 37.1+0.9 497+14

Table 210: Reproducibility of standards measured in Bristol University (March to
November 2016), Cardiff University (February 2014), and Rutgers University (Apyil\20des
given are 2*relative standard deviation (2*RSD). In-house Standardwias€ollected from the
Scotia Sea, at 10 depth by K. R. Hendry.
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Spiked  Spiked Sample Sample Spike Spike volume

in: with: weight (g) volume (mL) weight (g) (mL)

NASS-5R | Rutgers | WS R1 12.679 12.370 5.564 5.502
NASS-5C Cardiff | WS C1 6.4321 6.275 2.8196 2.751
NASS-6 C Cardiff | WS C1 6.4006 6.244 2.8211 2.752
SOR Rutgers | WS R1 12.769 12.458 10.074 9.961
SOC Cardiff | WS C1 6.4251 6.268 5.1103 4.986
AmundsenlR| Rutgers | WS R1 12.835 12.522 10.084 9.971
SO B1 Bristol | WS C1 6.4368 6.598 5.1387 5.197
NASS-5B1 | Bristol | WSC1 2.5699 2.634 1.1343 1.147
NASS-6 B1 | Bristol | WSC1 2.5757 2.640 1.1394 1.152
NASS-5B2 | Bristol | WSC1 3.2127 3.293 1.3766 1.392
NASS-6 B2 | Bristol | WSC1 6.4255 6.586 2.8049 2.837
SO B2 Bristol | WS B1 6.3862 6.546 5.1065 5.164

Table 211 Details of the preparation of standard solutions: certified standards [SASS-
and NASS-6 seawater reference solutions, and in-house standard seawater solutitesnS
Ocean (SO) and Amundsen_1. Initials after standard solution denote where the spikeddstand
solution was made (R Rutgers University; € Cardiff University; B Bristol University); where
multiple spiked solutions were made in one location they made been numbered sequentially. WS
refers to the working spikes used to prepare the standard solutions (Tahle 2-4
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Figure 217: Reproducibility of standards measured in Bristol University from Ma
November 2016. The shaded boxes represent the error bounds of concentrations mea
the same standards at Rutgers University (light grey box) and Cardiff University rgaiiog)
a. NASS-6 seawater standard; b. In-house standard SO (from 100 m depth in the Scotia .
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Figure 218: Reproducibility of NASS-5 seawater standard, measured in Bristol Un
between March and September 2015. Error bars show the error on the concentraticuatec
(derived from error propagation through the ID equation, see Equation 2-8). &be ghade
box represents the error threshold from literature report®af measurements of this stande
(Figure 219).

5.3.Accuracy: comparison of standard solution measurements across labs
Samples were measured in Rutgers University and Cardiff University for several weeks in

2013 and 2014 respectively, whilst samples were analysed in Bristol University over ithe cou
of a year (March 2015 to March 2016). The accuracy oBtg&oncentration of seawater
standards were taken to be representative of the accuracy of seawater samples of comparable
concentration. However, none of the standard solutions have a certfggaoncentration for
direct comparison. ThBa concentration of the NASS-5 standard has been measured by others,
and these reported literature values were used to determine an error threshold envelope for my
measurements (Figure 28 and Figure 29). TheBa, concentration of the other standards
(NASS-6 and SO were the two most commonly measured) were calibrated across the three
laboratories in which seawater analyses were carried out, with the error bounds calculated for
measurements in Cardiff and Rutgers Universities used to monitor the longer-term analyses in
Bristol University. As can be seen in Figufig 2error bounds from Rutgers and Cardiff
represented by shaded boxes), there were periods in April/May 2015, June 2015, and September
2015 when concentrations were recorded for one or all of the standard solutions that exceeded
the error bounds set from the literature/inter-laboratory calibrations. These anomalous results

were potentially linked to the high background blanks recorded during these periods (Figure
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2-10), and sample measurements from these periods cannot be considered reliable. All of the

samples concerned were re-prepared and re-analysed at a later date.

Figure 219: A comparison oBa,; concentrations measured in the NA&
seawater standard in Rutgers University, Cardiff University, and Bristol Univwsiti
measured concentrations reported in the literature.

This comparison with values of the NASS-5 reported in the literature, as well as the consistent
agreement across the three laboratories in which samples were analysed for this study, provides
confidence in the accuracy of this concentrations measured throughout the thesis. Overall,

the external reproducibility (Figure 23) measured in comparable standard solutions (Souther
Ocean sawater samples are most comparable with In-house standard SO) was better than
1.65%, giving a great enough accuracy to reliably interpret the small variatiBag in

concentrations observed throughout Antarctic waters.
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Chapter 3

Controls on the oceanic distribution of dissolved barium

in the Scotia and Weddell Seas (Antarctica)

1. Introduction

Current understanding of the oceanic barium cycle, and its links to the biolagiozty,
freshwater inputs, and ocean circulation for which it is employed as a proxy, has béed lim
the relatively sparse datasets available. The Geochemical Ocean Sections Study (GEOSECS)
expeditions of the 1970s provided information on the distribution of baribnewghout all the
major ocean basins (Figure 3-1) and enabled the development of many of the theorieguaf bar
biogeochemical cycling that are still being investigated today (WolegemutiBeoecker 1970;
Chan et al. 1976, 1977). However, the wide range of potential controls on barium distribution
the ocean, and the closely associated distribution of marine barite, cannot be thoroughly
investigated with data from isolated hydrographic stations. In addition to the more
comprehensive ocean surveying undertaken in recent years by programmes such as GEOTRACES,
progress in analytical techniques has made it possible to gather more precise measurements of
dissolved barium (Bain seawater, allowing relatively small shifts in spatial distributions to be

examined in detail with greater confidence (Jeandel et al. 1996; Volpe & Esser 2002; Jacquet et
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al. 2004, 2005, 2007; Hoppema et al. 2010; Thomas et al. 201th)s chapter | will discuss the
additions that can be made to our understanding of the barium biogeochemical cycle by
examining a high precision dataset of;B@am well-resolved transects of the Scotia and Weddell
Seas.

The Southern Ocean is of particular interest in developing our understanding of the
oceanic barium biogeochemical cycle, as a climatically important region with a large role in
ocean carbon storage. Additionally, the potential applma$ of marine barite and Ba/Ca as
palaeo-proxies for export productivity and deep water circulation (Jacquet et al; 2007
Thompson & Schmitz 1997; Nirnberg et al. 1997; Lea & Boyle 1989; Lea &Bd)lén this
region make it crucial that the controls on the barium cycle in these waters are better
understood. The heterogeneity of the Southern Ocean, exemplified by the biogeographical
zonation caused by the migratory circumpolar frontal zones, also offers an opportanity t
investigate the various potential effects on barium distributions of different ecological
communities,and the interactions of large and small scale water-mass mixing. In the Scotia Sea,
the contraction of the frontal zones by the physical restrictions of the Drake Passage, and the
influence of the North and South Scotia Ridgeshe movement of water masses and biological
activity, offer an ideal region to examine the ham biogeochemical cycle (Figure 3-2)
Specifically, variability in thBa, distribution and its relationship to biological activity can be
investigated across the biogeochemical divide of the Polar &f@oine, and this data used to
inform interpretations of the global link observed between,Bad silicic acid. For example, site-
specific decoupling of the well-known J%i(OH) relationship can be used to trace different
water masses, and potentially asses the degree of barite precipitation occurring in different

areas.

1.1.The Scotia Sea
The Scotia Sea is a large area (approximately 108km?) in the southwest Atlantic

sector of the Southern Ocean (Figure 3-2) bounded to the west by the Drake Passagethend t
north, east, and south by the Scoti@and Arc system and undersea ridgeich separate the
area from the South Atlantic and divides the Scotia Sea from the Weddell Sea to the south. The
presence of this surrounding island arc, possible advection of shelf-derived waters from the
south, iceberg interactions, upwelling from submarine topography, and the deposition of
atmospheric dust, are all possible sources of iron fertilisation, thought to coigriioLthe Scotia
Sea being one of the most productive areas in the Southern Ocean (Murphy et al. 2007;

Whitehouse et al. 2012). However, this productivity within the Scotia Sea ialgphtghly
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variable, with large areas of it also categorised as High Nutrient/Low Chlorophyll (Lt
al. 2005) (Figure 3-3).

Figure 3-1Locations of stations sampled for dissolved barium for the GEOSECS
programme (KNORR and MELVILLE cruises from 1972-1978) (Ostlund e).aD&t88ailable
at https://odv.awi.de/en/data/ocean/geosecs/

Figure 3-2Sites of depth profiles collected during cruise JR299 in the Scotia Sea ar
Weddell Sea. Positions of fronts (after Orsi et al. 1995) marked by dotted lines. Stations r
the Polar Front marked with squares (turquoise in the Drake Passage, purple alongtthe N
Scotia Ridge), stations south of the Polar Front marked with diamonds (yellow in the Drak
Passage, cyan along the North Scotia Ridge). Stations south of the Southern Boundary a
marked by circles (blue in the continental waters adjacent to the Peninsula, red in the We
Sea).
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Figure 3-3: at e. Temperature (°C), salinity, phosphate (UM), nitrate (uM) and silicic
(uM) concentrations from the World Ocean Data Atlas, monthly averages for April, access
through: https://odv.awi.de/en/data/ocean/world_ocean_atlas_2013/) (Locarnini eRall 3;
Zweng et al. 2013; Garcia et al. 2014); f. Chlorophyll-a concentrationsrdenived from
ocean colour data, measured with the NASA Sea-viewing WideoFiallv-Sensor (SeaWiFS
The data we use are the 9 km resolution annual mean chlorophyll-a concentration in 201(
data are available from the NASA Ocean Colour website:
http://oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/Annual/9km/chlor_a (Werdell 20@8)

The circulation of the Scotia Sea is dominated by the Antarctic Circumpolar Current
(ACC), a wind-driven current that flows eastwards around the Antarctic continent, transporting
approximately 130140 Sv (1 Sv=i®°s") (Cunningham et al. 2003). The transport occurring
within the ACC is considered to be dominated by several frontal jets identified by large
horizontal gradients in oceanic properties. There has been an evolving literature descriing th
location, causes, and distinguishing features of these fronts (Deacon 1982; Orsb&bal. 1
Belkin & Gordon 1996 and references therein). Current consensus defines four main fronts (from
north to south): the Subantarctic Front, the Polar Front, the Southern ACC Front and the
Southern BoundarywWhilst these fronts are consistently observed in the narrow constriction of
the Drake Passage, at other longitudes there is more complexity, with sub-branches and re-
circulations of the fronts observed (Gille 1994; Graham et al. 201#)e Drake Passage and

Scotia Sea these fronts divide the Southern Ocean into three major zones, described by Pollard
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et al. (2002) as the Subantarctic zone (SAZ), the Polar Front Zone (PFZ) and Antarctic Zone (AAZ)
divided by the Polar Front, and the Antarctic Continental Zone south of the Southerd@gun

This physical zonation of the Scotia Sea and its control on the distribution of
macronutrients in turn creates a biogeochemical zonation, reflected in spatial variations in
phytoplankton biomass and community structure (Tréguer & Jacques 1992; Holm-Hansen et al.
2004; Whitehouse et al. 2012). The upward sloping of density surfaces from natiuth
geostrophically supporting the ACbrings nutrient-rich waters closer to the surface, producing
positive gradients in seawater nitrate, phosphate, and silicic acid concentrations from north to
south. In addition to this, seawater silicic acid concentrations increase southwards along density
surfaces, most likely due to diapycnal mixing with deeper waters enriched in silicate due to its
deeper remineralisation (Pollard et al. 200Bhese high silicic acid concentrations south of the
ACC make the region a favourable environment for diatom growth, resulting in high levels of
biogenic silica production that are reflected in the deposition of the diatomaceous opathze|
largest global accumulation of sedimentary opal occurring south of the Polar FrontKfetad.

2000; Tréguer & De La Rocha 2013). Elevated chlorophyll levels are consisteotbtedsath
the Southern Ocean fronts (Moore et al. 1999) (see Figuré)3¥ist likely due to the relief of
iron limitation associated with upwelling waters (Boyd 2002; de Baar et al. 1995).

These zonal features within the Scotia Sea are also accompanied by changes in ocean
circulation, with deep (1000 to 2008) waters moving southwards across the ACC, balanced by
an equatorward flow of lighter and denser layers, including newly formed deep waters from the
Weddell Sea (Rintoul et al. 200Antarctic Surface Waters (AASW) and remnant Winter Water
(WW) flow equatorwards, subducting at the Polar Front and contributing to the formafion
Antarctic Intermediate Water (AAIW), marked by a subsurface salinity minimum. Below this,
Circumpolar Deep Water (CDW) is transported into the Scotia Sea by the ACC, comprising Lower
CDW (LCDW) derived from North Atlantic Deep Water (NADW) and the less dense, older Upper
CDW (UCDW) (Figure 3-4) sourced from the Indian and Pacific Oceans (Naveira Garabato et al.
2002). A colder, slightly less saline variety of LCDW referred to as Southeast RapifWdder
(SPDW) has also been observed in the Scotia Sea, with a distinctive silicate maximum resulting
from mixing with Ross Sea deep waters (Sievers & Nowlin 1984; Naveira Garabato et al. 2002;
Peterson & Whitworth 1989). Weddell Sea Deep Water (WSDW) is able to exit from the Weddell
Sea into the Scotia Sea by overflowing the South Scotia Ridge (especially in the vicinity of Orkney
Passage), flowing westwards and northwards and mixing vigorously with CDW, resulting in a
cooling and freshening of CDW waters as they flow eastwards through the Scotia Sea (Naveira

Garabato et al. 2002; Meredith et al. 2013)
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Figure 3-4Main figures show Drake Passage sections from the tip of the West Antarci
Peninsula (left) to Burdwood Bank (right). Colour scale represents labelled parameters in ee
panel; locations of Southern Boundary and Polar Front marked by vertical dotted black daels
parel. Delineation of water masses schematically marked for reference: Weddell Sea Deep
(WSDW), South Pacific Deep Water (SPDW), Lower and Upper Circumpolar Deep Water (L
UCDW), Antarctic Intermediate Water (AAIW), and Antarctic Surface Water (AASW).
a.Ba, concentrations (nM); b. B& ™*“"“?values; (inset below shows the surface distribution)
(overleaf) c. dissolved oxygen concentrations (umd] #gpotential temperature (°C); e. salinity.
Inset map (bottom panel, above) shows the distributioB&fmeasured in surface waters, with
colour scale showinBa; (nM).
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1.2. The Weddell Sea
The Weddell Sea is an important site of deep water formation, with Weddell Sea Bottom
Water (WSBW) forming from the mixture of comparatively saline CDW and low tatoper
shelf waters at the southern and western continental margihthe cyclonic Weddell Gyre (Orsi
et al. 1993)As it circulates around the gyre the cold, saline WSBW mixes upwards with warmer

CDW to form Weddell Sea Deep Water (WSDW), added to by lateral advection of recently

Chapter 3t Controls on the oceanic distribution ofyBathe Scotia & Weddell Sgagl



ventilated waters from outside the Weddell Sea (Meredith et al. 2000; Ohshima et al. 2013)
WSDW also forms directly from the descent and mixing of shelf waters in the Weddell Sea
(Meredith et al. 200Q)WSDW is then able to exit into the Scotia Sea as discussed above, as well
as flowing around the South Sandwich Islands and into the Atlantic through the Georgia Basin
This outflow represents the densest contribution to the equatorward-flowing Antarctic Bottom
Waters (AABW) (Meredith et al. 2000)

2. Materials and Methods

The Scotia Sea and Weddell Sea data discussed in this chapter were collected during the
RRSJames Clark Rosslise JR299 in the austral autumn (March to April) 2014. Three sections
were sampled (see Figure 2-2), the first being the World Ocean Circulation Experiment (WOCE)
SR1b transect from Elephant Island to Burdwood Bank (Cunningham et al. 2003) (JR293),
designed to capture the vertical profiles and horizontal gradients of the different water masses
across the Drake Passage, and the time-evolving transport of the ACC. Data were also gathered
from an additional transect (JR273b) along the North Scotia Ridge, concentrating onirgpllect
depth profiles through Shag Rocks Passage, a 3100 m gap in the ridge through which the Polar
Front, and its associated transport, crosses into the Atlantic (Smith et al. 2010). One depth
profile (Station 44) was collected in the Weddell Sea amongst rapidly devefmaikdce, whilst
a second Weddell Sea profile (Station 45) has been analysed from the start of the A23 transect
between the edge of the Weddell Sea and South Georgia (JR272c) (for further details of the
sections sampled see Chapter 2 Section 2.1.ii).

A total of 609 seawater samples were collected at corresponding stations and depths for
dissolved barium, silicic acid, and nitrate and phosphate analysis using Niskin bottles deployed
on a CTD (Conductivity-Temperature-Depth) rosette. 372 of these samples were subsequently
analysed for dissolved barium concentrations. For further detail of stations and sampling

protocols see Chapter 2 Section 2.1.ii.

2.1.Dissolved barium
The dissolved barium concentrations of unfiltered seawater samples were analysed using
isotope dilution inductively coupled plasma mass spectrometry (ID ICP-MS)iascin
Chapter 2 SectioA. Sample preparation and measurements of the JR299 data set were made at
the Bristol Isotope Group, Earth Sciences Department, at Bristol University, using a Thermo-
Finnigan Element-2 (SEM detector only) for the ICP-MS analysis.
A mass bias correction coefficient (K) was calculated each time samples were analysed by

measuring the ratio oP®Ba/**Ba in a 1 ppb Ba natural standard solution prepared in 5 % (v/v)
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seawater (NASS-6 seawater standard ppb £ 0.15 Ba), and comparing this to the average
natural ratio reported in the literature (10.88) (Chapter 2 Section 4.3.iv). Thepso#tio

determined in this solution varied between 10.7 and 11.4, with measured uncertainty across
each sample run usually around 0.4 % and never exceeding 1.3 % (2*RSD). Within each run, thi
uncertainty was always less than the mass bias determined for each sample run, which was on
average a 1.2 % deviation from the literature value (minimum deviation 0.478Gmum

deviation 4.8%)

Blank solutions of 3 % (v/v of concentrated reagent) EIN® i6 X1DQ| u A § E A &
analysed to correct for background barium signal from the introduction system of the 82P-M
(***Ba blank counts <0.15 % of seawater sample cotfiBa blank counts <0.5 % of seawater
sample counts), and a set of consistency standards were measured at regular intervals to
guantify the long-term reproducibility of the measurements (see Table 3-1). A comdoti any
seawater matrix effects was applied to the blank measurements by monitoring the sensitivity
a natural standard solution in 3% HN. a natural standard solution in 5 % seawater, before

the blanks were subtracted from sample counts.

In-house
Standard: Standard 1 NASS-5 NASS-6
2*RSD 1.34% 3.26% 1.73%
Bristol n 72 33 70
[Ba] (NM) 735+1.0 374+1.2 49.3+0.9
2*RSD 1.29% 1.53% 1.22%
Cardiff n 23 22 23
[Ba] (NM) 73.7+1.0 37.0+0.6 495+ 0.6

Table 3-1: Reproducibility of standards measured in Bristol from March to November
2016. Data from Cardiff (measured in 2014) provided for comparison. Values givéretatve
standard deviation (2*RSD). Errors fromwhouse Standard 1 (from the Scotia Sea, 100m depth)
are considered applicable to the higher range of Scotia and Weddell Sea samples, whilst errors
from NASS-6 can be applied to the lower range, as the dissolved barium concentrations are the
most comparable. For consistency, the most conservative uncertainty of 1.7 % (from th& NASS-
standard) is applied to all samples.

Seawater standards of comparable barium concentration to the samples show a long-
term external reproducibility of £ 1%(2*RSD) or better across all analytical runs from March
to November 2015 (Table 3-1 and Figurg72-Within each analytical run, reproducibility of
these seawater standards was = %I{2*RSD) or better. Although none of these seawater
standards have a certified barium concentration, accuracy was consistently checked against th
average measurements of the same standards, measured using a Thermo-Finnigan EIRment-
at the School of Earth and Ocean Sciences, Cardiff University (Chapter 2 S8y.tibnesfull

range of Ba concentrations in this study varied betwé@mM and 103 nM; high precision
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analyses were necessary for the robust identification of relatively subtle Ba gradients within

depth profiles and across spatial trends.

2.2.Dissolved inorganic nutrients

Dissolved inorganic nutrients (silicic acid, phosphate, and nitrate + nitrite) were analysed
at the University of East Anglia by Oliver Legge and Andy Hind using a San++ Gas Segmented
Continuous Flow Analyser (Skalar, Breda, The Netherlands). The accuracy of the measured
nutrient concentrations were checked by performing a six point calibration for each analyte,
using a mixed standard containing silicate, nitrate, and phosphate (made from reagent grade
sodium hexafluorosilicate, sodium nitrate and potassium dihydrogen phosphate respectively).
Standards and wash solution were made in a saline solution containing 35 g reagent grade
NaCl/L in ultrapure water. Prior to the preparation of the standards and wash solution the NaCl

was baked at 400 °C to remove any nitrate contamination.

2.2.i0xidised nitrogen (NOX)

Unfiltered seawater samples for NOx (and,Padalysis were frozen within six hours of
being sampled, and stored frozen awaiting analysis. As nitrate cannot be measured directly using
a segmented flow analyser, the sample was first reduced to nitrite by buffering the solution at
pH 8.2 and passing it through a copperised cadmium column. The nitrite was then determined
colourmetrically following the method of Skalar (2009a), usir(@-Naphthyl)ethylenediamine
dihydrochloride and sulfanilamide; the intensity of the red dye was measured by a photometer
using a 540 nm filter (Bendschneider & Robinson 1952). The detection linfiidonéthod was
approximately 0.07uM (3x the standard deviation of repeated blank measurements, as
recommended by Taylor (1990)).

Oxidised nitrogen (NOXx) therefore refers to nitrite @N® nitrate (NG). Nitrite occurs in
the water column at levels typically 70 times lower than nitrate in the photic zode an
approximately 52000 times lower in the aphotic zone (Gruber 200&)reproducibility of NOx
concentrations was + 1.70 uM (&B), calculated by analysing eighteen sets of duplicate

samples.

2.2.iiPhosphate (P
Unfiltered seawater samples for P(and NOx) were frozen within six hours of being
sampled, and stored frozen awaiting analysis. Phosphate was measured following the method of
Skalar (2009b), based on the principles developed by Murphy and Riley (1962). Thewasp
introduced to an acidified medium containing ammonium heptamolybdate and potassium

antimony (Ill) oxide tartrate to form an antimony-phosphomolybdate complex. This was th
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reduced to a blue coloured complex using ascorbic acid, and the intensity of the colour
measured spectrophotomentrically using an 8@ wavelength filter. The detection limit of this
method was approximately 0.38M, calculated as for the nitrate measurement. The
reproducibilityof PQ, concentrations was + 0.18 pM (1*SD), calculated by analysing eighteen

sets of duplicate samples.

2.2.iii Silicate/silicic acid (Si(QH)

As freezing and defrosting samples can lead to incomplete silicic acid recovery, separate
unfiltered seawater samples also were collected and kept refrigerated at 2 to 4 °C awaiting
analysis (Aminot et al. 20DSilicate concentration was analysed using the method of Skalar
(2009c¢), based on that of Brewer and Riley (1966). The sample was acidified with sulfuric acid
and mixed with an ammonium heptamolybdate solution. This was then reduced to a blue
coloured complex using ascorbic acid, and the intensity of the colour measured
spectrophotometrically using an 810 nm wavelength filter. Oxalicwwasdadded to reduce
interference from phosphate. The detection limit of this method was approximately 0.Q9 uM
calculated as for the nitrate measurement. The reproducibility of Si(@iicentrations was +

1.64 uM (1*SD), calculated by analysing sixteen sets of duplicate samples.

2.3. Temperature, salinity, and oxygen concentrations

Temperature, salinity, and oxygen concentrations were recorded for each CTD cast using
a SBE9PIlus unit witthual SBE3PIlus temperature and SBE4 conductivity sensors and a
Paroscientific pressure sensor, and an SBE43 oxygen sensor

Conductivity measurements were processed and converted to saklmitycalibrated by
the regular collection of discrete seawater samples from CTD casts, analysed for salinity using
the on board Guildline Autosal 8400B salinometer. Discrete samples were aéstiezblit five
CTD stations for on board measurement of dissolved oxygen concentrations via Winkler
titration, which were used to calibrate the CTD oxygen probes. Details of these calibrations can
be found in the cruise report of theRS James Clark R&R299: Scotia Sea circumnavigation and

DIMES UKS5 (Meijers 2014).

2.4. Quantifying deviation from B&i(OH) trends
Where linear correlations exist between &and silicic acid, scatter above and below the
trendline is quantified by calculating £4°“?values (Equation 3-1). The,B&5"“?value
guantifies the deviation of the Baneasurement from the overall B&i(OH) regression of the
station profile. Positive B3 "*™?yalues indicate that the Baneasured is higher than predicted

by silicic acid values, whilst negativeB&“**values signify thaBa, is lower than predicted
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(Figure 3-5). This will help to identify decoupling of &&d silicic acid, potentially reflecting

processes such as barite formation that only affect one of the parameters.

Equation 3-1

Figure 3-5: Schematic representation of B&*“*values; a. representation of how Fa
values are calculated from B&i(OH) correlation; b. Indication of how Ba"*™?variatior
through the water column can be interpreted.

residual
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3. Results

3.1.ldentifying polar frontal zones and major water masses

Conservative parameters temperature and salinity were used to establish the location of
the ACC fronts across the Drake Passage and North Scotia Ridge transects. The Sub-Antarctic
Front, Polar Front, and the Southern ACC Front are dynamic features that can be identified by
the location of enhanced horizontal gradients in temperature, salinity, and oxygen
concentration, and have traditionally been considered boundaries between distinct water
masses (Graham et al. 2012; Orsi et al. 1995). These conservative hydrographic paraereters
used to establish the location of the polar frontal zones across the Drake Passage and the North
Scotia Ridge transects. Labelled, dashed lines in Figure 3-2 show the approximate locations of
these fronts.

Across the Drake Passage transect the Southern Boundary is observed between Stations 7
and 9, marked most clearly in a positive sea surface temperature (SST) gradient (Figure 3-4 d).
The location of the Southern ACC Front is indistinct in my data, possibly falling within the less
resolved mid-section of the Drake Passage. The Polar Front is located between Stations 26 and
30, with clear surface gradients in increased SSTs, lower salinity, and lower oxygen
concentrations (Figure 3-4 c, d, and e). The Sub-Antarctic Front is also less clearly defiised, but

approximated to lie between Stations 35 and 37.
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Across the North Scotia Ridge Transect the Sub-Antarctic Front is again less distinct, but
can be approximately located between Stations 128 and 125 by an eastward transition to a
colder, less saline, less oxygenated water column (Figure 3-6 ¢, d, and €). The Polar Front is
observed between Stations 101 and 100, marked by an eastward increase in surface oxygen

concentrations, accompanied by lowered salinity and temperature (Figure 3-6 ¢, d).and e
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Fgure 3-6: (previous page) North Scotia Ridge section from west (left) to east (righ
Colour scale represents labelled parameters in each par#; concentrations (nM); b. B&
residualy alues; c. dissolved oxygen concentrations (umigl dgpotential temperature (°C); e.
salinity.

Within these horizontally bounded frontal zones, the vertical distribution of conservative
parameters marks the transition with depth through the cores of key water masses: Antarctic
Intermediate Water (AAIW), and Upper and Lower Circumpolar Deep Waters (UCDW and
LCDW). These water masses are most distinctly differentiated by their oxygen concentrations
(Figure 3-4 and Figure 3-6). In the Drake Passage transect, AAIW can be recognised adya relativ
warm, low salinity, well-oxygenated shallow water mass north of the PFZ. This otlezlies
Circumpolar Deep Waters, divided into the low oxygen UCDW, warmer and more saline than the
deep waters of the LCDW (Figure )34 the very base of the water column in the Drake
Passage, the colder, slightly fresher SPDW can be distinguished from the bulk of LCDW by
increased silicic acid values (Sievers & Nowlin 1984; Peterson & Whitworth 1983aNavei
Garabato et al. 2002).

3.2. Antarctic continental waters
South of the Southern ACC Boundary, Stations@aere sited in Antarctic continental
waters. The water mass as a whole is 1 to°Cé&older, with less temperature variation than the
northward stations of the ACC and PFZ (Figure 3-4 d). Relatively warm sea surface temperatures
(SSTs) (0.5 to 0.75 salinity 34) overlie a more saline, low temperature layer at the base of the
thermocline (approximately 500 y0 to -0.5°C salinity 34.5). Below 500 m the water column is
relatively homogeneous with regards to salinity and oxygen concentrations, with potential

temperatures ranging from 0.78Cto just below °Cat the base (Figure 3-4 ¢ and Figure).3-7

Figure 3-7: (right) Potential
temperature vs. salinity of Antarctic
Continental waters (south of the Southe
Boundary), with colour bar representing
the depth of samples in the water colum
(m) and solid lines showing density
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Surface wateBa, concentrations in this near-Antarctic region are relatively high
compared to the open Southern Ocean, with the shallow station on the continental slope
reaching maximum concentrations (88.5 nM) in the sub-surface by 500 m, adéé¢per
station 7 reaching maximum values (97.3 nM) at the base of the oxygen mmazone (Figure

3-8). NOx and Pgxoncentrations increase with depth throughout the upper 500 m and are

Figure 3-8Depth profiles of Antarctic continental waters south of the Southern Bour
(Station 3 brown circles; Station 5 purple triangles; Station 7 blue cresg&syolved oxygen
concentrations (url / kg); b.Ba® *"“%alues, zero line marked by black dotted line for
reference c. Dissolved barium concentrations (nM); d. Silicic acid (uM). Shaded area ré&pre
the oxygen minimum zone (approximately 500 to 1600

Figure 39: Depth profiles of Antarctic continental waters south of the ACC Boundary
(Station 3 brown circles; Station 5 purple triangles; Station 7 blue cres&isyolved barium
(nM); b. Silicic acid (uM). Nitrate+Nitrite (uM);d. Phosphate (uM). Shaded area represents
oxygen minimum zone (approximately 500 to 1000m).
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then largely invariant throughout the rest of the water column, whilst silicic acgely mimics
the behaviour of Bawith depth (Figure 3-9)There are significant positive linear correlations
between Bgand NOx (Ba = 2.18*NOx + 21.8; n = 8% @R59; p <0.001) and Band silicic acid
(Ba = 0.31*Si(Ok 60.1; n = 37;%R 0.97; p <0.001), but not between Band PQ (n = 37; R=
0.12; p = 0.04) (Appendix 8). There is very little scatter in the correlationy @ihBasilicic acid,

reflected in little variation from zero in the B4**™?values with depth (Figure 3-8

3.3.The Antarctic Zone (AAZ)

Stations 9 to 26 lie north of the Southern Boundary and south of the Polar Frohg in t
core of the eastward flowing ACThesefour stations reach depths of between 3000 to 4000 m
and show a well-stratified water column with the stratification dominantly controlled by salini
relatively warm (2 to 32) low salinity (33.7 to 33.8) surface waters (&fm), a temperature
minimum (-1 to 0Q at approximately 100 m, and a core of relatively warrfidZaline (34.4 to
34.7) UCDW at 250 to 1006@mixing with colder (0 toQ LCDW and WSDW (-0.7 < T <0 °C)

bottom waters (Figure 3:0).

Figure 310: (right) Potential temperature
vs. salinity for stations south of the Pole
Frontand north of the Southern Bounda
Contours show density and colour scale
represents depth in the water column.
Antarctic Intermediate Water (AAIW),
Upper and Lower Circumpolar Deep
Waters (UCDW and LCDW), Weddell S
Deep Water (WSDW) end-members
labelled.
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Depth profiles of macronutrients (Figurel2) show that NOx and R@re low in surface

waters but do not reach zero, and remineralise at relatively shallow depths, reaching maximum

Figure 311: Depth profiles of ACC waters south of the Polar Front (Station 9 black €
Station 11 brown triangles; Station 13 purple diamonds; Station 19 green squat&s) 36 red
circles)a. Dissolved oxygen concentrations (umol/kg)Ba,> *"“d/alues;c. Dissolved barium
concentrations (nM)d. Silicic acid (uM). Shaded area represents the oxygen minimum zon

values by 500 m. However, silicic acid concentrations show two stages of regeneratiom with a
initially rapid increase from low surface values down to approximately 500 m. Below,500 m
silicic acid concentrations continue to rise, but at a slower rate, reaching maximumaévels

2000 to 3000m.
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Ba concentrations, on the other hand, display a steady rate of increase froer low
surface values (70 t65 nM) to maximum concentrations of 95 to 18 at approximately 2000
m. Despite differences in behaviour with depth, there is a strong positive linear correlation
between Baand silicic acid (Ba = 0.32*Si(@H$1.0; n = 77;% 0.90; p <0.001) (Figure
3-Figure 3-13)aalthough this trend differs from the linear model fitted to the global GEOSECS
data (Ba = 0.58*Si(OH) 39.33; n = 322;°R 0.94; p <0.01). Whilst most AAZ samples between
depths of 150 m and 1000 m lie centrally at values of Si©#6{) to 100 uM and Ba 80 to
100nM, consistent with the global trend line, there are deviations from this amonglbsha
and deep sampleg®\AZsamples below 1000 m are invariant with regards tg @4 show a wide
variation in silicic acid. Shallow sites within the ACC (top 150 m) record highealBss relative
to silicic acid than the global linear relationship would predict, and these samples record a
shallower BgSi(OH) trend, indicating that Bavaries less with respect to silicic acid at these
shallow ACC sites than it does globally and in the intermediate depth ACC waters (Rigale 3-
The relationship exhibited between Band the other macronutrients, NOx and £ non-
linear, with a general positive trend encompassing three broad populations: highly eax&i

and PQvs less variable B&n surface waters, less variable NOx and VOhighly variable Bin

Figure 312: Depth profiles of ACC waters south of the Polar Front (Station 9 black ¢
Station 11 brown triangles; Station 13 purple diamonds; Station 19 green squat&s) 36 red
circles) a. Dissolved barium (nM); b. Silicic acid (uM); c. Nitrateite {iM); d. Phosphate (UM
Shaded area represents the oxygen minimum zone.

intermediate waters and deeper waters (see Figures in Appendix 8).

Variations in the behaviour of silicic acid and ®#h depth are observed in more detail
in the Ba® "*"“?values calculated from the individugéy/Si(OH) relationship at each station,
which are positive in surface waters before decreasing to a subsurface minimum between 200
and 800 m, returning to positive values below 1000 m, and decreasing to values of zeeo by th

bottom of the water column (Figure BL). The sub-surface minimum of 8&°"“2values
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corresponds with the oxygen minimum zone, denoting both a transition into the UCDW and the
depth range of maximum NOx and P®mineralisation (Figure B2). A transition to a sub-

surface maximum deeper in the water column but within the UCDW water mass occurs in all
profiles, with the depth of that maximum increasing northwards (800 m in the south to 12200

in the north).

Figure 313: (overleaf) Scatter plots of dissolved barium vs. silicic acid for biogeogre
divisions of the dataset, superimposed upon the global GEOSECS dataset (Ostlund et al.
plotted in grey crosses. a. Data from the Drake Passage Transect (Stations south of the |
yellow diamonds, Stations north of the PF as green squares); b. Data from the NSR Tran
(Stations east of the PF as blue diamonds, stations wet of the PF as purple squares) c. D
the Weddell Sea as red circles; d. All JR299 data shown together as black dots.
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3.4.North of the PF (PFA?)

Stations 30 to 41 lie north of the Polar Front, in ACC waters flowing eastwards in the PFZ
and SAZThree of these stations reach depths below 480®hilst Stations37 and40 are
shallower, reaching bottom depths of 2800 m and 1525 m respectively on thimental
rise/slope. The Polar Front is marked at approximately 56 °S by a notable change in the water
column; the disappearance of the temperature minimum layer, and the decreased dominance of
salinity on stratification (Figure 3-4 d and e). Sea surface temperatures increase t6@ toith
warmer temperatures and lower salinities extending down to 1000m, where subducted AAIW (4
°G salinity 34.2) overlies low oxygen UCDWGQZalinity 34.7) (Figure B4).

Figure 314: (right) Potential
temperature vs. salinity for stations north o
the Polar Front. Contours show density ant
colour scale represents depth in the water
column. Main water masses labelled:
Antarctic Intermediate Water (AAIW), Uppe
and Lower Circumpolar Deep Waters (UCL
and LCDW), South Pacific Deep Water (SF
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In the top 200 m Baincreases rapidly with water depth, more closely following the
behaviour of NOx and R@an silicic acid, which remains fairly constant (Figure 3-6). NOx and
PQ concentrations continue to increase below 200 m at a slower rate until reaching maximum
levels at approximately 1500 m, which are maintained throughout deeper watecsnimast,
both silicic acid and Bare broadly invariant between 200 and 500 m, before increasing at a

similar pace until 1500 m. Baoncentrations reach maximum levels at approximately 2500 m,
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and silicic acid concentrations continue to rise at the deeper stations until close mnfott

depths of 4000m.

Figure 315: Depth profiles of Drake Passage waters north of the Polar Front (Statiol
red circle; Station 33 grey upsidedown triangles; Station 35 brown triangles; Sthtpmple
diamonds; Station 40 green squares) a. Dissolved oxygen concentratiang kgy b.Ba,”
residual slues;c. Dissolved barium concentrations (nM); d. Silicic acid (uM). Shaded area reg
the oxygen minimum zone.

Figure 3-16Depth profiles of Drake Passage waters north of the Polar Front (Statio
red circle; Station 33 grey upsidedown triangles; Station 35 brown triangles; Statmmgle
diamonds; Station 40 green squares) a. Dissolved barium (nM); b. SilicioMigid. (Nitrate +
Nitrite (UM); d. Phosphate (uUM). Shaded area represents the oxygen minimum zone.

Whilst south of the Polar Front there is a strong covariance in the behavioug ahBa
silicic acid with depth suggesting a close biogeochemical coupling, that is quite distintthérom

behaviour of the other two macronutrients (NOx and2®uch a relationship is less apparent in
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these waters north of the Polar Front. Nonetheless, at thdsgéand 3\Zstations there is a
similarity of behaviour between BaNOx, and PQn surface waters (0 t800m), which is
replaced in intermediate waters by a more dominant similarity betweenaBd silicic acid
(Figure 315). Despite the marked similarity in their surface water behaviour, the overall
relationships between Band NOx/PQare distinctly non-linear, as described in Section 3.3
Appendix 8), whilst a significant overall positive linear correlation betwegmiBahsilicic acid is
identified (Ba = 0.32 * Si(OH)61.1; n = 76;%R 0.9; p <0.001).

These offsets from the linear relationship betweery Bad silicic acid are shown in the
Ba® "**"“?yalues, which are negative in surface waters rising to values around zero over the top
200 m (Figure 3-15 and Figure 3-4 b). At two stations (Stations 335atitht exhibit the most
depleted surface BaconcentrationsBa® **““values overshoot zero and record positive
values. These values then decrease to/remain close to zero until they begin to increase again at
the transitions to the oxygen minimum zone/UCDW at approximately 1500 m, reppbak

values at the same depth as maximum, Bancentrations.

3.5.The North Scotia Ridge
Stations to the west of the Polar Front, as its path curves north through Shag Rocks

Passag@ the North Scotia Ridge, follow a similar distribution of parameters to the PFZ @nd SA
stations across the Drake Passage (Figure 3-4 and Figure 3-6). Pogitii&'8malues are
associated with the deeper UCDW whilst intermediate waters exhibit less scatter around the
strong positive BdSi(OH) correlation, displaced above the global trend line (Figure 3-13 b). East
of the Polar Front, the shallowing of UCDW and re-establishing a strong salinity gradien
accompanied by stronger B5°*"“*gradients, with positive values in surface waters, negative
values from the transition to UCDW/oxygen minimum zone at 200 to 3Qéhderlain by a

return to positive values in the lower part of the UCDW at 1800

3.6.The Weddell Sea
Stations 44 and 45 lie on the edge of the Weddell Gyre, wBayeoncentrations are

consistently higher than at the Scotia Sea stations, with even the surface nah8baM
(Figure 319). The majority of macronutrient variation is seen in the low temperature (-2 Q-1
waters of the top 200 m, with both NOx and Hfixreasing from low surface values to sub-
surface maxima across a sharp salinity gradient (33.5 salinity at the surface, 35 salinityrgt 200
(Figure 317), below which they decrease slightly throughout the bulk of the water column
(Figure 3-19 c and d). Silicic acid angd®@acentrations do not reach sub-surface maxima until
approximately 1000 m, with these values sustained over the next 2000 m untihedgigine in

concentrations below depths of 3000 m (Figur&g}- At Station 44 B& **"*Vaues are
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negative at the surface, then maintain slightly positive values from 500 to @506th silicic

acid concentrations elevated relative toB8&tation 45 exhibits more variable £&£5"“*Vvalues,

with zero values at the surface, negative values by 200 m that steadily rise with depth until 3500
m, remaining at consistent positive values until 4500 m. Thg B4"*values at both stations

show sharp variations at the very base of the water column (4500 to 4750 m) (FigjBre)3

Figure 3-17: (right) Potential
temperature vs. salinity plot for stations
the Weddell Sea. Contours show densit
and colour scale represents depth in the
water column.

Measurements of dissolved barium concentrations, macronutrient concentrations, and the
distribution of dissolved oxygen concentrations have been examined here across the different
zones of the Scotia and Weddell Seas. Applying a multivariate linear regression analyses of the
whole dataset (Scotia and Weddell Seas and all available parameters) the best model fit to the
data (p value <0.01) suggests that Bancentrations could be significantly controlled by

potential temperature (p<0.01; intercept -1.78), salinity (p<0.01; intercept 7.59), and attici
concentrations (p<0.01; intercept 0.27) (Table)3-2

Coefficients Standard Error t Stat P-value

Intercept| -193.528 60.799 -3.183 | 0.002

Nitrate (uM) 0.043 0.090 0.477 0.634
Phosphate (uM] -0.048 0.093 -0.518 | 0.605
Silicate (uM) 0.266 0.016 16.604 | 0.000
Oxygen (mMol/Kg] -0.008 0.009 -0.881 | 0.379
Potential Temp -1.782 0.234 -7.624 | 0.000
Salinity 7.590 1.752 4.331 0.000

Table 3-2: Table of results from multivariate linear regression model applied tehible
dataset. Model statistics:’R 0.94; p <0.001
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Figure 3-18: Depth profiles of Weddell Sea stations (Station 44 red circles; Station
green squares) dissolved oxygen concentrations (pihkg); b.Ba,> ™ #alues;c. Dissolved
barium concentrations (nM); d. Silicic acid (uM). Shaded area represents the oxygeuamin
zone.

Figure 319: (above) Depth profiles of Weddell Sea stations (Station 44 red circles; ¢
45 green squares) a. Dissolved barium (nM); b. Silicic acid (uM); c. Miti#rge (uM);d.
Phosphate (uM). Shaded area represents the oxygen minimum zone.

4. Discussion

Firstly, 1 will consider the global relationships observed betwegraBa the
macronutrients NOx, PQand silicic acid, and how these general distributions compare to the
distributions in the Scotia Sea. Whilst the clearest relationship throughout the waltenn is
that between Baand silicic acid, the weakening of this correlation in surface waters, anmbthe
variation betweerBa and NOx/P@north of the Polar Front, implies that the surface cycling of

barium varies depending on the dominant phytoplankton ecology. In intermediatelaaper
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waters, the coupled and non-coupled behaviour of &ad silicic acid offers insight into the

barium and barite cycling, and the transition between characteristic water masses.

4.1.Linking the distributions of Band macronutrients

The first order distribution of barium in the ocean suggests it should be classified it as a
Biointermediate elemenf with partially depleted concentrations driven by biological processes
in surface waters and a steady enrichment with depth, as opposddldtimiting elementq
which are reduced to zero at the surface, and are therefore considered limiting to biological
activity (Broecker 1974). This biointermediate behaviour gicBa be clearly seen in depth
profiles of each ocean basin, for example in the progressive enrichment af Be path of
deep waters flowing within the global thermohaline circulation, with concentrations in the deep
Pacific almost double those in the deep Atlantizqto 150nM in the North Pacific, 65 &6 nM
in the North Atlantic; Figure 30). Although thiBa, pattern is in general agreement with the
global distributions of macronutrients, when examined in detail these relationships are more
complex Barium has no known biological function within marine phytoplankton
biogeochemistry (Griffith & Paytan 2012), and there are no studies indicaengrésence or
absence of Baas a limiting factor to biological activity. Yet whilsy Baely reaches full
depletion in surface waters there have been events recorded of lowered surface concentrations
associated with high productivity episodes (Nozaki et al. 2001; Esser & VOpeHtibpema et
al. 2010; Stecher & Kogut 1999), and laboratory culture experiments have concludeditigat li
phytoplankton (both diatoms and coccolithophorids) contain a relatively large gdabite Ba
(Ganeshram et al. 2003).
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It has been suggested that the biointermediate behaviour gfi8&rgely a result of its

close interaction with the cycling of marine barite (Bg$S&s barite precipitation in the water

Figure 320: a. Schematic summary of the depth profiles of @ecentrations (nM)
recorded in different ocean basins by GEOSECS Expeditions (full station profiles in Appe
North Pacific (red line), Equatorial Pacific (yellow line), South Pacific (pinkianth Atlantic
(dark blue line), South Atlantic (light blue line), Indian Ocean (green line). b. Scleematiary
of Ba concentrations (nM) recorded in this study, with GEOSECS summaries greyed out:
Sea (red line), PFZ and SAZ (dark blue line), AAZ (light blue line), Antarctic Continestal w
(yellow line).

column is thought to be biologically mediated (Dehairs et al. 1980; Bishdh Cadlier &

Edmond 1984). However, whilst the organic aggregate model of barite precipitation in
supersaturated microenvironments associated with decaying organic matter accounts for the
distributions of barite microcrystals in mesopelagic waters (Dehairs et al. 1990; Sternberg et al.
2008) and its correlation with organic carbon in underlying sediments (Dym@uali&r 1996),
there are still questions to be answered about the initial associations of barium with organic
matter in surface waters, and the dominance of the global relationship betwegarhsilicic

acid in comparison to with other macronutrients.

4.1.iNon-linear global relationship betweeryBad NOx or PO

Throughout the global ocean the relationship betweenr &ad the macronutrients NOx
and PQis similar to that described for AAZ waters above (Section 3.3), with a non-linear positive
trend defined by three broad populations: NOx and, BRbw consistent drawdown in surface
waters, whilst the behaviour of Bin surface waters varies between regions; NOx angd PO
quickly reach subsurface maxima which they usually sustain through intermediate depth waters,
whilst Ba is again highly variable; NOx and,e@ncentrations decrease down through deeper
waters whilst Baremains constant or continues to increase (Figure 3-9). With the exception of
HNLC regions, NOx and /e limiting factors for primary productivity, with concentrations
depleted to zero in surface waters. Even in HNLC regions such as the large parts of the Southern

Ocean, both NOx and R€&till experience surface drawdown, but without reaching fully degaet
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levels, with phytoplankton growth instead limited by silicic acid, micronutrients, or the
availability of light for photosynthesis. As discussed abovgn®azer reaches surface
concentrations lower than 30 t0 nM, and in some ocean basins (the North Atlantic and the
North Pacific) does not experience any apparent surface drawdownB&hehaviour is
consistent with the concept that although its biogeochemical cycling may be linked toiligriab
in the extent of biological uptake and recycling, there is no regular intracellular uptddagiam
into marine organic matter (Ganeshram et al. 2003; Griffith & Paytan 2012). Thisn®sigkeint
in the depth profiles of NOx and E@hich show relatively shallow remineralisation as
particulate organic matter is microbially broken down in the oxygen minimum zon&l@ndand
PQ are remineralised. Baoncentrations, although increasing with depth, do so at a slower rate
over a much larger depth range, implying regeneration coupled with the slower dissobifti

skeletal material.

Figure 321: Data from the GEOSECS global database of dissolved barium concent
vs. silicic acid concentrations in seawater (grey crosses). Filled black circles show the 88
Scotia and Weddell Sea datasets from this study.

4.1.iiLinear global relationship betweBg; and silicic acid
A strong positive correlation between Band silicic acid is observed throughout the
global ocean (Figure 3&t), as is a similar trend between Band alkalinity that has resulted in
the use of Ba/Ca as a palaeoproxy for patterns of past ocean circulation (Lea & Boyle 1989;
1990). Silicic acid and Bappear to follow similar patterns of surface depletion and
intermediate water regeneration in every ocean basin (Appendix 7). In the absence of an

obvious mechanistic link between the oceanic cycles of the two elements, it has been sdggest
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that the similarities in distribution are the result of twzation of carrier phases (biogenic silica
and barite) and large scale ocean circulation (Lea & Boyle 1993; Jeandel et al. 1996;eladquet
2005; Horner et al. 2015)

However, the positive linear relationship observed betweepd@ual silicic acid
throughout the global ocean is highly significant and overall exhibits veryslititer (Ba =
0.58*Si(OH) + 39.33; n = 322;°R 0.94; p <0.01). For such a tightly coupled relationship to,arise
but without any apparent mechanistic link between the elements seems highkebnland has
therefore been the subject of much investigation. Indeed, some studies have shown evidence
for a more direct link between the marine barite and silica cycles, finding thatidwgls of
subsurface particulate barium are commonly found in regions where diatoms are a dominant
component of the phytoplankton (Stroobants et al. 1991; Dehairs et al. 1B88stigations in
the Southern Ocean have suggested that, although barite does form in non-diatommatenh
regions, its precipitation is favoured where these siliceous organisms make up @aignifi
fraction of the material exported from the surface layer (Bishop 1988).

There are several possible explanations for this observed connection between diatom-

rich regions and increased fluxes of particulate barium

0] The remains of diatom frustules may provide a more suitable microenvironment

for barite precipitation than the remains of other phytoplankton;

(i) The increased ballasting effect of diatom frustules could increase settling rates

and reduce recycling in surface waters;

(iii) The surfaces of diatom tests may offer better adsorption of cations such’gs Ba

thus catalysing barite formation (Stroobants et al. 1991; Dehairs et al. 1990;
1991; Bishop 1988)

This latter suggestion has been supported by experiments using laboratory cultures of the
marine diatomThalassiosira weissflogivhich found that large amounts of Ba can be adsorbed
onto the iron oxyhydroxides (FeOx) coatings of the tests (Sternberg et al.. 2005)

If the adsorption of Ba onto iron oxyhydroxides observedl.iweissflogiivere common
to other diatom species, then such a process could provide the carrier phase necessary to export
Ba from surface waters, as well as explaining the increased incidence of particulate barite
formation in diatom-dominated waters and the strong relationship observed globalydsst
Ba and silicic acid. However, there are difficulties presented by such a model, for example,
higher Ba/Fe ratios have been measured in naturally occurring suspended particulates relative to
those foundin laboratory culture studies (Sternberg et al. 2005), and these culture studies

contained high levels of iron, which may not be representative of open ocean conditions. This

suggests that there is an excess of Ba relative to Fe in naturally occurring particles thateannot
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accounted for by the FeOx adsorption mechanism (more Ba present than could be adsorbed

onto the FeOx prese)) although this may not be the case in regions of high iron fertilisation.
The FeOx adsorption mechanism discussed above may also apply to non-siliceous

organisms, as it is clear from the presence of barite in non-diatom-dominated marine

environments that there are ubiquitous processes throughout the global ocean that allow barite

to form without the presence of diatoms. The role of non-siliceous organic matter in thagycl

of Ba from the surface has been confirmed by laboratory production of barite from axenic

coccolithophorid cultures, without the presence of opal or fecal pellet packaging§Bam et

al. 2003). However, a combination of the possible explanations presented above may explain

why the presence of diatoms tends to be associated with enhanced barite precipitation: Ba may

associate equally with all phytoplankton (through an FeOx adsorption method onvagdr but

Ba associated with diatom frustules may be more likely to be exported to the typical depths of

barite formation (200 to 2000 m), and the detrital diatom material may then form

microenvironments that are particularly suited to barite precipitation (Figug2)3-
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Although the data presented here do not directly provide information on particulate
barium stocks, the relative distributions of Band silicic acid with depth can provide insight into
the level of interaction between silicate and barite cycling. Of particular use is the measurement
of how and where this B5i(OH) relationship decouples, which is discussed in further detail

below in Section 4.2.ii. Also of interest are the variations in thé¢SIg®H) relationship between

different ocean basins (Figure23), which suggest that although some regions vary very little

from the overall relationship (the South Atlantic, South Pacific, and Indian Oceans), others have

Figure 322: lllustration of the proposed variation in interaction between, Ba
phytoplankton, and barite formation in regions with diatom-dominated and non-diatom-
dominated phytoplankton ecology. In both regions; Baassociated with phytoplankton cells
surface waters through some adsorption mechanism. In diatom-dominated regions, a sigi
fraction of the adsorbed Ras exported from the surface layer within the denser diatom
frustules, whilst in non-diatom-dominated waters, much of the adsoBsgds released back
into the water column as the light phytoplankton tests are recycled in the surface layes. In
depth intervals most associated with barite formation (200 to 2000 m), the diatom detritus
catalyses barite formation, providing microenvironments well-suited to the organic aggrec
model of barite precipitation.
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a distinctive regional signal, with the Equatorial Pacific and the North Atlantic exdibigeper

slopes and lower intercepts, whilst the North Pacific sites display a non-linear relationsttép sim

to that usually seen between Band NOx or PQ The Southern Ocean, on the other hand, has
been shown by numerous studies (Jeandel et al. 1996; Jacquet et al. 2007; Hoppem@Xj al. 2
data presented here for the Scotia Sea) to show lower slopes and higher intercepts than those of

other regions (Table 3-3).

Slope co- Intercept at
Location efficient zero Si(OH) R P Reference
North Indian Ocear 0.56 38.2 - - Jeandal et al. 1996
South Indian Oceat 0.25 64.5 - - Jeandal et al. 1996
Indian Ocean 0.63 34.25 0.98 | <0.001 | GEOSECS (MELVIISZ3B
North Pacific 0.66 26.01 0.93 | <0.001 | GEOSECS (MELVILLE) 1¢
Equatorial Pacific 0.74 23.67 0.99 | <0.001 | GEOSECS (MELVILLE) 19|
South Pacific 0.56 42.15 0.96 | <0.001 | GEOSECS (MELVILLE) 1¢
North Atlantic 0.75 38.63 0.95 | <0.001 GEOSECS (KNORR) 197
South Atlantic 0.55 43.83 0.86 | <0.001 | GEOSECS (KNORR) 197:
145°E PFA&Z 0.23+0.01 64.1+0.7 0.72 | <0.001 Jacquet et al. 2007
145°E SAF-PFZ| 0.31+0.01 58.7+0.8 0.91 | <0.001 Jacquet et al. 2007
Prime Meridian 0.2645 59.368 0.909 - Hoppema et al. 2010
Weddell Sea 0.2322 66.227 0.806 - Hoppema et al. 2010
WAP all 0.21 69.2 0.716 | <0.001 | PalLTER (201112)this study
WAP surface 0.14 72.8 0.266 | <0.001 | PalLTER (201112)this study
JR299 all 0.40 55.1 0.92 | <0.001 JR299 (2014his study
Drake Passage S.F 0.32 61.1 0.90 | <0.001 JR299 (2014his study
Drake Passage N.F 0.49 55.6 0.98 | <0.001 JR299 (2014his study
Weddell Sea 0.18 75.0 0.63 | <0.001 JR299 (2014his study

Table 3-3: Summary of studies investigating Ba Si(OH)n the Southern Ocean
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Figure 323: Scatter plots of the GEOSECS global database of dissolved barium
concentrations vs. silicic acid concentrations in seawater (grey crosses), with datasets sp
each basin highlighted by filled black circles; a. Stations in the North Atlar@igtions in the

North Pacific; cStations in the South Atlantic; d. Stations in the South Pacific; e. Indian Oc
Equatorial Pacific.
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4.2. De-couplindday and silicic acid in the Scotia Sea

Whilst negativeBa,® **®?values indicate an depletion of Belative to silicic acid at a
particular depth, it is impossible to distinguish solely from these values whether thaweelati
depletion is a result of Baemoval or dilution (through barite precipitation or mixing with lower
Ba, waters), or the result of enhanced concentrations of silicic acid (via increased dissolution of
biogenic opal, or mixing with higher Si(@QWaters). Recent measurements of barium isotopes
in the tropical North Atlantic and South Atlantic (Bates et al., in prgpner et al. 2015) have
established the utility of combining Band silicic acid concentrations with barium isotope
measurements (*"*Ba) as the preferential incorporation of light isotopes during barite
formation makes the isotopic signature of the remaining water mass sensitive to bgdiiag,
but unaffected by silicate cycling (Sternberg et al. 2005; Horner et al. 2015; lvoemAdt al.
2010; Cao et al. 2016). In the absence W' (**Ba)measurements, useful insights can still be
made about barium cycling in this region by investigating the decoupling,dfda silicic acid,

and the comparison of these trends to global patterns.

4.2.iNear-surface behaviour and the biogeochemical divide
There is a clear shift in the behaviour of Bathe upper 100 m of the water column as
the Drake Passage and North Scotia Ridge transects cross the Polar Front. This is observed not
only in the near-surface profiles of Béut in the changing sign of surface;BE*"?values,
indicating a change in the relationship between Bad silicic acid across this frontal divide

(Figure 3-4 h
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North of the Polar Front there is noticeable drawdown of Basurface waters, most
pronounced at stations 33 and 35 (Figur&3-grey and brown triangles respectively) where
fluorescence indicates a high level of productivity (Figu?d 8). These lowered surface
concentrations then follow the pattern of NOx andJfROncentrations, increasing rapidly over
the upper 100 m of the water column. This suggests an association at these stations between
Ba, and the rapidly remineralised particulate organic carbon tracked by NOx andhPO
contrast, in the AAZ waters south of the Polar Front, the enrichment pfr&a surface
minimum concentrations down through the water column is at a much slower rate thanfany
the macronutrients, and shows no distinct behaviour in the top 100 m. Where fluorescence data
suggest a level of high primary productivity at Station 13, similar to that seen &rst&3 and
35 (fluorescence of approx. 0.4; Figure 3-24 a), there is no surface drawdowpooinBaarable
to that seen at the stations to the north (Station 13 represented by purple diamonds in Figure
3-12).

Surveys of the Southern Ocean have established the presence of a clear biogeochemical

Figure 324: Transects of the Drake Passage showing the top 500 m of the water co
with colour bars representing the distribution of the indicated parameters in each; panel
Fluorescencdy. Dissolved barium concentrations (nid)Ba;® "*“#aluesd. Silicic acid
concentrations (UM).

divide between AAZ waters and the more northerly waters of the PFZ and SAZ (Boyd 2002;
Pollard et al. 2002; Marinov et al. 2006). There is a distinct change in fdaykégn assemblage
across the Polar Front, with diatoms dominating to south and nanoflagellates to ttie no
(Mengelt et al. 2001 which coincides with the observed changes ig. Bathe nanoflagellate-
dominated waters north of the divide there appears to be an association betwegar8ahe
organic matter of the organisms that is not observed elsewhere in the Scotia Sea, or indeed in

any other stations throughout the global ocean. It is difficult to assess what the naturesof thi
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organic matter association might be, as barium is not known to be taken up intracellularly
(Griffith & Paytan 2012)This behaviour parallels NOx and,@@ly in the top 100 m, below
which the Badistribution resumes its usual more silica-like profile, indicating that the more
generally observed association between, Bad skeletal material still occurs in this region
alongside this unusual surface activity. Although barite precipitation is usuallyhhtaube
restricted to mesopelagic depths (Dehairs et al. 1980; Dehairs et al. 1990; Dehairs 82al. 19
Cardinal et al. 2005), it is possible that the increased iron fluxes thought to be respoosible f
higher levels of primary production in the PFZ (de Baar et al. 1995) could stimedaiteurface
inorganic barite precipitation associated with iron oxide particulates (Schroeder et al. 1997
Sternberg et al. 2005). In the relatively warm, barite-understaturated waters north of the Polar
Front, these barite microcrystals would be susceptible to rapid re-dissolution, regithin
sibtracted Ba to its usual subsurface pool.

During the spring and summer months diatom blooms are prevalent in the silicic acid and
iron limited AAZ waters, consuming silicic acid and causing the silicate front to migrate
southwards (Franck et al. 2000; Landry et al. 2002). As these samples were colleictgd du
austral autumn, the background levels of productivity in these diatom-dominated waters were
relatively low, with silicic acid not reaching depletion in surface waters until reaching the silici
acid front, displaced slightly to the south of the Polar Front (Figure 3-24 d). Neverttihedesss
some silicic acid drawdown at the surface, which is not mimicked by simjjdeBaviour. The
persistence of a slight positive 84°“?signal in the very surface layer of the AAZ waters
(Figure 3-4 b) highlights this decoupling of Biad silicic acid over the depth range of maximum
primary production, whilst the sharp transition to negative values at the Polar Front indicates
that when non-siliceous organisms dominate the phytoplankton communéyBiy/'Si(OH)

relationship in the near-surface can break down even further.

4.2.iiBarium signals in intermediate waters (200 to 2@)0arge scale circulation and the
overprinting of barite cycling

Although intermediate waters tend to fall into line with the global linear correlation
between Ba and Si(OH) there are interesting details observed in the deviation with depth at
individual stations. As discussed above, there is a seasonally-variable transition in pHgttoplan
communities between the diatom-dominated colder AAZ waters and the nanoflagellate-
dominated warmer waters of the PFZ and the SAZ (Hinz et al. 2012; Mengelt €13l. 20
However, the Basignals in intermediate waters (between 100 to 200 m and 2000 m) reflect not
only the recycling of any biologically related phases of barium sinking down from the surface,

but also any mixing between laterally transported water masses. It is also likely that the ynajorit
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of biologically-mediated barite precipitation will occur within this depth range. The chgngi
Ba® "*"“ayalues recorded across known water mass transitions is a key tool for de-convolving
these different signals.

The multivariate linear regression analysis of the whole dataset suggested thatthe Ba
distribution was most significantly linked to the distributions of salinity, terafure, and silicic
acid. The predictive power of these parameters can be attributed to the distinct variatida i
distributions between different water masseamot only the horizontal gradient of Bacross the
frontal zones of the Scotia Sea, but the variation with depth as the cores of vertically layered
water masses are sampled.

North of the Polar Front, surface waters transition down into AAIW, with initially invariant
silicic acid and Baoncentrations that mixes at its base with the higher concentrations of
UCDW. South of the Polar Front the oxygen-poor UCDW lies directly below the surferse wa
deepening from south to north (Figure 3-4 c), and recording a steady increase in silicic acid and
Ba; concentrations with depth. As well as the in-situ remineralisation of diatom frustrules,
UCDW carries the signature of deep Pacific waters, with a notable excessrefaiae to silicic
acid that is reflected in the shift to positive S&"?values throughout this water mass (Figure
3-4 b.

However, there appear to be two different types of&i(OH) decoupling occurring
within the UCDW. This is most distinct south of the Polar Front, where there is a large @egativ

Si residual,

Ba signal recorded between 100 and 1000 m (Figutd)3-denoting a relative depletion

in Bg as surface waters transition to UCDW. As the surface waters here also have a relative Ba
excess due to silicic acid uptake by diatoms, this cannot be a feature of the two wetssss
mixing, but must mark a distinct process. The co-location of thig®mt horizon with the

oxygen minimum zone, and the subsurface maxima of NOx ap@RfDre 3t2 c and d) is

highly suggestive of this Bdepletion relative to silicic acid resulting from microbially-mediated
barite precipitation. As discussed above, the current balance of evidence favours the organic
aggregate modeof marine barite precipitation, with microcrystals forming in oversaturated
microenvironments created by bacterial breakdown of organic matter (Dehairs et al. 1997;
Jacquet et al. 2007; Jacquet et al. 2011; Gonzalez-Munoz et al. 2003; Gonzatezel/aifi

2012) This precipitation would transfer barium from the dissolved to the particulate pool, and
although the concentrations concerned are likely to be too small to show up as arusbvio
negative spike in BgJacquet et al. 2007), the fact that this process does not involve any change
in the silicic acid pool could potentially cause the decoupling suggestee metative swing in

BajSi residualvalues.
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Whilst this feature is clear in the AAZ waters, north of the Polar Front the patterrh%f Ba
residualy alues is more complex (Figurd 8. The negative signatures in surface waters
(particularly at the highly productive stations 33 and 35) are underlain here by the proadl
uniform AAIW, within which Band silicic acid appear to recouple once the surface drawdown
of Ba has been returned to the dissolved pool. In the central stations there is then a hint of the
profiles being pulled towards negative values at the deeper oxygen minimum zone, but generally
the intermediate waters are dominated by the positive UCDW signal.

This could be an indication of much lower levels of barite forming at mesopelagic depths
in waters north of the Polar Front relative to south of the Polar Front, which couldréetig
linked to the shift in overlying phytoplankton assemblages discussed above (sex3Rg).

Previous studies of barite formation in the Scotia Sea area have suggested that high
concentrations of subsurface barite particles are restricted to regions of high diatom abundance,
with lower particulate fluxes when productivity is dominated by cyanobacteria or flagellate
(Stroobants et al. 1991; Jacquet et al. 2011). The most likely explanation for this issthat th
larger, slowly dissolving diatom frustules provide a more favourable microenvironimebarite
precipitation within sinking bio-aggregates (Bishop 1988; Stroobants et al. 19@13ligtht
breakdown observed in the B&i(OH) relationship in surface waters where diatoms are

abundant rules out the possibility that diatoms are more efficient than other pHgtugon at
removing Bafrom surface waters. However, it is possible that the association pivBa

diatom frustules, possibly in the form of Badsorption onto iron oxyhydroxides at the cell

surfaces (Sternberg et al. 2005), may make therBare available for barite formation at depth

than when it is associated with other biogenic particles. In contrast, the surface water drawdown
of Ba north of the Polar Front does not seem to translate to a higher formation ofebatit

depth, with much of the Bainstead being initially recycled higher in the water column. It
therefore appears that the specific association of ®éh siliceous organisms, coupled with the
ballasting power of the large diatom frustules, enables the transport gtd®depths and
microenvironments that area more favourable for barite formation that those prexdidy other
sinking phytoplankton.

These insights into the effects of surface phytoplankton community structure on the
formation of barite in the subsurface could be investigated more thoroughly by measuring
barium isotopes in these samples. These isotopic measurements could verify whether or not the
Bay/Si(OH) decoupling events observed in intermediate waters are the result of changes in
barite precipitation (for further discussion of this future work see Chapter 7). If levels of biogenic

barite precipitation are controlled more by community structure than by net primary
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productivity, as indicated here, then this could have important consequences on the use of

sedimentary barite as an indicator of palaeo-productivity.

4.2 iiilnvariance of Ban deep waters (below 2000m) of the Scotia Sea
In deeper waters (below 2000 to 4000 m);Bancentrations show little variation in any of the
regions investigated, maintaining a subsurface maxima down to the base of the water column.
Deeper stations in the Drake Passage record a slight decreasgvalBes at the base of the
water column, with a simultaneous increase in silicic acid concentrations and subsequent
negative tick in B& ™"“?values that marks the presence of Southeast Pacific Deep Water
(SPDW) (Figure I5). The distinctive silicate maximum associated with this colder, slightly
fresher sub-set of LCDW is thought to originate from mixing with Ross Sea deep waters (Sievers
& Nowlin 1984; Peterson & Whitworth 1989; Naveira Garabato et al. 2002), apdétars that
these waters may also inherit low relative;g@ancentrations, possibly due to a decoupling of
Ba, and silicic acid cycling in the Ross Sea caused by the rapid dissolution of biogariit sili
surface waters (DeMasters et al. 1992). Both north and south of the Polar Front, the
preservation of a consistent Ba maxima indicates that at these depths the exchange between the
particulate and dissolved barium pools is at a steady state. This is in contrast to silicic acid
concentrations, which generally continue to increase until the base of the water column, and is
most likely the result of differing saturation states with regard to biogenic barite and biogenic

silicate in this region.

5. Conclusions

There is a positive linear correlation between, Bad silicic acid throughout the global
ocean water column, a link which is not seen betweena®a other macronutrientsAn
exception to this general rulis observed in the surface waters of the Scotia Sea north of Polar
Front, where B@appears more similar to that of NOx and,AQthe top 100 m, suggesting an
unusual association between Band primary production in surface waters in this region. This
could be explained by near-surface barite formation, possibly associated with iron
oxyhydroxides, which is rapidly re-dissolved as it sinks out of the surface layer

It has been suggested that the globally observed coupling of silicic acid anthipde
the sole result of co-location in the formation and recycling of separate carrier phases, coupled
with the effects of large scale ocean circulatibmsupport of thisthe data presented here
suggest that théBg, distribution in the Scotia Sea is largely controlled by transition between
distinctive water masses, each with slightly differing relationships betwegamhsilicic acid.

However, the signature of barite formati@t mesopelagic depths can also be distinguished in
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Ba/Si(OH, decoupling that overprints these larger scale circulation patterns. Variation in the
degree of implied biogenic barite formation across the Polar Front supports the idea of a
mechanistic link between silicate and barite cycles, as higher levels are observed south of the
Polar Front, where the phytoplankton community shifts to one dominated &tpdis. This

could be significant consideration when applying the,Bapalaeo-productivity proxy, as
increases in barite concentrations may be related to changes in phytoplankton community

structure as well as absolute increases in productivity.
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Chapter 4

The influence of coastal processes on dissolved barium
cycling at the West Antarctic Peninstlspatial

analysis

1. Introduction

Ba is currently used in various forms as a palaeoproxy for components of organic and
inorganic carbon storage, and as a quasi-conservative water mass tracer (Jacquet et ak&2007; L
& Boyle 1989; Hall & Chan 2004; Guay & Falkner 1998). However, as discussed in Ctiegpter 3
nature of the oceanic barium cycle is not fully understood, particularly in cases wheiplenul
processes may be interacting simultaneously with the dissolved and particulate barium pools.
This is particularly the case in coastal polar regions such as the West Antarctic Peninsula, where
biological drawdown and remineralisation occur in tandem with sea ice formation and melting,
glacial meltwater input, and potential fluxes from shelf sediments.

In this chapter, | will investigate the controls on the distribution of disstbbarium in
shelf-slope waters of the West Antarctic Peninsula (WAP), in order to distinguish between the
different potential impacts of biological activity, sea ice formation and melting adlagltwater

discharge, and ocean mixing. The WAP is an ideal natural laboratory in which to study such
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relative controls orBa distributions, as coastal and ocean processes occur in close proximity. |
will use a high-precision dataset of dissolved barium)(Bam a grid of stations adjacent to the
WAP in conjunction with Si(Of1)he oxygen isotope composition of water, and salinity
measurements, to determine the relative control of various coastal processes on the barium

cycle throughout the water column.

2. Regional setting of the West Antarctic Peninsula

The Palmer Long Term Ecological (PalLTER) Research Grid consists of a grid of stations
overlying the western continental margin of the West Antarctic Peninsula (WAP), extending from
the northern margin of the Bellinghausen Sea to the tip of the peninsula (Waters & Smith 1992)
The grid covers an area of 900 km by 200 km, with grid lines 100 km apart running perfandicu
to the coast, with stations spaced 20 km apart along the grid lines (see Figyr&tls grid of
stations has been sampled annually since its creation in 1991 as part of the LTER network
established by the American National Science Foundation (NSF), intended to gather coherent
long term ecological datasets spanning many decades and large geographical areas.

In sampling the waters adjacent to the WAP, the PalLTER grid provides coverage of an
area undergoing the most extreme rapid regional warming anywhere on earth (Smith &
Stammerjohn 2001; Vaughan et al. 2003; King et al. 2003). The southern bounttegy of
Antarctic Circumpolar Current (ACC) passes close to the continental slope of the WAP, with
Upper Circumpolar Deep Water (UCDW) flowing onto the shelf through interconnected troughs
and channels (Smith et al. 1999; Martinson & McKee 2@&jing winter the surface mixed
layer comprises Winter Water (WW; Temperatstrel.2 C; 33.85 < Salinity < 34.13), which is
preserved through the summer as a remnant temperature minimum layer overlain by a warmer,
fresher layer of Antarctic Surface Water (AASW) that develops from the inputs of glacial and sea
ice melt (Martinson et al. 2008Jhe annual and seasonal variability of the sea ice regime and
the input of glacial melt water are important factors to consider at the WAP, with 80% Bf WA
glaciers retreating (Cook et al. 2005), and both the annual sea ice duration and monthly sea ice
concentration in the region decreasing (Stammerjohn et al. 2008). The surface waters of the
PalLTER grid are therefore well placed to investigate the combined influences of circumpolar

waters and the changing freshwater regime on the distribution gfiBshe area.

3. Materials and Methods
Seawater samples were collected from stations covering the Palmer Long Term Ecological
Research (PalLTER) grid (Figure 4-1) during annual cruises of tHeadRS$¥e M. Goulih two
consecutive austral summers: LMG11-0¥ @@nuary 2011 to"6February 2011) and LMG12-01
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(30" December 2011 to"7February 2012). Water was sampled either from surface water using
a trace metal-clean towfish or at depth using Niskin bottles deployed on a CTDu¢Goitygt
Temperature-Depth) rosette. Dissolved barium concentration data reported in this chapter are
publicly available within the PAL-LTER data system (dataset #266):

http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets.

Figure 4-1Map showing the Palmer Long Term Ecological Grid (PalLTER) coverin¢
adjacent to the West Antarctic Peninsula. Grid lines are labelled from -100 to 600, station
denoted by grid line plus approximate kilometres from the base tangent of the grid (e.g. 2
t station 100km along grid line 200). Black circles and crosses indicate surfgide sies fromr
cruises LMG11-01 (02/01/201106/02/2011) and LMG12-01 (30/12/201t107/02/2012): red
filled circles represent stations occupied in both years, crosses and open circles stations
only in 2011and 2012 respectively. Location of two depth profiles at 200.100 and 200.160
2012 shown by large black squares. Grey squares indicate the location of Palmer Station
Anvers Island and the Rothera Station on Adelaide Island.
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3.1.Dissolved barium

The dissolved barium concentration0.2um filtered (Acropak-200, Pall) seawater
samples were analysed using isotope dilution inductively coupled plasma neasospetry (ID
ICP-MS) as outlined in Chapter 2 Sectiddadnple preparation and measurements of this
PalLTER dataset were split between Rutgers University and Cardiff University, using a Thermo-
Finnigan Element XR&rdff University) or Element-1 (Rutgers University) MFin low
resolution mode

A mass bias correction coefficient (K) was calculated each time samples were analysed by
measuring the ratio oP®Ba/**Ba in a 1ppb Ba natural standard solution prepared in 5% (v/v)
seawater (NASS-6 seawater standard ppb £ 0.15 Ba), and comparing this to the average
natural ratio reported in the literature (10.88) (Chapter 2 Section 4.3ive isotope ratio
determined in this solution varied between 10.5 and 11.1, with measured uncertainty across
each sample run never exceeding 1.5% (2*RSD). This uncertainty was consistently less than the
mass bias determined for each sample run, which was on average a 1.9% deviation from the
literature value.

Blank solutions of %6 (v/v of concentrated reagent) HN@ 18.2 M Qdm water were
analysed to correct for background barium signal from the introduction system of thiIBCP-
(**Ba blank counts < 0.1 % of seawater sample cotfiBa blank counts < 1 % of seawater
sample counts), and a set of consistency standards were measured at regular intervals (see Table
4-1). A correction for any seawater matrix effects was applied to the blank measurements by
monitoring the sensitivity of a natural standard solution in 3 % EWOa natural standard
solution in 5 % seawater, before the blanks were subtracted from sample counts.

Sample preparation and measurements were split between the Department of Marine
and Coastal Science at Rutgers University, NJ, and the School of Earth and Ocean Sciences at
Cardiff University. At Rutgers a Thermo-Finnigan Element-1 (SEM detector only) was used fo
ICP-MS analysis, whilst at Cardiff an Element XR was used (dual mode SEM with Faraday
detector), with the same counting mode method used on both instruments. Seawater standards
of comparable barium concentration to the samples show a long term external regitmlity of
+ 2 % or better across all analytical runs at both facilities (2*RSD), and the same solution
measured repeatedly at both institutions show agreement within 1 % despite slightatitfes
in detection methods of the mass spectrometers (Table AAlithin each analytical run,
reproducibility of these seawater standards was = 1.1 % or better. The full raBge of

concentrations in this study is 70 to 105 nM, with the majority of data points falling between 78
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and 85 nM; high precision analyses were necessary for discerning relatively subtle Ba gradients

across surface waters.

In-house In-house
Standard: Standard 1 Standard 2 NASS-5 NASS-6
2*RSD 1.63% 2.07% 2.46% 2.84%
Rutgers n 27 27 27 26
Average [Ba](nM) | 74.1+1.2 83.2+1.7 37.1+0.9 49.7+1.4
2*RSD 1.29% 1.76% 1.53% 1.22%
Cardiff n 23 23 22 23
Average [Ba] (nM)| 737 1.0 83.8+1.5 370+ 0.6 495+ 0.6

Table 4-1: Reproducibility of standards in the Rutgers and Cardiff labs where samples
were measured. Values given are 2*relative standard deviation (2*RSD). Errots-froose
Standard 1 and 2 (from the Southern Ocean and Amundsen Sea respectively) are considered
applicable to PalLTER samples, as the average dissolved barium concentrations are the most
comparable.

3.2.Dissolved inorganic nutrients and primary productivity

Dissolved inorganic nutrients (silicic acid, phosphate, and nitrate plus nitrite) were
analysed at the Marine Biological Laboratory (Woods Hole, MA) using a Lachat Quick@fem 80
nutrient analyser. The data are available at:
http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets?action=summary&iti=2
(See Ducklow et al. 2013 and references thérein

Direct quantification of primary productivity was calculated at a small number of sites in
“C-labelled deck incubation experiments. Data and methodology overview are avaitable at
http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets?action=summary&id=4/&to

view ° (Oscar Schofield).

3.3. Water mass fractions
Seawater samples were analysed for the ratio of stable oxygen isotopes at the Natural
Environment Research Council Isotope Geosciences Laboratory (NIGL) at the British Geological
Survey. Samples were equilibrated with,GBpstein & Mayeda 1953) using a VG Isoprep 18,
with **0/*°0 ratios then measured on a SIRA 10 mass spectrometer. Results were reported in
«$ v (0 motation, with reference to (Vienna Standard Mean Ocean Water [VSMOW]).
Regular duplicate analyses are used to establish data precision, which is typically better than
0.02 : (Meredith et al. 2013).
§ ¢« U%O ]38 ¢ AJSZ u

‘uE A 0'fOraltfree-erd-ite@bermass

balance is used to derive the fractions of sea ice melt, meteoric water, and Circumpolar Deep

" Accessed 22/10/2014
* Accessed 13/10/2014
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Water (CDW). This mass balance calculation is based atetbeupled behaviour of salinity and
WO in the different freshwater sources: sea ice melt, and freshwater of meteoric origin (glacial
melt plus precipitation). Developed by Ostlund and Hut (Ostlund & Hut 1984) for the Arctic, this
mass balance (Equation 4-1) is implemented at the West Antarctic Peninsula by Meredith et al.
(2008, 2010, 2013).

Equation 4-1

where &, fuw, and tpware the fractions of sea ice melt, meteoric water, and CDW,
respectively, that we seek to determine;, Sy, and gpware the respective salinities of the end
members; andw,Uuw Vv aware their corresponding?K A op *X dZ «<p vEhi « A
the measured values of salinity ankfO at the sample sited Z + 0] v ] $% valuew assigned
to each end member are: 34.73 and + 0.1for CDW;7and +2.1 (}E « ] wdd3aWd
t16: (J&E u 8§ }E] A 3§ EUM&edith et &l] 20@BC2010; 2013). The resulting
derived freshwater fractions are reported here as percentages: sea ice melt fraction (%SlI), and
meteoric water fraction (Y%0MW), with typical errors of < 1 % on point values (Meredith et al.
2013). The majority of this 1 % error is due to uncertainty on the values attrittotedd-
members, and can therefore be considered to be systematic across the dataset.

The meteoric water fraction comprises freshwater input from glacial meltwater and from
precipitation. Whilst it would be useful to consider each of these parameters separately,
guantitative separation is not possible without an additional conservative freshwater tracer.
However, the mean meteoric water budget at the WAP is thought to be dominated by glacial
meltwater (Meredith et al. 2013). Whilst changes in direct precipitation could have an irnpact
the temporal variability of meteoric water, over the relevant periods prior to 2011201
differences in precipitation are small (Meredith et al. 2016), so the variation obsanved

meteoric water here can be broadly attributed to changes in glacial melt.

4. Resuis

4.1. Distribution of dissolved barium
The spatial distribution of dissolved barium {Ba surface samples across the PalLTER
grid shows similar patterns across the two years studied (Figujeld-8oth 2011 and 2012
concentrations of dissolved barium are higher on the shelf, dropping to lower levels at the

majority of stations over the continental slope (bathymetric division of PalLTER stagbmeen
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Figure 4-2Surface distributions across the PalLTER: a. Dissolved barium concentratjp(rsMBen 2011; b. Dissolved barium concentrationg)(E
(nM) in 2012; c. Silicic acid concentrations (uM) in 2011, dotted line shows #gierdbétween the continental shelf and slope, after Martinson et al. 2
MB - Marguerite Bay; d. Silicic acid concentrations (UM) in 2012; e. and inBasidual values (BE5"¥= Ba™®®*d ¢ ((ST**"*% 0.21) + 69.2))) for 201
and 2012 respectively.
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continental shelf and slope after Martinson et al. 2008helf break delineated in Figure 42

and d). The exceptions to this are stations over the slope in the southern lines of theQgrid (O

and -100 Lines), which show a continuation of the highgrcBacentrations observed on the

shelf. This general pattern of distribution in the surface waters can also be observed in the silicic
acid data (Figure 4)2

Despite these general similarities, there are distinct differences between the findings of
the two years. Compared with the 2012 measurements, surface values of dissolved barium in
2011 are slightly but consistently elevated across the shelf, with particular highs in the area
south-west of Marguerite Bay, and a distinctive low from the outer shelf across the shelf break
in the northern peninsula region.

Two depth profiles from 2012 show the vertical distribution expected of a bio-
intermediate element, with depleted surface values and enrichment at depth (Figuye 4-3
Concentrations of Beare higher in the 500 m water column at the 200.100 site (on the shelf)
than corresponding depths at the 200.160 site (over the continental slope), thoegbrtile

follows a similar shape. Two samples taken within 70 m of the bottom at @Q0@E distinctly

Figure 4-3a. Depth profiles of dissolved Ba (nM) at PalLTER station 200.100 (filled
and station 200.160 (filled squares), horizontal error bars set at 1% to rftectost
conservative reproducibility of comparable seawater standards across these analytical rul
Depth profiles of dissolved barium from the Drake Passage from Roeske and Rutgers var
Loeff (2012), PS71/230-3 (open triangles) [lat -60.X0Vdng -55.282FH and PS71/23&
(open diamonds) [lat -58.9704 °N, long -58.1388t see Figure 4-4, error bars within symbo
size.b. Depth profiles of silicic acid (uM) at PalLTER station 200.100 (filled circles) and ste
200.160 (filled squares).
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elevated relative to the rest of the profildBelow 1000m at the continental slope site, the water
column is significantly enriched in Baxhibiting Bgconcentrations approximately 5 nM higher
than equivalent records of Baoncentrations measured in the Drake Passage in 2008 (Roeske
and Rutgers van der Loeff 2012) (Figure 4-3 a).

The changing Baoncentration from the open waters of the Drake Passage to the shelf
waters of the PalLTER is examined by constructing an artificial section from the compfiation o
depth profiles from the Drake Passage (PS71/236 and PS71/230 from Polarstern ciitise AN
XXIVI3, Roeske and Rutgers van der Loeff, 2&GE2 Figure 4-4) and LTER depth profiles (Sites
200.100 and 200.160), with the caveat that these profiles were collected in different yeaB (200
and 2012 respectively). Following the 34.7 isopycnal along this sectipimcBzases from
approximately 82 nM at one of the open water sites (PS71/230) to approximaeii8n the
slope (PalLTER station 200.160) and approximately 91 nM over the shé@lERalation
200.100).

Figure 4-4Map showing the location of depth profiles used to compare variationgn |
concentration with depth on- and off- the continental shelf. Stations 200.100 and 200.160
part of the PalLTER dataset analysed for this study, collected in austral summer 2012. P<
and PS71/230 are from Roeske and Rutgers van der Loeff (2012) collected in austral aut
2008 (PS71/236 collected on 05/04/2008 [lat -58.9704°N long-58°E38PS71/230 collected
02/04/2008 [lat -60.1077°N long -55.2821°E]).

4.2.Inter-year variability in surface distribution
The inter-year variability observed is quantified by a simple calculation of the surface
Ba, (Ba*"*-Ba™"), along with the inter-year variability of other key parameters such as silicic

acid and water mass fractions (denoted By Only stations points that were sampled in both
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years were included in this analysis (due to the logistical difficulties involvedhdhtions of
underway stations were not identical between years, but were sufficiently close to warrant
inclusion in this analysis).

There is a significant positive correlation betwedaand 4Si(OH) (R= 0.462; p
<0.001 45i(OHj)coefficient 0.196 + 0.Q4ntercept -0.86 * 0.5; r29), whilst a less distinct
negative relationship is observed betwedn 4 and the fraction of sea ice melt presert @ %} /
(R=0.316; p = 0.00124 9 ~doefficient -1.75 + 0.5; intercept 1.22 + 0.5; 30k (Figue 4-5). No
significant relationship is found betweef 4 and the inter-year variance of meteoric water
input (4 9 D 1) (R=0.016; p = 0.49; n=30).

Figue 4-5: a. Scatter plot ofBa; against the 45{0OH),, indicating change in these
parameters between 2011 and 2012. Black line indicates the linear regressileh fitted to all
data (R2: 0.462;p=4.9 10> 45{0OH), co-efficient = 0.196; n = 29, with 95% confidence lim
marked by blue dashed lines; b. Scatter plotidy against the £46S| indicating change in thes
parameters between 2011 and 2012. Dotted line indicates the linear regression nteddbfit
all data (R=0.316; p = 0.00124%S| co-efficient = -1.75; n = 30), with 95% confidence limit
marked by blue dashed lines.

4.3.Dissolved barium and silicic acid

The full data set (2011 surface samples; 2012 depth and surface samples) shows a strong

positive correlation between dissolved barium and silicic acid (S)Q®l¥F 0.72; p <0.001;
Si(OH) coefficient 0.21 + 0.01; intercept 69.2 + 0.7; n = 117; Figure 4-6), followireana

regression model similar to that observed elsewhere in the Southern Ocean and adjoining basins

(see Table 3-3), but with a lower slope coefficient and a higher intercept at zero Si(CtHg

case of the PalLTER dataset this regression is heavily reliant on the relatively few deggh valu

available, although a significant yet more scattered positive relationship still exists wHaoesur

samples are considered independently (Figure 4-6). When dissolved barium values are
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normalised to an average salinity (33.5) a small component of this coupled varg@tiemoved,

but the relationship remains significant.

Figure 4-6Cross plot of dissolved barium (nM) against silicic acid (uM) of seawater
samples across the PalLTER grid. Filled circles represent surface samples from 2011esp
represent surface samples from 2012; crosses represent depth samples from 2012. Blue
indicates the linear regression model fitted to all of these sampfes (R'1; p < 0.001; Si(QH)
co-efficient = 0.21; intercept = 69.2; n = 117), with 95% confidence bouhckstéd by dashed
blue linesRed solid line indicates the linear regression model fitted surface samples®caly |
0.27, p < 0.001; Si(OHo-efficient = 0.14intercept = 72.8), with 95% confidence bounds
indicated by dashed red lines. Ba errors shown are set to 2 %, which is the most conserv:
estimate of uncertainty assessed using the long term external reproducibility of two comp
seawater standards (see Table ¥-1
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A large amount of scatter exists around thig/BgOH) relationship, which is examined
through the calculation of a B&*"?value for each data point. The B&"“value quantifies the
deviation of the Bameasurement from the overall B&i(OH) regression of the dataset

esidual

(Equation 4-2see Figure 34 Positive B values indicate that the Baneasured is higher
than predicted by silicic acid values, whilst negative B&"values signify thaBa is lower than

predicted.

Equation 4-2: Calculation Bi,***"?values using thBa; / Si(OH) linear
correlation described by all PalLTER data shown in Figure 4-6.

Surface plots of these B&*“?values identify several areas of interest (Figurd.4r2the
2011 plot the area adjacent to and south-west of Marguerite Bay is highlighted by very hig
values, corresponding to an anomalous pairing of Egirelative to Si(OH)measurements in
this region. The 2012 plot reveals lower/Bd"*values overall, but with significant lows around
Marguerite Bay/the south-west and at certain points along the coast (400 and 600 line

transects).

4.4.Productivity indicators

4.4 iPrimary productivity and Chl-a

Primary productivity in this region is considered to be dominated by diatoms (Ducklow e
al. 2007). As diatoms are siliceous organisms it is common to consider désilicic acid in
surface waterasrepresentative of the relative abundance of diatom populations across an
area. Higher levels of surface silicic acid may result from low uptake, indicating lower levels of
diatom productivity, and vice versa. However, in the 2011 and 2012 surface datasets from this
area there is no significant correlation between silicic acid and primary productivityo(B1; p
= 0.54; n 35), or silicic acid and ChI{(R= 0.01; p = 0.52; n = 44). This suggests that surface
silicic acid levels may not be a suitable indicator of diatom productivity, or that noressice
forms of productivity were dominant at this time. Both measured primary produgt{figure
4-7)(R=0.30/0.27; p <0.01; n30) and Chl (R= 0.22/0.46; p <0.01; n = 40) exhibit strong
significant negative correlations with other macronutrients (phosphate)XRtrate plus nitrite

(NOX) respectively) (see Figure 4-8 a and b for NOx anpduPface distributions).

4.4.iiUtilised silicic acid
Attempts were made to quantify the level of utilised silicic acid at each station, as a more
accurate representation of diatom productivity. Utilised silicic acid was calculated for all station

where full depth profiles were available by subtracting the silicic acid concentration at the
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temperature minimum (assumed to represent the remnant stock of silicic acid in the Winter
Water, remaining from the previous year) from surface concentrations. However, no
relationship was found between these derived values and the more reliable indicators of
primary productivity discussed in Section 4.4.i. This suggests that the overprinting of physical
mixing and silicic acid recycling in the upper water column make this parameter unrelianle as

indicator of diatom productivity, and it was not applied as such.

Figure 4-7Surface plots showing values for primary production (mg/ms3/day)
selected stations in the PalLTER grid. Colour cadahge indicates lower values, red
indicates higher values; a. 2011; b. 2012
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Figure 4-8Surface distributions across the PalLTER for 2011 (left hand column) anc
(right hand column): a. Nitrate plus nitrite concentrations (NOXx) (uUM); b. Phosphate
concentrations (P£ (UM); c. Salinity; d. Temperature (°C).
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4.5. Dissolved barium and water mass fractions

As well as significant variation in the dissolved barium distribution, the two years studied
exhibit very different regimes of freshwater input (Figure)4ihe 2012 data is dominated by a
higher sea ice melt input, focussed in the region adjacent to and southwest of Marguerite Bay,
and at certain sites along the coast to the north east (400 and 600 Lines). Variations in the
meteoric water contribution reveal a contrast between gentle gradients perpendicular to the
coast in the 2012 data, and localised areas of higher meteoric water concentrations in 2011.
Given the general similarity of precipitation inputs preceding the cruises in these two years
(Meredith et al. 2016), the differences are inferred to be due most likely to localisedjebam

glacier discharge, though some impact of precipitation changes cannot be excluded.

Figure 4-9Surface distributions of freshwater mass fractions (as calculated in Secti
43.3) across the PalLTER. Meteoric water and sea ice melt fractions are presented as
percentages, with a systematic error of £ 1 % on all absolute values. a. Fraction of meteo
water (%0MW) in 2011; b. Fraction of meteoric water (%MW) in 2012; c. Fraction of sea ici
meltwater (%SI) in 2011; d. Fraction of sea ice meltwater (%SI) in 2012.

The behaviour of the Balistribution with regards to salinity also differs between the two
years (Figure 40), indicating that variation in Bas not merely a feature of ion concentration or

dilution (i.e. not a result of conservative processes). A large portion of the dat@fdrahd
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2012 define a similar trend of varyingBelues over a constant, regionally high, salinity. A

subset of both datasets then deviate from this main trend; in 2011 sample sites close to the
coast record constant Baalues as salinity decreases, in 2012 a larger subset (defined by sample
sites in Marguerite Bay and the southwest, and those close to the coast) recovdlBas

decreasing slightly with salinity (Figure. @)

Figure 410: Scatter plots of dissolved barium (B&nM) against salinity across the
PalLTER in surface samples. Filled light grey circles represent shelf stations; fillegutalees
represent off-shelf stations. Ba errors shown are set to 2 %, which is the most conservati
estimate of uncertainty assessed using two comparable seawater standards (see Table 4

Linear regression modelling between the derived meteoric water fraction (%MW) and Ba
indicates that %MW is significantly correlated withyBaarticularly for the 2011 sample set
(2011 data: R= 0.23, p = 0.0017, %MW coeffici@® + 0.7, intercept 74 + 2, n = 41; 2012 data:
R=0.097; p = 0.024; %MW coefficidn? + 0.5, intercept 76 + 1; n = 52). However, this
correlation appears to be an artefact produced by two subsets of data, with most off-shelf sites
having consistently low Band %MW, whilst on-shelf sites exhibit a variation in %MW that is
not accompanied by any predictable change ig @#&gure 412). Off-shelf sites from the
southern lines of the grid (000 and -100 Lines) in 2012 also exhibit this broatiiilsih
behaviour.

In the 2012 data, areas of low B&“"“?values (around Marguerite Bay/the south-west
and at certain points along the coast) appear to correspond with sites of high sea ice ratlt inp
These observations are corroborated by the appearance of a slight negative correlation between
2012 Bg**"“?values and the contribution of sea ice melt£M™.24; p <0.01; %Sl coefficient -0.9
+ 0.2; intercept 0.5 £ 0.2; n=52) (Figur&Xa).
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Figure 412: Scatter plots of dissolved barium (Bé&M) against the meteoric water
fraction, determined via oxygen isotopes, across the PalLTER in surface samples. Filled |
circles represent shelf stations; filled black squares represent off-shelf stations, un-filled s
off-shelf stations from 000 and -100 lines. Ba errors shown are set to 2 %, whicm@sthe
conservative estimate of uncertainty assessed using two comparable seawater standards
Table 4-). Uncertainty on the meteoric water fraction is = 1 %, but this is not displayed as
majority of the error can be attributed to uncertainty on end-member values, and is therefi
systematic across the dataset.

Figure 411: a. Scatter plot of B against the fraction of sea ice melt (%) for 2017
surface data. Solid line indicates the linear regression model fitted to all data, dashed line
represent the 95% confidence limit on the mod&E(®235; p = 0.00026; Sl1% co-efficient = -
n = 52); b. Scatter plot of B&““*against salinity for 2012 surface data. Solid line indicates
linear regression model fitted to all data, dashed lines represent the 95% confidence limit
model (R= 0.154; p = 0.004; n = 52). Uncertainty on the sea ice melt fraction is uitbis s
not displayed as the majority of the error can be attributed to uncertainty on end-member
values, and is therefore be systematic across the dataset and should not impact on the
significance of the linear regression model.
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4.6. Vertical mixing
The extent to which upper-ocean vertical mixing has affected the water column at the

stations is very difficult to quantify directly, although systematic collectiohefhiecessary
measurements has been begun at the WAP (Brearley et al. 2016). In the absence of this mixing
data, the impact of mixing on the structure of the water column can be estimated bylatihg
the mixed layer depth, defined here as the depth at which the potential density anomaly of the
water column exceeds 0.05 kg*of the surface value (Clarke et al. 2008). An alternative way to
guantify the degree of water column stratification is to calculate the density diffsxéetween
several different depth ranges (Hendry et al. 2010). Whilst the former method provides an upper
limit to the current depth to which the ocean is actively mixing, the latter represents the
strength of the stratification present in the ocean, which at the WAP is known to be influenced
by the level of upper-ocean homogenisation the previous winter (Venables et al.. 2048
both were calculated for the water column at a station, mixed layer depth was found to be a
reasonable predictor of stratification estimated from density difference (here taken as the
difference in density at 30 m and at 5 m depth), with a significant negative correlation between
the two calculated variables {R 0.46, p = 0.001, n=18). Estimates of stratification from both of
these methods were compared to silicic acid and dissolved barium distribution across the LTER
grid, and showd no significant correlation (2011 and 2012 respectivBby,/ density difference
[30mt5m]: E=0.09/0.04; p=0.22/0.4; n = 18/ 18. Si(O#Bnsity difference [30 nt 5
m]: R =0.05/0.12; p = 0.80/0.16; n = 15 / 18. 2012 only/ Baxed layer depth: R= 0.008, p
=0.70, n = 22. Si(QfAmixed layer depth: R=0.113, p = 0.13, n = 22).

5. Discussion

5.1.Biological cycling as a primary control on the surface dissolved barium distribution
Although mainly dominated by diatoms and cryptophytes, the phytoplankton adsemlbf the
WAP has been shown to display complex spatial and temporal variations, with regional
contributions from haptophytes and flagellates (Huang et al. 2012). However, studies of
phytoplankton community structure at the LTER have consistently reported high abhcesi of
diatoms and cryptophytes relative to other groups, with diatoms dominating most of the
offshore, southern coast and southern shelf areas (Huang et al. 2012; KozlowsRkiDétlal.
Moline et al. 2004; Garibotti et al. 2003). It is therefore reasonable to assume that any
biologically mediated removal of barium from surface waters in this region would be influenced
by diatom productivity, and that silica cycling may play an important role in cingda in the

water column.
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In accord with previous observations, the;Bléstribution across the PalLTER grid co-
varies with silicic acid concentrations (Figure)4atrong positive correlation {R 0.71; p
<0.01; Figure 4-6) between Band Si(OH)is observed when samples from the whole water
column are considered, with much of the relationship defined by a limited number of samples
from intermediate and deeper waters. This agrees with previous suggestions that the strong
association between barium and silicic acid is sustained by samples at depth. These distributions
may result from a similarity in inorganic dissolution behaviour between biogenic opal and
barium, coupled with large scale ocean circulation (Jeandel et al. 1996; Jacquet 8fal. 20
Horner et al. 2015). However, direct links have been suggested between the marine silicate and
barite cycles, with studies in the Southern Ocean reporting higher levels of barite particulates
observed in diatom-dominated regions, potentially due to the catalytic effects ohgjrkatom
frustules on barite precipitation (Bishop et al., 1988; Stroobants et al. 1991; Dehairs et gl. 1991

The overall BaSi(OHyrelationship in this region is defined by the depth samples, whilst
the surface sites that comprise the majority of the dataset display a lower degree of \riabil
both Bg and Si(OH)istribution. However, the relationship between the two parameters does
not de-couple entirely in surface waters as has been observed in other regions of the Southern
Ocean (Jacquet et al. 2007). Considered independently of the depth profiles, the surface PalLTER
dataset still displays a significant, though highly scattered, positive correlafisr(R7; p
<0.01; see Table 3-3) betweenyBad Si(OH) Conversely, surface Bshows no significant
correlation with the other macronutrients NOx aR@). This indicates that the association
between Ba and Si(OH)in surface waters is not related directly to biological uptake or the
cycling of organic material. Whilst the high level of inter-annual variabilitiya surface Ba
distribution can be largely accounted for by variability in surface concentrations of Si(OH)
(Figue 4-5 a), this variability does not seem to be linkecestimates of primary productivity
but instead may indicate the varying balance between the removal of Sif@H) surface water
via sinking biogenic opal, and recycling between biogenic opal and SiiGdjface waters. Low
concentrations of surface Si(QHay reflect a local dominance of sinking over surface recycling,
possibly due to the formation of heavier diatom tests in response to iron limitgt{utchins &
Bruland 1998; Timmermans & van der Wagt 2010).

It is possible that, rather than silicic acid concentrations indicating increased diatom
productivity, the covariance of silicic acid and dissolved barium could result instead from a
coincident replenishment of surface stocks via upwelling. However, the lack of correlation
between the surface variability of these parameters and estimates of water column stratification

(mixed layer depths and density differences, see Section 4.6) make such a scenario unlikely in
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this case, as any increased vertical mixing in the vicinity of these higher surface concentrations
should be detectable using such methods. It is likely that vertical mixing does play aBale in
cycling, but long-term mixing rates are not currently well-constrained by observatiaept for

in a few specific localities (such as the Rothera Oceanographic and Biological Time Series site
[RaTS] Brearley et al. 2016).

In addition to the association between Band Si(OH) there is a notable lack of
correlation between Si(O#and the other macronutrients in surface watePQ; R= 0.25; p =
0.023. NOxR= 0.03; p = 0.79). This could result from relatively shallow remineralisation of
phosphate and nitrate, allowing them to be mixed back into the surface layer. Whilst a large
proportion of biogenic opal is recycled in surface watersq$6 in the Southern Ocean (Tréguer
& De La Rocha 2013) the exported fraction dissolves deeper in the water column. Whilst the
association between Band silicic acid at depth is well established, the association observed
here in surface waters, albeit weaker, suggests that in this diatom-dominated region, the phase
carrying Bafrom surface waters to the mesopelgic depths of barite precipitation is associated
with silicic diatom tests rather than with organic matter Bas been found to associate with
iron oxyhydroxides adsorbed onto diatom cell surfaces is laboratory cultures (Sternberg et al.
2005), which could cause the surface correlation observed if this occurred on a large scale.
However, no significant levels of iron have been found on the surfaces of Southern Ocean
phytoplankton cells (Twining & Baines 2013), making it unlikely that such a msrheould
have a large impact oBa distributions. It is more likely th@a, is associated with biogenic
opal-dominated phytodetritus within the euphotic layer through barite precipitaiigiorner et
al. 2015) that may be catalysed by the presence of diatom frustules (Bishop 1988; Stroobants et
al. 1991). This would explain the positive correlation observed betwegand Si(OH)in
surface waters, with low concentrations of both occurring when the sinking and export of
biogenic opal dominates over surface recycling, providing within its phytodetrital
microenvironments conditions for the precipitation of barite.

The lower slope and higher intercept value of the surfacg/ B&OH) linear regression
model implies that in surface waters Ba less variable with regard to silicic acid than it is in
deeper waters, with the processes that governy Bistributions differing between surface
waters and the deeper water column. There are several mechanisms that could explain this
deviation by altering the ratio of Ba:Si in surface waters, such as differences in phytoplankton
ecology (varying the extent to which Band/or silicic acid are removed from the surface), or
additional abiotic processes leading to variation in the Ba:Si removal ratio. Processes may also be

at work that alter the Ba:Si ratio in deeper waters that are relatively isolated from the surface,
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such as differences in the saturation state of the water column with regards to barite

(influencing the regeneration ratio of Ba:Si), or variation in epibenthic fluxes. Different
combinations of these mechanisms have been employed by previous authors to explain the
geographical variation observed in theB(OH) relationship (Jeandel et al. 1996; Jacquet et

al. 2007; Hoppema et al. 2010). The high density spatial coverage and biogeochemical gradients

of the PalLTER dataset makes it ideal for testing the potential controls on surface uptake.

5.2.ldentifying a coastal source of dissolved barium

As well as variation in surface uptake, the distribution of \Bil be influenced by any
local changes to the sources of barium along the peninsula. Therefore it is necessary to assess
through which processes barium is transported into the WAP coastal system. The general
distribution of surface BaFigure 4-2) indicates a coastal source that enriches waters on the
shelf, with concentrations decreasing away from the coast as shelf waters mix with tHipe@a
waters of the Antarctic Circumpolar Current. In near-continent settings elsewhere this coastal
enrichment could be attributed to fluvial input. The bulk of the barium weathered from
continental rock is transported fluvially in the dissolved phase, causing the high surface
concentrations of Baroutinely recorded at river mouths (Martin & Meybeck 1979; Viers et al.
2009). The levels of B these regions are increased by estuarine desorption of barium from
river-borne sediments in the river/ocean mixing zone (Nozaki et al. 200Y; &&alkner 1998;
Hanor & Chan 1977)

However, along the coast of the WAP continental freshwater input is restricted to glacial
meltwater and precipitation, which plays an important role in the physical and biological
dynamics of the water column. As well as releasing low salinity water to the coasdttahsy
meltwater from glaciers may be enriched in terrigenous material acquired through contact with
bedrock and dust accumulation (Raiswell et al. 2008; Sherrell et al. 2015). The input of this
terrigenous material to marine waters can affect turbidity and light attenuation (Schloss et al
2002), as well as being a potential source of macro and micronutrients. Differences in the
presence of surface meltwater have been linked to variations in phytoplankton biomass both
near- and offshore, probably as a result of water column stabilisation (Dierssen et2). 200
Increased productivity has been observed surrounding free-drifting icebergs in the Weddell Sea
in conjunction with evidence for the dispersion of entrained terrigenous particles (Smith et al.
2007) suggesting that glacial ice may also provide a source of trace metals tistinvalate
primary production. Studies in Marian Cove (King George Island) have also shown that melting
glaciers can be responsible for enriching coastal waters with macronutrients, trace elements,

and rare earth elements (Kim et al. 2015).
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Specific data regarding the barium content of glacial meltwater is sparse, and studies
have shown that the solute and particulate composition of such waters can be highly variable
(Mora et al. 1994). Attempts to characterise the trace element export of alpine glaciers have
found that in these environments barium is present in significantly lower concentrationsrthan i
global stream waters (bulk glacial meltwater in the region of 5 niyl 8aerage world stream
water in the region of 145 nM Bg(Mitchell et al. 2001; Fortner et al. 29 This figure is also
significantly lower than surface coastalyBalues reported from this study (70 8 nM), so if
the content of WAP glacial meltwater is comparable then it may act to dilute logal Ba
concentrations rather than enriching them. Given the relatively high load of suspended sediment
transported in glacial meltwater, it is possible that this could include a high concentration of
adsorbed barium. However, this would be expected to desorb into the dissolved pool fairly
quickly upon mixing with seawater, as is seen in desorption of barium from evestiment
loads in estuaries, which is not observed in Be distribution at the WAP.

The data from the PalLTER show a significant, though highly scattered, positive trend
between the derived meteoric water fraction (Y%0MW) ang, Ba both of the years studied
(Figure 412). However, these trends appear to be an artefact of two spatial subsets within the
data: off-shelf sites with a low meteoric water component and low\Bédues, and on-shelf sites
where Ba variation is not linked to %MW. This interpretation is further supported by the lack of
a consistent co-variance betweendgmnd salinity (Figure 40) indicating that trace element
input from glacial meltwater is not responsible for the;RBarichment observed in the WAP
shelf waters. There is some indication from surface distributions that areas with pronounced
glacial meltwater input in 2011 may be associated with anomalously higlm&asurements
(Figure 4-2 and Figure 4:% is possible that when fluxes of meltwater are sufficiently high, they
may lead to localised Banrichment.

Previous studies into the distribution of marine;Beave reported significant barium
enrichment in bottom waters, potentially a result of recycling of particulate barium phases from
pelagic sediment (Jacquet et al. 2004; Hoppema et al. 28H0)um is delivered to the sediment
in various reactive forms: as particulate barium sulphate (barite), incorporated in celestite or
calcite tests, and adsorbed onEeMn oxyhydroxides and organic matter. The release f Ba
from these solid phases during early diagenesis can saturate pore waters with respect to barium
sulphate, creating a sharp concentration gradient at the sediment/seawater interface. This could
lead to a diffusive flux of Bdo the overlying water column. There is evidence for such
epibenthic Bafluxes in pore water profiles from the Arabian Sea and the Equatorial Pacific

(Schenau et al. 2001; Paytan & Kastner 1996), and benthic incubation experiments that have
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directly measured barium fluxes from sediments (McManus et al. 1998; McManus et al. 1994)
The existence of comparable Bauxes from the shelf sediments adjacent to the WAP could be
responsible for observed enrichment of the overlying shelf waters. However, this hypothesis is
difficult to test conclusively without more extensive sampling of shelf bottesters. The

apparent increase of Baoncentrations observed along isopycnals from the open waters of the
Drake Passage to the slope and shelf waters of the WAP indicates treddBton is taking

place on the shelf. However, as thesg Bacords were not collected in the same year, such a
comparison is not conclusive. The dissolution of particulate barium phases within shelf
sediments could lead to a flux of barium from the sediment to bottom waters on the shelf.
These fluxes are a plausible source of barium to coastal waters, and could be responsitge fo
observed BaSi(OH)relationship if both silicic acid and barium were diffusing from benthic
sources with a relatively low Ba:Si ratio, lowering the regression slope relative to other regions

of the ocean whilst still enriching shelf waters withy,Ba

5.3.Sea ice formation as a secondary control on the surface dissolved barium
distribution

As discussed above, the observed correlation between barium and silicic acid is not
consistent throughout the water column, breaking down to some degree in surface waters.
Additional abiotic factors must exist that influence variation in the uptake ratio of baum t
silicate or the saturation state of barite in the water column. It is possible &stigate such
abiotic processes, and how they may exert a secondary influence on the surfadistBaution,
by using B& "*“3values (see Section 4.Rikely candidates to cause variation in thg Ba
concentration unrelated to biological productivity are the spatial and inter-annual variations in
the coastal freshwater regime. As discussed in Section 4.5, the meteoric water fraction (2%0MW)
appears to have little impact on Bdistributions spatially in either 2011 or 2012. This is borne
out by a lack of any significant co-variance between %MW agtB4“\values (2011 surface
dataset: R= 0.079; p = 0.079; n = 40. 2012 surface datasetOR28; p = 0.233; n = 52).

In contrast, the fraction of sea ice melt (%SI) present at sites in 2012 exhibits a significan
negative correlation with Ba "*“3values (R= 0.24; p <0.01; %Sl coefficient -0.9 + 0.2;
intercept 0.5 = 0.2; n=52) (Figurel4-a), suggesting that higher fractions of sea ice melt are
associated with lower dissolved barium concentrations than predicted by silicic acid levels, and
vice versa. The surface plots of %S| and B¥"“values (Figure 4-9 and Figure 4-2) reveal that
in this year the high %Sl values recorded around Marguerite Bay and the southwest section of
the PalLTER grid, plus at the coastal sites of the 400 and 600 lines, correspond tg similarl

distributed low Ba®™values. Although %Sl values are not directly correlated Battor silicic
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acid concentrations (Figure#), the correlation of %S| witBa> *“"?values suggests that
fluxes of sea ice melt to surface coastal waters dilute the stock gbfdaent to a greater
degree that they dilute the silicic acid stocks.

The concentrations of Bd&ound in sea ice (10 #0 nM (Lannuzel et al. 2011)) are
significantly lower than the seawater values reported here, so some degree of dilutidd iv®u

expected from mixing with sea ice meltwater. However, the disproportionate dilutfdg

Figure 413: a. Scatter plots of sea ice melt fraction (%) vs. silicic acid (uM) for 2011
2012, showing no correlation between the parameters (201;: RO5, p =0.18, n = 40; 2012
= 0.07, p = 0.064, n = 52) b. Scatter plots of sea ice melt fraction (%) vs. dismabradnM) fo
2011 and 2012, showing no correlation between the parameters (26£10.B1, p = 0.57, n =
41; 2012: B=0.03, p =0.21, n =52). Ba errors shown are set to 2 %, which is the most
conservative estimate of uncertainty assessed using two comparable seawater standards
Freshwater fraction errors are not displayed, as the majority of the 1 % error on absolute
can be attributed to uncertainty on end-member values, and will therefore be systematic ¢
the dataset.

relative to silicic acid suggests that there may be processes occurring within the seat ice th
remove Bg, causing resultant meltwater to have a lower Ba:Si ratio than the seawater it formed
from.

This dilution signal can be seen in a significant though highly-scattered positive
correlation between the 2012 B&"*values and salinity%0.154; p=0.004; Salinity coefficient
1.9 + 0.6; intercept -64 + 21; n=51) (Figure2&igure 411 b). Assuming that th&g,> s
values are solely the result of sea ice melt changing-Bacentrations, the slope of &Ba,"

residuafsalinity relationship (1.9 + 0.6) represert@.4 + 0.8% change in Bar a 3% change in
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salinity. This roughly 1:1 relative change indicates thaBhgedepletion relative to Si(Oklis

purely a dilution signal, rather than the result of non-siliceous productivity stitedlby the sea

ice melt. Mechanisms such as abiotic barite precipitation in supersaturated brine channels,
adsorption onto sea-ice algal cells, or biotic precipitation of barite associated with the
degradation of algal communities within sea ice, have been proposed as potential pathways
linking the presence of sea ice with observed barium depletion in polar surface waters
(Hoppema et al. 2010; Falkner et al. 1992Zarson (2009) found that dissolved barium
concentrations in sea ice brines from Adelaide Island (WAP) ranged widely from surface water
concentrations, and further work oBa, in sea ice will be discussed in Chapter 6. Sea ice has
been found to contain high levels of particulate barium (up to 3000pM [3nNEgist Antarctic

pack and fast ice (Lannuzel et al. 2011) and 7000pM [7nM] in Scotia Sea brown ice (8rooban
et al. 1991)), which supports the possibility that high levels of barite precipitation may be
occurring within sea ice, removing barium from solution.

There is no indication of a similar relationship in the 2011 data, possibly because of a
lower flux of sea ice melt in this year. The average contribution of sea ice melt to sample sites
(%SI) was an order of magnitude lower in 2011 (0.085%) than in 2012 (0.56%), with the
difference even more apparent in coastal/shelf sites (0.035% in 2011, 0.56% in 2012). The
freshwater regime in 2011 was dominated by meteoric water fluxes, which appear to have a
negligible influence on barium distributions. In order to test this idea, multiple regression
analysis was performed using the independent variables of inter-year variance in,S¥SH)
and %MW to determine the dependent variabiBa;. As can be seen in Table 4-2, b@Bi(OH)

v 49~ A & +Z}Av §} *]PV](] V3 % E ] 8}E-U AZ]o*3 49Dt Z « v}

Coefficients| Standard Error, t Stat | P-value
Intercept -0.034 0.503 -0.0675| 0.946
4S(OH), 0.17 0.0379 4.61 | 0.0001
LMW -0.84 0.716 -1.17 | 0.252
£4SI -1.3 0.398 -3.28 | 0.003

Table 4-2Multiple regression analysis{Bf model 0.631; significance f of model < 0.001)
of the inter-year variance (2012-2011), with three independent variad&®©H),, £20MW, and
246S]I, predicting the inter-year variance in the dissolved barium distribution.
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6. Conclusions

This high resolution dataset of the distribution of dissolved barium across theBRalLT
grid shows that there is a clear relationship between dissolved barium and silicic acid in the
water column studied. This relationship is robust not only with depth, but also acrossrfaeesu
waters of the PalLTER grid, and the high level of inter-year variability exhibited Bgyth
distribution between 2011 and 2012 correlates with the high inter-year variabilityictsacid
concentrations. The persistence of the;B&i(OH) relationship in these diatom-dominated
surface waters is in contrast to the total breakdown of the relationship observed in other
regions. It is possible that the removal of;B@m surface waters is facilitated by the presence
of diatoms, either by adsorption @&a; onto particulates associated with diatoms, or via barite
precipitation within diatom-dominated phytodetritus in the euphotic zone. Higbeels of
biogenic opal export from surface waters (relative to recycling within the mixed layer)ftinere
lowers both surface silicic acid concentrations &gzglconcentrations, adding another
dimension to the link between barium and silicic acid cycling.

Our new data also reveal that a coastal source of barium enriches the shelf waters before
they mix with barium-depleted ACC waters at the shelf break. This coastal flux of barium is not
attributed to glacial meltwater input, which appears to have no consistent impact on the
dissolved barium distribution. The enrichment of shelf waters may be due to an epibenthic flux
of barium from shelf sediments, but further investigation of sediment pore waters and depth
profiles will be necessary to establish this.

Non-conservative processes acting during the formation of sea ice also act as a sgcondar
control on the removal of barium from the surface layer. When high levels of sea ice melt
dominate the freshwater regime of the coastal waters of the WAP, local surface concentrations

of dissolved barium are significantly lowered.
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Chapter 5

The influence of coastal processes on dissolved
barium cycling at the West Antarctic Peninsula

temporal analysis

1. Introduction

In previous chapterkhave discussed the relationship between dissolved bariBa) (
and biological activity in surface waters, particularly the change in the surface behavi®dayr of
when phytoplankton ecology changes from a diatom-dominated communitynanaflagellate-
dominated community (Chapter 3), and the potential associatioBapiwvith silicic diatom
frustules in surface waters (Chapter 4). In Chaptealdo investigated the role of sea ice in
surfaceBg distributions, and the potentially large impacts of vertical mixing Barenriched
bottom waters on the shelf. It was particularly challenging to evaluate this latter yhewoe to
the lack of available depth profiles from the LTER at the time of analysis.

In this Chapter, the importance of surface processes such as biological interactions and
sea ice formation and melt will be addressed more directly by analysing a time senes5ro
depth at the Rothera Biological and Oceanographic Time Series (RaTS), West Antarctic Peninsula

This temporal sample set, collected from March 2013 to January 2015, allows a direct analysis of
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the seasonal changes Bs; with relation to the development of phytoplankton blooms and the
seasonal cycles of sea ice at a fixed site in Ryder Bay (Figure 5-1). The site samphadtis kno
be reliably representative of the broader Marguerite Bay environment in terms of stratification
and physical properties, and to show variability commensurate with regional and large-scale
(hemispheric) forcing (Venables & Meredith 2014; Meredith et al. 2004).

Previous preliminary work on concentrations of dissolved and particulate barium at the
RaTS site (Figure 5-2) indicated that particulate barium may exhibit an inverse relatiortbhi
biological activity, potentially due to the biogenically-mediated precipitation of baritengu
phytoplankton decay. By measuring dissolved barium concentrations at a higher precision than
was available at the time of this previous study and in a more complete recordnheytand

magnitude of this potential relationship can be investigated more robustly.

Figure 5-1Map view of Ryder Bay and the location of Rothera Researchrbta
Rothera Point, and the location of RaTS CTD Sites 1 and 2. Insetrshtaation of
Ryder Bay in relation to the rest of the Antarctic continent.
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AlthoughBa, was only sampled at 15 m depth at the RaTS site, these samples were
always accompanied by additional sampling for nutriem&), and salinity, and a full
Conductivity-Temperature-Depth (CTD) cast. This means that the information on thenthangi
water column structure can also be fully assessed, allowing more direct insight into ttenaslu
of shelf bottom waters and vertical mixing on surf&ag concentrations, especially when
considered in conjunction with timing of phytoplankton blooms and the sinkingecytling of

biological material.

1.1The Rothera Time Series (RaTS) site
The Rothera Biological and Oceanographic Time Series (RaTS) is a programme of sampling
undertaken by the British Antarctic Survey (BAS) since 1997 in Ryder Bay, an inlet from
Marguerite Bay that is adjacent to the BAS Research Station at Rothera Point on Adelaide Islan
at the West Antarctic Peninsula (WAP) (Figurg.9-ie RaTS programme was instigated to
collect Ionarterm monitorina data of the near-shore maring environment. with reaular
E}A[io D & Z[iA :poC[iA E}A[IA D & Z[io

Figure 5-2: A preliminary time series of biogenic barium (particulateCauta
concentrations measured at RaTS by Carson (2008)

oceanographic and biological measurements taken from a fixed site. The oceanographic setting
of Ryder Bay is largely controlled by the circulation and characteristics of MargBayitend the
larger context of the WAP. Proximity to glacial ice on land plays an important role, agtalgl
meltwater from the retreating Sheldon Glacier flowing directly into Ryder Bay (Peck2éta).

The Bay is also seasonally covered by sea ice, the extent and thickness of whih vari
interannually, as do the timings of sea ice advance and retreat (Perovich et al. 2004; Clarke et al
2008). The timings and duration of sea ice extent have been linked to variatioesigalh

mixing and heat loss to the atmosphere, with positive feedback effects that can persist for
multiple years (Venables et al. 2013; Venables & Meredith 2014)

The oceanographic setting of the WAP has been previously described in Chapter 4, with
relatively warm, saline UCDW flowing onto the continental shelf from the midlayers of the ACC
(Sievers & Nowlin 1984). As it does so it is modified by cross-shelf and vertical diffusion of heat
and salt, mixing with overlying Antarctic Surface Waters (AASW) (Smith et al. 1999) (Klinck
1998). Intrusions of this modified UCDW (cooler and fresher than the offshore variety) flow into
Marguerite Bay through deep channels such as the Marguerite Trough (Klinck 1998; Venables et

al. 2016), making this the water mass present below 200 m in Ryder Bay.
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Overlying the modified UCDW is AASW, which experiences large levels of air-sea
interaction during sea ice-free months, becoming warmer and fresher in summer due to
increased insolation and the addition of ice melt (Smith et al. 1999). This creates wafiterg
column stratification in the summer, isolating deeper waters from the surface. In the winter
months however, the water column is well mixed, with colder, more saline waters dominating
the upper water column (upper 100150 m). A deep (approximately 100 m) remnant of this
winter mixed layer persists through the summer and is referred to as Winter Water (WW),
marked by a subsurface temperature minimum (Meredith et al. 2004; Klinck et al. 2004).

The biomass in Ryder Bay is typically dominated by microplankton (mainly laraey sol
or chain-forming diatoms, as well as colonial phytoplankton) that bloom in mitovember-
January) with chlorophyll a levels typically 20 to 25 nitatdepths between 20 m and 60 m,
followed by low chlorophyll a levels (0.2 to 0.6 mg)rthroughout the winter (Clarke et al.

2008) However, there are large levels of inter-annual variability in the composition and duration

of the blooms, with which will be discussed further in Section 3.2.

2. Materials and Methods

RaTS sampling events were conducted peridiocally with a full CTD cast, and a Niskin
bottle closed at 15 m to collect discrete seawater samples for the measurement ofvdigsol
JVIEP v] vpsEjovEre OID was deployed from a rigid inflatable boat at CTD Site 1 in
Ryder Bay (67.578, 68.229V) twice a week throughout spring and summer months, with more
sporadic, opportune sampling throughout autumn and winter due to ice cover of the bay. On
occasions when CTD Site 1 was not accessible, seawater samples andexectadten from
CTD Site 2 (67.5%83, 68.158V), which is slightly shallower but oceanographically very similar
(Figure 5-1).

Seawater samples specifically ey analysis were collected Isfation personnel at
Rothera from the Niskin bottle sampling once a week throughout spring and sumorehs,
and whenever was convenient during the autumn and winter months. For further detail of the

sites and sampling protocols see Chapter 2 Section 2.2.

2.1.Physical oceanography
During every RaTS sampling event a CTDsxamtducted throughout the whole water
column (520 m deep at CTD site 1; 300 m deep at CTD Site 2) using a SeaBird 19+ CTD,
containing temperature, conductivity, and pressure sensGmnductivity measurements are
calibrated post-season using discrete measurements made on an Autosal 8400B salinometer,

and by comparison with the SeaBird 911+ instrument carried oh#ueence M. Goulduring
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annual joint casts. Salinity is determined from conductivity and temperature, and density i
determined from salinity and temperature.

The stratification of the water column is examined by calculating the mixed layer depth
(the depth at which the potential density anomaly of the water column exceeds 0.05’ kg m
the surface value (Clarke et al. 2008), in addition to calculating the density differences between
several different depth ranges (Hendry et al. 2010; Venables et al. 2013). These two sets of
measurements are used together to elucidate the active depth of mixing, and the strength of the
stratification of the water column.

Direct observations of the concentration and type of sea ice present in the bays around
the Rothera Station are recorded weekly by station personnel. Ice type is characterised as
NE <Z_ ] ~(o} S]vP ] (& Pu vS8eeU "% I|I] _ ~ EWIMB( 0} I }(]
0C E}I (EIiJlo] *U" % v | ] _~1e3}(]1 Al3Z E & & U }E
the shore) (Petrich and Eicken 2010). Each category is scored and weighted based on its
contribution to the freshwater dynamics of the region: brash and pack ice are considered less
important as they tend to be transported in and out of the bay rather than forming or matting
situ; grease and pancake ice are weighted more heavily because although they are thin, they do
form and meltin sity, fast ice is considered to have the largest impact (Meredith et al. 2008,
2010). From these observations the sea ice coverage is quantified, with an ovemll scor
calculated from 0 (ice free conditions) to 1 (full fast ice cover of the bay). As thesevations
are made by a series of station personnel, this overall score is somewhat subjective, but
seasonal and interannual changes in sea ice coverage have been found to be much greater than
the differences in assessment between investigators (Venables et al. 2013). In this chapter, |
have used the sea ice types described above to characterise the condition of sea ice coverage at

the RaTS site throughout the year.

2.2.Biological oceanography
Multiple seawater samples were collected from the 15 m Niskin to be analysed for

concentrations of silicic acid, nitrate plus nitrite, phosphate, and ammonia, as well as
determination of the size-fractionated chlorophgl(Chla) content. These samples were kept in
the dark below #C and transferred to Rothera Research Station, where filtrations and
chlorophyll extraction was carried out within 60 minutes. Pigments were extracted into
methanol/chloroform (Wood 1985) and the concentrativas determined by fluorescence. This
was performed on triplicate samples, which were separated into size fractions via a sequence of

filters (20, 5, 2, and 0.2 microns) (Table 5-1) (Clarke et al. 2008)
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Size of filter Type of filter Fraction collected

20 um Nylon mesh filter Micro-plankton

5 um Membrane filter Large nano-plankton

2 um Membrane filter Ultra-plankton (small nano-planktor
0.2 pm Membrane filter Pico-plankton

Table 5-1: Sequential filters used to size-fractionate chloroptedsurements
from RaTS

Samples for macronutrient analysis were filtered and stored in dark polyethylene bottles before
being transported to the UK (refrigerated and kept in the dark), where they were analysed using
standard autoanalyser protocols (Strickland & Parsons 1970). Detection limits were 0.8 uM fo
nitrate, 0.1 um for nitrite, 0.2 um for phosphate, and 1.2 um for silicic acid (Clarke26G8)
Concentrations of ammoniunvere analysed at Rothera with ortho-phthaldialdehyde (OPA) and

fluorometry (Holmes et al. 1999), with a detection limit of 0.01um (Clarke. @088).

2.3.Dissolved barium

The unfiltered seawater samples collected at 15 m were refrigerated, kept in the dark,
and transported to the UK, where they were analysed for dissolved barium concentrations using
isotope dilution inductively coupled plasma mass spectrometry (ID ICP-MS)iascin
Chapter 2 Sectiod. Sample preparation and measurements for this RaTS data set were carried
out solely in the Bristol Isotope Group, Earth Sciences Department, at Bristol Universityg using
Thermo-Finnigan Element-2 (SEM detector only) for the ICP-MS analysis. Samples were
measured in two batches (as they arrived in two different shipments from RaTS), either on the
29" to 30™ April 2015, or the 10to 11" September 2015.

A mass bias correction coefficient (K) was calculated each time samples were analysed by
measuring the ratio of**8Ba/***Ba in a 1ppb Ba natural standard solution prepared in 5 % (v/v)
seawater (NSS6 seawater standard of gpb £ 0.15 Ba), and comparing this to the average
natural ratio reported in the literature (10.88). The isotope ratio determined in this solution
varied between 10.7 and 11.4, with measured uncertainty across each sample run usually
around 0.4 % and never exceeding 1.3 % (2*RSD). Within each run, this uncertainty was always
less than the mass bias determined for each sample run, which was on average a 1.2 % deviation

from the literature value (minimum deviation 0.47 %; maximum deviation 4.8 %
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Blank solutions of 3 % (v/v of concentrated reagent) HNQ8.2DQ| u A § G A E
analysed to correct for background barium signal from the introduction system of thkI&CP
(During the analytical runs of RaTS samgfé8a blank counts < 0.15 % of seawater sample
counts;"**Ba blank counts < 0.5 % of seawater sample counts), and a set of consistency
standards were measured at regular intervals (see Table 2-5 and Table 5-3). A correction for any
seawater matrix effects was applied to the blank measurements by monitoring the sensitivity o
a natural standard solution in 3 % HN. a natural standard solution in 5 % seawater, before
the blanks were subtracted from sample counts.

Seawater standards of comparable barium concentration to the samples show a long
term external reproducibility of + 1.7 % or better across all analytical runs from March to
November 2015 (Table 2-5). Within each two day set of analytical runs, reproitiycibihese
seawater standards was * 0.5 % or better (April 2015) and + 2 % or better (September 2015)
(Table 5-3Although none of these seawater standards have a certified barium concentration,
accuracy was checked consistently against the average measurements of the same standards,
measured using a Thermo-Finnigan Element-XR at the School of Earth and Ocean Sciences,
Cardiff University (Chapter 2 Secti®n High precision analyses were necessary for discerning
relatively subtleBa, changes throughout the time series, particularly to distinguish seasonal
variation and any significant differences between the years studied. The full range of Ba

concentrations observed at the RaTS site from 23/03/2013 to 13/01/2015 waM#6 94 nM.

In-house
Standard: Standard 1 NASS-5 NASS-6
2*RSD 1.34 % 3.26 % 1.73 %
Bristol n 72 33 70
Average [Ba](nM)| 73.5+1.0 37.4+1.2 49.3+0.9
2*RSD 1.29% 1.53% 1.22%
Cardiff n 23 22 23
Average [Ba] (hM)| 73.7+1.0 37.0+x0.6 495+ 0.6

Table 5-2: Reproducibility of standards measured in Bristol fromahvta
November 2016. Data from Cardiff (measured in 2014) provided for comparisoes Val
given are 2*relative standard deviation (2*RSD). Errors frehouse Standard 1 (from
the Scotia Sea, 100 m depth) are considered most applicable to the saemadsd in
this chapter.
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Standard: In-house Standard 1 NASS-6

. n 7 7
April 2015 e BRI 741+ 0.4 49.1+0.2
10M-11" 2*RSD 2.09 % 1.36 %

September n 7 7
2015 Average [Ba] (nM) 729+1.5 499+ 0.7

Table 5-3: Reproducibility of standards measured in Bristol dthengunning of
RaTS samples (280" April 2015 and 10-11"™ September 2015). Values given are
2*relative standard deviation (2*RSD).

2.4.0xygen isotopes and water mass fractions

Seawater sampkfor oxygen isotope analysis were also collected routinely from the
Niskin bottle closed during CTD casts. These samples were transported to the UK and analysed
for the ratio of stable oxygen isotopes at the Natural Environment Research Council Isotope
Geosciences Laboratory (NIGL) at the British Geological Survey. Samples were equilibrated with
CQ (Epstein & Mayeda 1953) using a VG Isoprep 18,5@H°0 ratios then measured on a
SIRA 10 mass spectrometer. Resutee E %0} E S  ]v $®notatiEn, with reference to
VSMOWRegular duplicate analyses were used to establish data precision, which is typically +
0.02 : (Meredith et al. 2010).

From the WPO and salinity measurements from 15 m water depth, a three-end-member
mass balance was used to derive the relative contributions of sea ice melt, meteoric water, and
Circumpolar Deep Water (CDW) to the sample, using the same method as discussed in Chapter 4

section 3.3.

3. Results

The record of water properties from the sample site presented here covers a two and a
half year period from late Summer 2013 to Autumn 2015, B#lnmeasurements covering from
early Autumn 2013 to mid-Summer 2015 (Figure 5-3 and Figuje Badoughout the two years
sampled forBay, concentrations show seasonal variation greater than the uncertainty on the
measurements; this variability can be linked to seasonal changes in the structure of thre wate
column. There is little inter-annual variation in the broad behaviolB&fbetween2013 and
2014, despite notable inter-annual variation in other parameters. There are also sBegral
events (highs/lows dBa; concentration) that occur at different points throughout the sampling

period that will be described in detail.
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3.1.Seasonal variation

Seasonal variation at the RaTS site is observed in the structure of the &@er column
(Figure 5-5), the onset and changing nature of sea ice cover, the input of freshwater, thg cycli
of nutrients, and the response of primary productivity to changing temperatures, light, and
nutrient availability. Seasonal plots of potential temperature vs. salinity can be used to identify
the different water masses present, and the changing influence of each throughout the year
(Figure 5-6). Modified UCDW is the most saline endmember (salinity 34.5; 1°Gpegmsalhs,
with the coldest waters occurring in the winter mixed layer (-1.5°C to -2°C; salinity 331% to
(Winter and Spring) and the WW remnant layer (-1°C to -1.5°C; salinity 33.5(%usdiner and
Autumn). AASW is present in summer and autumn (>0°C; salinity <33.5), with the temperatures
of surface waters decreasing through the latter half of the autumn. The specific seasonal

characteristics observed at the site are described in the following sections.

Figure 5-3: (next page): Time series plots of water properties at sampét s
15 m depth from January 2013 (RaTS Event #1427) to May 2015 (RaTS Event
From top to bottom, a. Silicic acid (uUM); b. Nitrate plus ni{yif); c. Phosphate
(UM); d. Ammonia ((UM); Ba; (NM); f. Size fractionated Chl-a (mg)nfgreen
outline - total Chl-a; filled bright greehmicro-plankton [>20 uml; filled greyt large
nano-plankton [5 t®20 uml]; filled bluet ultra-plankton (small nano-plankton) [2 to
umy; filled purplet pico-plankton [0.2 to 2 um]); g. MLD (m); h. Temperature (°C
Salinity; j. Fraction of freshwater attributed to meteoric water (%); kctiena of
freshwater attributed to sea ice melt (%).
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Figure 5-4: Time series at RaTS, from top to bottom, a. MLD (m); b. Ddfesigndes (kg/m3); c. Bad (nM) at 15 m, with error bars
representing external reproducibility of 1.34 % (Table 5 3); d. Salidi§/rat
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Figure 5-5Time series plots of the 500 m water column at the RaTS site, fronry @018 (RaTS Event #1427) to May 2015 (RaTS
#1687) a. Potential temperature (°C); b. Density (Ry/m Chlorophyll (mg/fyin the top 150 m only, with a solid black line indicating 15
m sampling depth; d. Salinity.
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Figure 5-6: Potential temperaturg]) vs.
salinity plots of the RaTS 500 m water column
throughout the seasons (summer to spring, left
right), from 2013 (bottom row) to 2015 (top row
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3.1.iAustral Autumn-Winter (March to end of August, 2013-2014)

In both of the Autumn/Winter periods recorded, the water column is characterised by a
relatively deep mixed layer (typically 20 to 60 m in 2013; 10 to 1602014) (Figure 5-4). In
autumn, particularly early in the season, the presence of warm surface waters and water column
stratification persist from the previous summer (Figure 5-6). However, by the winter months the
traces of this warmer, fresher surface water are no longer observed (Figure 5-6), and there is
very little difference in the density of the top 50 m, indicating that this upper pathefvater
column has become fairly well mixed (Figure 5-4). The depth of the mixed layer ensures that the
15 m RaTS sampling is consistently sampling within the mixed layer during aamdgmvinter.

A peak in nanoplankton Chlearly in autumn 2013 (March 201i8)accompanied by
negative fluctuations in macronutrients, followed by a lagged peak in ammonid&3dmecord
begins here with what is potentially a corresponding peak, although the positioning of the
record makes this inconclusive. A relatively small microplankton bloom is recordedyin earl
autumn 2014 (27th February to 21st Mareto macronutrient data currently available for this
period), with a similar lagged peak in ammonia in the following month, but no corresponding
significantBa peak (Figure 5-3 a-e).

The temperature of the water at 15 m is relatively invariant throughout the winter
months (-1.5°C to -1°C), but salinity progressively increases, accompanied by decreases in both
freshwater fractions, and therefore an increase in the influence of UCDW (Figure 5-3 h-k). A
similar steady increase is observedis and in the available macronutrient data (Winter 2013
only) (Figure 5-3 a)eTheseBa, increases of approximately 4 to 6 nM through the autumn and
winter months show a deviation around the yearly average concentration (83.0 nM) that is
greater than the bounds of uncertainty (£ 1.34 %, the long term reproducibillty-lsouse
Standard 1 see Table 2:Fhroughout much of this period (June - August 2013) the surface of
the bay was covered by fast ice (Figure 5-7).In July 2014 there is a significant (greater than 2*SD
above the yearly average) peakBa, concentration, coincident with a sudden increase in the
MLD to approximately 150 m (Figure B4nd c) but no notable changes in any other

parameters.
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Figure 5-7: Times series showBg (NM) at 15 m (blue line), with error bars
representing external reproducibility of 1.34 % (Table 5-3), and thigofmauf sea ice
melt (%) at 15 m (yellow line). Characterisation of sea ice througheutdar is
represented along the top of the figure: brash ice (stippled), grease ice (dashed lir
pancake ice (polka-dot), pack ice (hatched) and fast ice (solid).

3.1.iiAustral Spring (September to end of November, 2013-2014)
During the spring months of both the years studied, all parameters measurednabi®
predominantly invariant (Figure 5-4), though the mixed layer begins to shoalsisatification

of the water column commences (Figure 58iplogical activity is negligible (Figure §-4

3.1.iilAustral Summer (December to end of February, 2013-2015)

In the summer months, temperatures at 15 m rise to maximum levels, and salinity
decreases precipitously as fractions of meteoric water and sea ice melt rise (Figurk)5hb-
mixed layer shoals to very shallow depths(<m) and the changes in density between different
layers of the upper 50 m of the water column show large increases (Figure 5-4), nglacaiell-
stratified water column. Because of this, the 15 m RaTS site is regularly samplingheelow t
mixed layer (Figure 5-3 g).

With the exception of Summer 2012/13, the summer blooms are dominated by
microplankton with smaller components of small and large nanoplankton (FigBirg) 5-
accompanied (where data are available) by decreases in the macronutrients. Unfortunately,
Summer 2013/14 is the only year which fully capturesBlagbehaviour across the whole ofeh
bloom period, with the bloom itself relatively small at 15 m in this yeagaigr concentrations

of Chl-a are observed atlé m depth t see Figure 5-5 c). However, during the beginning of the
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microplankton bloom in 2013/14 and 2014/Bs, appears to stay fairly constant (Figure -3

and g). Several interesting features then present themselves in Summer 2013/14: the initial peak
in total Chla and microplankton Cld; coincident with a large spike in ammonia concentrations
(24" to 30" December 2013), suddenly decreases and remains low for several weeks, before
increasing again in the latter half of January. This trough in the €&derd corresponds with a

large positiveBa, peak in early-mid January (Figure 5-3 f and g) and a negative spike in the

density differences in the upper 50 m of the water column (Figure 5-4 b}and c

3.2.Interannual variation

Despite the seasonal variationsBiay concentration discussed in the previous section,
there is no significant inter-annual variability between the two years studied. The increased
concentration observed from March to September (austral autumn/winter) is of a similar
magnitude in both 2013 and 2014, as is the steady state observed from Septenibecdamber
(austral spring), with concentrations all within range of the yearly average. Spring 2018sexhib
higher maximum salinity values than spring 2014, with corresponding loweroingabif
meteoric water. There are also notable yearly differences in the profile of the mixed layer depth,
with winter 2014 exhibiting a very deep mixed layer (b0 Figure 5-4) comparable to the
Deep Winter Mixing Years discussed by Venables et al. (2013).

It is unfortunate that barium sampling only fully covered one summer season, as a
significant peak and trough Bay concentration occurs from December to March 2013/14 that
cannot be compared to behaviour in any other years. The timing, size, and compositien of t
summer chlorophyll bloom is very different over the three years investigated: in January to
February 2013 the total Chlconcentrations are relatively very low, followed by a peak in large
nanoplankton (5 um) in March/April (later summer/early autumn). The two sulseigblooms
take place within the summer months, and are dominated by microplankton (20 pm), with much
smaller contributions from nanoplankton that peak at approximately 3 to 5 Md#rfrebruary
The 2013/14 summer bloom appears to occur higher in the water column (<15 ore(bi§ ¢
with concentrations of Cha-at 15 m low relative to other years (average total &5 mg/ni),
and divided into three separate peaks (the third, much smaller peak occurring in early Autumn),
whilst the 2014/15 summer bloom exhibits consistently higheratdncentrations at 15 m
(average total Ché: 8.1 mg/nt) throughout the summer months and into early Autumn (Figure
5-3 9.

Summer 2013/14 is also notable for exhibiting a sharp increase in the proportion of sea

ice melt observed in mid-January (up to 2 %), accompanied by a sharp drop in salrg/SHg
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I and k). In other years the increase in sea ice melt fraction increases steadily through the

summer months, rarely exceeding 1 %.

4. Discussion

4.1.Behaviour oBa; in relation to biology

Significant inverse relationships have been observed betvidsgiand biological activity
in isolated instances in other regions, widly decreases corresponding with phytoplankton
blooms in a manner suggestive of biological uptake or association (Canadian Arctic{Etoma
al. 2011); North Pacific (Esser & Volpe 2002)). However, as discussed in previbers dBa, is
not generally strongly correlated with NOx or f@dicating that it is not taken up into or
associated with organic matter in surface waters (Griffith & Paytan 2012), and sBdace
concentrations at the WAP do not show any significant positive relationship with indicators of
primary productivity (Chapter 4 Section 4.4).

This finding in the wider WAP is supported by the record produced for the RaTS site, with
no obvious negative relationship observed between bloom activityBadFigure 5-3). Whilst
there is a significant decreaseBa, in summer 2013/14, coincident with the second peak in the
microplankton bloom, there is no similar decrease during Summer 2014/15, despite the
presence of a Cla-peak of similar intensity. It must be considered that the 2013/14 Summer
bloom was in fact much larger than the 15 m @Imheasurements suggest, as greater biological
activity was taking place within the mixed layer, shallower than 15 m (Figure 5-5 c)vétpwe
whilst it is possible that this bloom activity could have been depldédiagoncentrations higher
in the water column, the stable, well-stratified nature of the water column during this period
would have prevented thiBa-depleted water being subsequently mixed down to themd5
sampling depth (Figure 5-4).

There is some indication of more slight decreasd&gjconcentrations associated with
the Chla blooms, perhaps showing some lag behind the onset of intense phytoplanktortyactivi
(23/03/2013, 24/12/2013, and 13/01/2015). However, only ondlefse decreases is greater
than the uncertainty on the measurements (80 nM on 23/03/2013), and this occurs aetiie
beginning of the record whilst the others appear at the termination of the record (82mM
13/01/2015) or potentially masked by a subsequent peaRanconcentrations (discussed in
Section 4.2; 82.1 nM on 24/12/2013), thus it is only possible to spedhlateéhe biological
activity in Ryder Bay may be exert a minor control on surBs&oncentrations.

Given the coincidence of the timings, it is impossible to categorically refute a&ctom
between the Summer 2013/1Ba minimum and the activity of the diatom bloom. However, the

lack of aBay response of comparable magnitude associated with either the end of the 2012/13
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nanoplankton bloom or the onset of the diatom bloom in 2014/15 suggests thdiehaviour
of Ba during the 2013/14 diatom bloom may be the result of simultaneous mdilagion
events (discussed in further detail in Sections 4.2 and 4.3) that have overprinted any slight

biological control.

4.2.Vertical mixing and the enrichmentBd; in the water column below 15m

Throughout the autumn and winter months a steady increase of 4 to 6M it observed
in Bay concentrations at 15 m as stratification decreases and the upper water column
homogenises (Figure 5-4). During this period, air-sea interactions are modhiated
development and expansion of sea ice (Figure 5-7), and the deepening of the mixed layer
ensures that the 15 m sampling depth is almost always within this layer. The incrézgam
the winter mixed layer develops is commensurate with increases in the macronutrients (Figure
5-3a-c), and suggests an input from deeper waters below the mixed layer. This could be
attributed to two main sources: remnant WW enrichedBig from brine rejection during sea ice
formation; or waters below the mixed layer enrichedBiay due to recycling of biogenic
particulates, either in the water column itself or as fluxes from shelf sediments. Conversely, the
increase iBa could be result of decreased air-sea interactions, resulting in a lower input of
atmospheric particulates for barium to adsorb onto, thus increasing the standing pBal of
the near surface throughout the season.

Addressing the first possibility, Antarctic sea ice is known to contain lower concensratio
of Ba than the surface seawater in this region (seaBeg 10 to40 nM (Lannuzel et al. 2011)),
although it is not known how much of this decrease difference is due to rejection during sea ice
formation, and how much th8a, pool within sea ice may be depleted by biogenic or abiotic
barite precipitation post-formation (discussed in Chapter 4 and investigated further in Chapter
6). Although the degree of enrichment is difficult to quantify, it is likely that brines expelled
during sea ice formation will contain higher level$Baj than the ambient seawater. These
dense brines sink through the water column until they reach a level of neutral buoyancy within
the WW, and could therefore enrich these waters with higher levels gfrBa similar fashion to
that proposed for WW enrichment of dissolved Al at this site (Hendry et al. 2010).

Progressive enrichment &fa, with depth is seen throughout the global ocean, and has
been observed in WAP waters, with concentrations increasing by 3 to 6 nM over the 1(p
m of the water column (see Figure 3-3his increase is thought to be due to recycling of
particulate barium phases, possibly in conjunction with the remineralisation of biogécéc si
(Lea & Boyle 1993; Jeandel et al. 1996; Jacquet et al. 2005; Horner et al 3¥pitB)profiles

from the WAP continental shelf also displayed an approximately 5 nM higher concentration of
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Ba throughout the water column in comparison to nearby stations in the open ACC (Chapter 4
Section 5.2 and Figure 34;:&dicating a potential enrichment of shelf bottom waters due to
fluxes from the sediment. Such epibentig, fluxes have been observed in pore water profiles
from the Arabian Sea and the Equatorial Pacific (Schenau et al. 2001; Paytan & Kastner 1996),
and benthic incubation experiments that have directly measured barium fluxes from California
continental margin sediments (McManus et al. 1998; McManus et al. 1994).

Without the benefit ofBa, profiles throughout the whole water column (in particular,
measurements close to the sediment-water interface) it is difficult to discern which of these
potential contributors is most likely to be the source of B& enrichment below the mixed
layer. It is notable that the level &a; enrichment that accompanies mixing is not significantly
different between the two years studied, despite inter-annual variation in the depth of the
winter mixed layer (Figure 5&) and the extent of sea ice formation (Figure 5-3However,
there are pealBa; events in April 2013 (86.4 nivBeptember 2013 (86.2 nM), January 2014
(94.3 nM), and July 2014 (91.9 nM) that are all associated with deepening moixbd layer (or
decreased stratification below the mixed layer in the case of January 2014), with the magnitude
of the Ba increases greater during the deeper mixing events (Figure 5-4). Due to the one-
dimensional nature of the time series, it is possible that variable advection and horizontal
gradients in water masses could be the cause of these suBdgftuctuations. However, for
these peaks in Bao be vertical mixing signals, the deeper waters concerned would have to be
enriched by up to 1@M compared to surface waterélthough this magnitude of concentration
increase is consistent with our knowledge of the distributioBafwith depth on the WAP shelf
(a 13 nM increase was observed over the 500 m water column at PalLTER Station 200.100
(Figure 4-3)), achieving this magnitude would require mixing with shelf bostaters (below
400 m), and it is unlikely that this deep mixing would result in such trand@ryeaks.

However, it is possible that the water column above 400 m in Ryder Bay is more enni@@d i
than equivalent depths further out on the shelf (such as PalLTER Station 200.100, Figure 4-3).
Recent data from high resolution deep sea gliders have shown that as CDW flows through the
Marguerite Trough, interaction with bottom topography (overspilling sills separatingezutive
sub-basins) causes progressive between shelf bottom waters and the overlying water column
(Venables et al. 2016; personal comm. from M.P. Meredith and H. Venables). In thGDvdy

may become progressively enrichedBg through interaction with bottom waters as it flows
through the Marguerite Trough, bringing high&a concentrations to the depth just below the
mixed layer in Ryder Bay, which could be mixpdhto the surface layer and result in the large

magnitude peaks observed.
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This enrichment of the relatively shallow waters just below the mixed layer with high
concentrations oBg could also be a more temporary phenomenon, caused periodically by
brine rejection from sea ice formation or intense periods of biogenic matter regenardtmr
peaks during the winter months (September 2013 and July 2014), set against rising background
concentrationsBay-enriched brines from sea ice formation are a credible candidate. These
dense waters, sinking and settling at the base of the winter mixed layer, may be sporadically
entrained up to the 15 m sampling depth by deeper mixing events.

The peaks observed in summer/autumn (April 2013 and January 2014) both occur in
proximity to phytoplankton bloom activity. In particular, the largBsi peak in January 2014
occurs in conjunction with a sharp drop in the density contrasts over the upper 50 m of the
water column, indicating a sudden mixing event that may be responsible for the intemugttio
the microplankton bloom also observed at this point (Figure 5-3 e and f; Figutedhd c). As
previously discussed, the main bloom at this point is concentrated higher in the water column
(Figure 5-&) and the effects of the sinking and decaying of organic matter are reflected in the
spike in ammonia concentrations observed at 15 m (Figurelb-Bhe release d@a, from
decaying phytoplankton has been observed in laboratory cultures (Ganeshram et al. 2003) and
regularly invoked in discussions of barite formation within bioaggregates (Dehairs et@|. 198
1990). During the sinking and decay of phytoplankton from both of these bloem®¢Autumn
2013 and Summer 2013/18Ba may be released from adsorbed particulate phases such as
manganese or iron oxyhydroxides (Schenau et al. 2001; Balakrishnan Nair et atha005)
associated with the biogenic material in surface waters, thus enriching the waters below the
mixed layer with relatively higBa; concentrations. The mixing events that immediately follow
such bloom activity will therefore stir these high&#; concentrations up to the 15 m sampling
depth.

Another important detail of this proposed mechanismBa enrichment via
phytoplankton decay is the difference in magnitude observed betweeBth@eak following
the nanoflagellate-dominated Autumn 2013 bloom (86.4 nM), and that following the
microplankton-dominated Summer 2013/14 bloom (91.9 nM) (Figusee5and f). The
association of a largdsay peak with the microplankton-dominated bloom, despite its lower
intensity total Chl (Figure 5-5 c), suggests that m&a, is released by the breakdown of
microplankton (diatoms) than of nanoplankton. This ties in with our previous findingeaMhP,
and the Scotia Sea more broadly (discussed in Chapter 4 and 3 respectively), that the barium-
carrying particulate phases which releddg at depth appear to either preferentially associate

with microplankton (rather than nanoplankton) in surface waters, or to rel&egenore readily
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during microplankton decay. There is evidence to support either of these hypotheses, as
particulates such as iron and manganese oxyhydroxides that are known to &¢Bchenau

et al. 2001; Balakrishnan Nair et al. 2005) are also known to associate with diatom cell surfaces
(Sternberg et al. 2005), whilst larger, denser skeletal material (such as diatom frustules or
colonial aggregates) can act as ballasting material and increase the downward flux of biogenic

material from the mixed layer (Wilson et al. 2012).

4.3. Dilution of surfac8ay by high levels of sea ice melt

Sea ice melt is a significant secondary control on suBageoncentrations along the
WAP, with input of these melt waters dilutii®g, to a greater extent than silicic acid, potentially
due to barite precipitation within the sea ice itself (see Chapter 4 Section 5.3). As silicic acid
measurements are not available for the entirety of the temporal record presented here, it is not
possible to ascertain if a similar pattern of behaviour is exhibited seasonally at the RaTS site.

There is a statistically significant negative linear relationship betvidggand the fraction
of sea ice melt (%) (R=0.13; p = 0.002; n69). However, it is difficult to draw conclusions
from the %SsI in this record due to the large control exertedBeayby vertical mixing (discussed
above in Section 4.2), which manifests itself in the %CDW term in the calculatton of t
freshwater fractions (see Section 2.4). Therefore the apparent general negative correlation
between %S| anBa, may be a non-causal manifestation of the positive relationship between
Ba, and mixing with a larger component of deeper waters.

One event does occur in the record that supports our previous conclusions about sea ice
as a secondary control dgy distributions: the sharBa; minima in late January 2014 is
coincident with a sharp rise in %S| and persists through to March, with %Sl also remaining at
peak values of 1.5 to 2 % for this period (Figure 5-7). The effect of the sea ice dnagion
appear exaggerated because of the transition froBaapeak immediately prior to the sea ice
melt event. However, th8a, values during this period of high sea ice melt fluxes are
consistently lower than the yearBa, average. This supports the conclusions drawn in Chapter 4
that sea ice melt exerts a negative control®& concentration only when fluxes of sea ice melt
are high. In coastal polar regions where the sea ice regime is seasonally and annuwddlg,vari
this sea-ice controlled re-distribution of barium between dissolved and particulate phases may
reduce the reliability of Ba.ssin underlying sediment as a proxy for export productivity. The

potential implications of this will be discussed further in Chapter 6.
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5. Conclusions

During the two year period studied at the RaTS site there is a steady incré2egein
approximately 5 nM throughout the autumn and winter months as the winter mixed layer
develops and air-sea interaction is modulated by sea ice formation. This increase is afresul
vertical mixing wittBa-enriched waters from below the mixed layer. Whilst shelf bottom waters
may be enriched iBa via dissolution of particulate barium phases within the sediment, local
vertical mixing between these deeper waters and the 15 m sampling depth studied here is likely
to be low over the timescales considered. Rather, waters just below the mixed layer (100 to 150
m) may become enriched Ba throughout the year by three different processes: in the autumn
and winter months the rejection da-rich brines from sea ice formation; in the summer and
autumn months, release &g from particulates associated with sinking and decaying matter
from phytoplankton blooms; or mixing of near-surface layers with CDW that becomes
progressively enriched in Bapstream through bathymetric interaction with shelf bottom
waters.

The association between particulate barium phases and the phytoplankton blooms is not
obvious in theBa, record, with no clear inverse relationship between biological activityEad
concentrations. However, significaBlg peaks are observed when mixing events coincide with
bloom activity, indicating that there is an increasd3ig concentrations simultaneous with
phytoplankton decay. This effect is strongest during the diatom bloom observed in sudér
(rather than the nanoplankton bloom in autumn 2013), indicating there is a gr&aaelease
associated with the recycling of diatoms. This may be because particulate phases such Mn and
Fe oxyhydroxides scavenBey in surface waters and are then themselves adsorbed onto diatom
cell surfaces.

There is no significant inter-annual variation in the extent of sead®aanrichment,
despite the deeper mixed layer exhibited in 2014 relative to 2013. This lack of vadatitthbe
an artefact of two simultaneous processes, with deeper mixing bringing Be&re surface
waters, whilst the related reduced sea ice (Venables & Meredith 2014) may have increased the
input of atmospheric particles that scavenBe, from the mixed layer. Sea ice melt itself is
shown to have a significant dilution effect Bay, resulting in minimunBa, concentrations that
can overprint the effects of other controls, though only when sea ice melt fluxes are high.

The subtle variations iBa concentration discerned by this high-precision record have
revealed that the decay of biogenic material, particularly microplankton, does reBsde the
water column, which may then be associated with the precipitation of barite. This supports

previous observations by Carson (2008) that particulate barium fluxes peak following periods of
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high biological productivity (see Figure p4dowever theBa, record also shows that a similar

level ofBg enrichment below the mixed layer is observed independently of intense biological
degradation, suggesting that other processes such as sea ice brine rejection or progressive
mixing with enriched shelf bottom waters may play an equally important role in Bsgal
distributions. In addition, the interactions observed between sea ice melting and siBéace
concentrations indicate that as well as the potenBa, enrichment of waters below the mixed

layer through brine rejection during sea ice formation, barium may be redistributednigta

ice between dissolved and particulate phases in a way that could impact on the use of barium as

a proxy for freshwater parameters or of export productivity in sea ice dominated regions.
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Chapter 6

The behaviour dBa; in Arctic and Antarctic sea ice

1. Introduction

From previous chapters, it is evident that high fluxes of sea ice melt exert a secondary
control on the concentration dBa in surface seawater in coastal Antarctica, with observations
showing that higho A o« }( ¢« ] u 03 ~ @Epd saliqily neasurementaje
associated with anomalously loBg, relative to Si(OH) This could be the result of non-
conservative processes acting within sea ice to remove barium from solution, le@arige
melt depleted inBa, relative to other dissolved cations. Additionally, such sea ice melt would be
expected to be high in particulate barium, and may thus impact the interpretation of particulate
barium as a proxy for productivity in polar waters (Carson 2008; McManus e0&l).20

An ideal location to investigate this further is in the northern polar waters of the Arctic
Ocean, where the persistence of sea ice cover it thought to be the cause of the broadly
conservative observed behaviour of oceaBgg (Taylor et al., 2003) (see Chapter 1, Section
2.4.i). The main control on ocearBey distribution in this region is considered to be the distinct
Bay concentrations input to the Arctic Ocean from different rivers of the Eurasian and North
American continents, with fluvial discharge from the North American continent generally more

enriched in Ba (Guay and Falkner 1998). In the Eurasian Basin of the Arctic Ocean, where the
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samples studied in this chapter were collected (see Figure Balgoncentrations are relatively

low, with surface and intermediate waters influenced mainly by Eurasian river run-off and
Atlantic Water entering the Arctic through the Fram Straight (4% nM), and some deep water
enrichment observed at the base of the water column (up to 50 nM) (Taylor et al. 2003; Sirevaag
and Fer 2009; Seidov et al., 2015).

In this chapter | will investigate the behaviourBH, in sea ice directly by measuriBgy
concentrations in a number of sea ice cores collected to the north of Svalbard in the Arctic
Ocean, as well as in a set of sea ice brine samples collected at Rothera Point at the WAP. The
interstitial brine samples from Rothera are used to assess the applicability of the seawater
barium ID-ICP-MS method to sea ice samples, and to broadly characterise the relationship
betweenBa, and salinity at the WAP. The sea ice core samples from the Arctic offerea mor
detailed insight into the distribution d8a, throughout the sea ice system, and how the
relationship betweerBa, and salinity may vary as the sea ice grows and melts.

The work in this chapter has been made possible by the provision of samples and ancillary
data from the Norwegian Polar Institute as part of the Norwegian Young sea ICE cruise (N-ICE
2015) project. Th8a concentration of these samples was measured by Barney Butler (MSci

University of Bristol).

1.1.Introduction to sea ice

Sea ice forms a distinct environment in high latitude ocean waters, playing an important
role in the biological productivity, water mass circulation, and ocean-atmosphere exchange of
heat and gases in polar regions (Walsh and Johnson 1979; Kushnir et al. 2002)y¢hiatacts
on the global climate system (McBean et al. 2005; Liu and Alexander 2007).

During the formation of sea ice from seawater, sea salt ions are excluded from the crystal
0 $8§] <SE&un SUE }( §Z A 0}%]vP ] U Jv % RPeficrrand\Ejken « Z E]v
2010). Approximately two thirds of salt ions present in seawater are rejected during initial ice
formation (Maykut 1985), with small pockets of brine solution remaining in a network of
branching, interconnected pockets and channels within the ice. These channels form
microhabitats for sea ice algae (Brearley and Thomas 2002) which are adapted to survive in the
extreme conditions of low light levels, variable nutrient levels and very low temperatures
(Nelson Treguer 1992; Mitchell and Beardall 1996; Mogan Kiss 2006).

As well as hosting sea ice microbial communities (SIMCO), the release of nutrients,
micronutrients, and particulates from melting sea ice is associated with ice edge phytoplankton

blooms. In total, biological activity associated with Antarctic sea ice is thought to cadstfibu
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to 28% of Southern Ocean biological production (Ablemann and Gersonde 1991 ;afudigo

Thomas 2004), playing a significant role in the export of carbon.

2. Materials and Methods

As mentioned above, the Arctic sea ice core samples were collected as part of the N-ICE
cruise from ¥ January t®3“ June2015, with additional cores from the test cruise undertaken
the preceding year (February 2014). The objectives of this project were to understand the
effects of the young Arctic sea ice regime on energy fluxes, ice dynamics, and the associated
ecosystem by sampling the sea ice and underlying sea water continually throughathas the
sea ice formed and melted. In order to achieve this,Rh. Lanceas allowed to freeze into
sea ice north of Svalbard in the Arctic Ocean in late December 2014, and to drift pagiively
the ice until the floe began to break up in Jun 2Qdee Figure 2-5 for full cruise track). During
this time sea ice cores were collected, accompanied by sampling of the water colum@Va
rosette deployed through holes in the ice (Figure 65Ea ice cores were divided into sample
depth sections and allowed to melt, with unfiltered sub-sampleBfmmeasurement stored in
parafilmed HDPE bottles in the dark and transported to Bristol University for analysis.

Interstitial waters were sampled from Antarctic sea ice by K. Hendry from various

locations around Rothera Point (Figure 6-2) by sackhole drilling betweersth@dtober 2005

Figure 6-1: N-ICE sample locations in main figure, sea ice cores (red circled) labell
numerically, T denotes cores from the test cruise in 2014. Smaller inset shows black circl
indicating location of sampling area in the context of the northern hemisphere.
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and 21" November 2006. The sack hole drilling involved removing snow from the sea iaesurfa
using a plastic edge, and drilling a hole into the sea ice, which was then cleaned of brash ice and
contaminants, and covered for five minutes to one hour. The brine drained istbdle and

was collected into clean HDPE containers. Samples were filtered at Rothera Station using 0.2
micrometer polycarbonate membranes (Whatman), the filtrate was then acidified using 1 mli
HNQ per litre of brine before being transported to the UK and stored in the dark. Before being
analysed foBay, these samples had been previously used to measure cadmium (Cd) and

aluminium (Al) (Hendry et al. 2009, 2010).

Figure 6-2: Map view of Ryder Bay, an inlet in Adelaide Island along the West Ants
Peninsula. Interstitial sea ice brine samples were collected from location around Rothera
2005/6 t CTD Site 1, CTD Site 2, Hangar Cove, the wharf of Rothera Station (within black
marking Rothera Station).

2.1 Dissolved barium
The unfiltered sea ice samples from the N-ICE cruises (2014 test cruise and 2015 mai
project cruise) were analysed using isotope dilution inductively coupled plasma mass
spectrometry (ID ICRES as outlined in Chapter 2 SectionSample preparation and
measurements for this data set were carried out by B. Butler (MSci) in the Bristol Isotope Group,
Earth Sciences Department, at Bristol University, using a Thermo-Finnigan Element-2 (SEM

detector only) for the ICP-MS analysis.
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The filtered, acidified sea ice brine samples collected at Rothera were analysed by K. Pyle
using isotope dilution inductively coupled plasma mass spectrometry (ID 8}Ra\vbutlined in
Chapter 2 Section 4. Initial sample preparation and analysis took place in Cardiff Unusngjty
a Thermo-Finnigan Element XR, with subsequent repeat sample preparation and analysis taking

place at Bristol University using an Element-2.

2.1.iBa estimates and isotope dilution spiking

It was expected that the range 8f; concentrations in the sea ice samples may be wider
and less predictably distributed than in the seawater samples that had been measured
previously. In particular, the large range in salinity of the interstitial brine samplest{salio
87) indicated thaBa ranges would exceed the minimum and maximum concentrations
measured in Antarctic seawater (Chapters 30 5

In order to achieve a spike to sample ratio of between 0.7 and 1 (see Chapter 2 Section
4.1.iii), the approximat®a concentration of the sample must be known, as this is used to
determine the volumes of sample antiBa-enriched spike solution to be used (see Tablg.2-1
Bay concentrations of Rothera brine samples were initially estimated using Cd concentrations
previously measured in the same samples (Hendry et al. 2009), which have been foune & hav
conservative relationship with regard to salinity (Equation 6-1). Using the average salinity and
averageBa concentration of WAP seawater (salinity 3386; 80 nM; from PalLTER samplées
Chapter 4), an estimated ratio of Cd/Ba was calculated for WAP seawater of 0.011. This ratio was

applied to Rothera brine sample [Cd] to estimate tBey] for each sample.

Equation 6-1: Relationship between cadmium (Cd) and salinity (S) in Antarctic seav

However, when samples were initially prepared using these estimated concentrations,
and analysed at Cardiff University, the measuBaglconcentrations varied significantly from the
estimates (Figure 6-3). As a result of these inaccurate concentration estimates, the spike to
sample ratios were significantly out of range, casting doubt on the reliabilityecddita.

The concentrations derived from this unsuccessful first attempt were used to re-calculate
the volumes of sample and spike solution for each sample, and a second analysis was
undertaken at Bristol University (Figure 6-3). The sample to spike ratios for this second analysis

were all satisfactory (between 0.7 and 1).
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For the subsequent analysis of the N-ICE sea ice core samples, salinity measurements
were used to provide a rough initial estimateBd, concentrations. In most cases these
estimates were not accurate, and the sample to spike ratios were out of the acceptable range.
The secondary preparation and analysis of samples, with sample and spike solution volumes
refined by theBa, concentration measured in the first analysis, were therefore undertaken as
general practice. The sample to spike ratios from secondary analyses were all satisfactory. The
discrepancy iBa concentration between analyses was generally £ 1 to 2 nM and was not

systematic.

Figure 6-3Ba; concentrations in interstitial sea ice brines from Rothera PBagt.
concentration predicted from measured Cd concentration (Hendry et al. 2010) (black cros
Ba; concentration measured in Cardiff in 2014 using the sample and spike volumes calcu
from predicted concentrations (cyan filled circl@&s; concentration measured in Bristol in 20
using the sample and spike volumes calculated from concentrations measured in Cardiff
filled circles).

2.1.iiCorrecting for matrix effects and assessing uncertainty

A mass bias correction coefficient (K) was calculated each time samples were analysed by
measuring the ratio of**Ba/***Ba in a 1 ppb Ba natural standard solution prepared in 5% (v/v)
seawater (NASS-6 seawater standard ppb £ 0.15 Ba), and comparing this to the average
natural ratio reported in the literature (10.88). The isotope ratio determined in this solution
varied between 10.7 and 11.5, with measured uncertainty across each sample run usually

around 0.6 % and never exceeding 2.2 % (2*RSD). Within each run, this uncertainty was always
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less than the mass bias determined for each sample run, which was on average a 1.1 % deviation
from the literature value (minimum deviation18%; maximum deviation 5.9%).

Blank solutions of 3 % (v/v of concentrated reagent) HNQ8.2DQ| u A § &G A E
analysed to correct for background barium signal from the introduction system of thkI&CP
(During the analytical runs of RaTS sampfé8a blank counts < 0.16 % of seawater sample
counts;**Ba blank counts < 0.15 % of seawater sample counts), and a set of consistency
standards were measured at regular intervals (see Table 6-1 and Table 6-2). A correction for
matrix effects was applied to the blank measurements by monitoring the sensitivity of a natural
standard solution in 3 % HN®s. a natural standard solution in 5 % seawater, before the blanks
were subtracted from sample counts. It is possible that the matrix effects for sea ice may be
different to those for seawater, particularly at the salinity extremes. However, as time
constraints prevented the testing of matrix effects in a range of media, the seawater matrix
correction was applied to all sea ice samples.

Seawater standards show a long term external reproducibility of £ 1.7 % or better across
all analytical runs from March to November 2015 (dates inclusive of Rothera brine analyses) and
a reproducibility of + 2.86across all analytical runs from February to March 2016 (period of
analysis of N-ICE sea ice core samples) (Table 6-1 and Table 6-2). Although naee of the
seawater standards have a certified barium concentration, accuracy was checked consistently
against the average measurements of the same standards, measured using a Thermo-Finnigan
Element XR at the School of Earth and Ocean Sciences, Cardiff University (Chapter 2 Section 5)
The NASS-5 and NASS-6 standards are most comparableBa, ttencentrations measured in
sea ice samples. Unfortunately, none of the standards measured are comparable to tBe, low
concentrations measured in some of the sansple

Standard: In-house Standard 1 NASS-5 NASS-6

2*RSD 1.34% 3.26% 1.73%
Bristol n 72 33 70
Average [Ba] (nM) 73.5+1.0 37.4+1.2 49.3+£0.9
2*RSD 1.29% 1.53% 1.22%
Cardiff n 23 22 23
Average [Ba] (nM) 73.7+1.0 37.0+£0.6 495+ 0.6

Table 6-1: Reproducibility of standards measured in Bristol from March to November
2016. Data from Cardiff (measured in 2014) provided for comparison. Values givéretatv2
standard deviation (2*RSD).

In-house In-house
Standard: Standard 1.1 Standard 1.2 NASS-6
2*RSD 1.1%% 1.43% 2.52%
Bristol n 14 28 23
Average [Ba] (nM) 73.7+0.9 726+ 1.0 492+1.2
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Table 6-2(previous page) Reproducibility of standards measured in Bristol from February
to March 2016.

3. Results

3.1.Rothera sea ice brines (Antarctic)

As expected from the wide range of salinities observed, a wide range of
concentrations were measured in the fifteen interstitial brine solutions calgéiom Rothera
(5 to 235 nM). The highest concentrations were seen in three samples from late winter/early
spring of 2006 (140 to 235 nM), with the remainder of the samples not exceedihgM. The
lowest concentrations were recorded in November 2005 and 2006 (5 to 12 nM) (Bigyre

Despite the significant variation betwe®&g; concentrations predicted by [Cd] and the
accurateBa concentrations finally measured, ttgs, in the brine solutions show a positive
correlation with salinity (Figure 6-5). Positive cdatiens are also observed betwe@s and
inorganic dissolved nutrients (silicic acid, nitrate, and phosphate), although the clustéting o

data make it challenging to determine the nature of the relationships (Figura)6-7

Figure 6-4: Time series of interstitial brines sampled at Rothera from October 2005
December 2006, (black circleBy, concentrations reported from the accurate second
measurements made in Bristol University. Seasons labelled, with summer and winter higt
by grey hatched bands. Sample from th& Nbvember 2005Ha; 0.7 nM] was a sample of
melted snow, rather than interstitial sea ice brine (cyan filled circle); Samples ffom 21
November and 8 December 2008, 83.5 and 83.8 nM respectively] are samples of local
seawater from Hangar Cove (orange filled circles).
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Figure 6-5Ba; concentrations (nM) vs. salinity in sea ice samples, with interstitial br
solutions from Rothera 2005/6 represented by filled black squares; whole sea ice cores fr
Arctic N-ICE 2015 cruise represented by grey filled diamonds, whole sea ice cores from tl
test cruise represented by light grey filled circles. The solid black represents the linear reg
model (least squares) fitted to the Rothera sea ice samples, with blue dashed lines indica
95 % confidence boundary.

3.2.N-ICE seawater (Arctic)
Thirteen seawater depth profiles were analysed (97 samples in total) from CTD casts through the
ice during the N-ICE cruise. A typical profile is shown in Figure 6-6. The r&@sgyenefisured
over the whole water column (surface to 4000 m) was 39 to 53 nM, a much smaligr ttzem
that observed in the seawater of the WAP or the Scotia Sea. From these samples Arctic seawater

was characterised for comparison to sea ice as having an avBemgencentration of 44.0 nM,

and an average salinity of 34.6.
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Figure 6-6Ba, (nM, filled black circles) and salinity (open diamonds) profiles with depth at
Station 2, which can be regarded as representative of the water column throughout tlye stud
area.

3.3.N-ICE sea ice cores (Arctic)

78 sea ice core samples were analysed (from both the test cruise in 2014 and the official
N-ICE cruise in 2015), displaying a larger total ran@ayd{7 to 81 nM) than exhibited by Arctic
seawater, withBay concentrations varying within single cores by up to 50 nM (Figl@.6-
However, as these were whole-ice measurements, there were no samples with concentrations
exceeding 100 nM, as found in the interstitial brine solutions from Rothera.

The salinity of the sea ice cores ranged from 0 to 9, and profiles of salinity down core do

n}s «Z}A §Z 3C%] dird ypar Zedice {Retrich and Eiken 2010), but show undulating
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characteristics that suggest two- or multi-year ice (Figure 6-8). Two cores collected in the spring,
Core 49 and Core 61, exhibit very low salinities (0 to 2) at the top of the core.
There is no obvious relationship betweBgr, and salinity in the Arctic sea ice core
samples, although the bulk of the samples do fall within the error boundsofve describing
the positive linear relationship seen in the Rothera sea ice brine samples (Figure 6-9)eHowev

a proportion of the Arctic sea ice core samples collected in winter fall above this trend line.

Figure 6-6: Relationship BB, concentrations (nM) and macronutrient concentrations
(UM) in sea ice samples. N-ICE whole sea ice cores represented by filled black circles; int
brine solutions from Rothera sea ice represented by unfilled black squares. Left column p
shows the full range of concentrations measured, with a grey square outline indicating the
smaller range of concentrations displayed for clarity in the right hand plots. Top row plots
Ba, vs. silicic acid; second row plots sHaay vs. nitrate; bottom row plots shofa, vs.
phosphate.
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Figure 6-8: Salinity profiles with depth (cm) in whole sea ice core samples from the
N-ICE cruise and test cruise; Core 2 (dark blue filled diamonds), Core 6 (blue filledleistles
Core 0 (light blue filled squares), Test Core 1 (cyan filled circles), Test Cotgizyifjled
triangles), Core 49 (dark green filled stars), and Core 61 (light green filled upside doglagji

Figure 6-9: Relationship betweBa, concentrations (nM) and salinity in sea ice samp
Filled circles represent N-ICE whole sea ice core samples from the Arcticvjay@n samples;
red t spring samples), and filled squares represent interstitial brine solution from Rother s
(cyan t winter samples; red spring samples; yellowsummer samples (hidden behind spring
samples in plot, but indicated by arrow in right-hand plot). Solid black line reprdipeats
regression model (least squares) fitted to Rothera sea ice brine samples, with blue dashe
indicating the 95% confidence level of the modelhRigind plot shows a smaller scale of
concentrations (indicated by the grey rectangle outline in the left-hand figure) for clarity.
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When cores are considered individually, some show a positive correlation beBagen
and salinity (Test Cruise Core 0, Core 61, and Core 49), and two show negative correlations (Test
Cruise Core 2, and Core 6, whilst two show no relationship. None of the cores show any
correlation betweerBg, and any of the inorganic dissolved nutrients measured (nitrate,
phosphate, and silicic acid), except for Test Core 2. The distributid@es and salinity observed
in the cores are briefly described below (Figur&0p-

3.3.iCore 229" January 2015)

Relatively constant salinity throughout the core, with the lowest salinities recorddukat t
top of the core (4) and the highest at the base (6.Bjg, concentrations are relatively low, with
minimum values of 8 to 10 nM at the base and a high of 22 nM at the top of theTdoeee is no

correlation throughout the core betweeBay and salinity.

3.3.iiCore 6 (8 February 2015)

Very low salinities (0 to 2.2) recorded in the lower 60 cm of the core, showing an increase
with depth. At 60 cm depth in the core there is a sharp salinity discontinuity, with salinity values
increasing upwards from 0 to 6, decreasing again to 2.9 at the top of theRayre.
concentrations are relatively constant throughout the top 60 cm and the lower 30 cm cbtiee
(20 to 34 nM), but show a positive excursion to concentrations of 40 to 80 nM bet#@and
90 cm. this positiv8a; excursion accompanies a decrease in salinity, and the subsequent
decrease irBa; above 70 cm accompanies the salinity increase. This appearance of anti-
correlation is reflected in a weak negative relationship£R.2) betweerBa, and salinity in the

core as a whole.

3.3.iii Test Core 0 (#3February 2014)

Very low salinities (0 to 1.6) recorded at the base of the core (75 to 95 cm), coupled with
minimum Ba concentrations of 26 to 28 nM. At 65 cm a sharp discontinuity occurs inBsgth
and salinity, with concentrations increasingBa; 50 nM and salinity 4. In the top 50 cm of the
core howeverBa and salinity appear anti-correlated, wiBg concentrations decreasing to 30
nM before increasing to 48 nM at the top of the core, whilst salinity increases to 5 before
decreasing to 3.8 at the top of the core. Despite this behaviour in the top 50 cm, tHe wadre

shows a positive correlation betwedw and salinity (R= 0.4).

3.3.ivTest Core 1 (J5February 2014)

The highest salinity is recorded at the top of the core (8), decreasing to 4.3 at the base.

Between 45 and 60 cm there is a negative excursion to minimum salinity values 2254.Ba;
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fluctuates throughout the core over a large range of concentrations: the concentration at the

top of the core is relatively low (30 nM), increasing sharply to maximum concenisatio?

nM at 15 cm, which steadily decrease to minimum values of 14 nM at 77 cm; a relatgrely hi
concentration of 48 nM is observed at the base of the core. No relationship is observed between

Ba, and salinity.

3.3.vTest Core 2 (J5February 2014)

Salinity andBag, are significantly anti-correlated throughout this core; salinity at the top of
the core is 4, increasing over the top 30 cm to maximum values of 7, before decreasing to low
values of 2 at the bas®a, is 23 nM at the top of the core, decreasing to minimum
concentrations of 12 nM over the top 15 cm, before increasing to maximum values of 40 nM
within 10 cm of the base. At the very base of the dBagconcentration drops slightly to 33 nM.

A significant negative correlation is exhibited betwdga and salinity (R= 0.63), this is also the
only core in whiclBa; shows a relationship with the macronutrients nitrate and phosphate, in
the form of significant positive correlations*(R0.54 and 0.76 respectively). No correlation is

observed betweemBa, and silicic acid.

3.3.viCore 49 (2% April 2015)

In the top 50 cm of the core salinity values are very low (0 to 1), increasingepth,d
with several small undulations, to maximum values of 4.7 at the Besevalues throughout the
core are also very low, ranging from a minimum of 7.6 nM at 45 cm to a maximuraraoation
of 22 nM at the base. The general pattern of increasing values with depth in the core is displayed
by bothBa, and salinity, resulting in a positive correlation between the two variables (R6).
However, within this general trend the undulations between 45 and 80 cm in the core show

decreases iBa; accompanied by increases in salinity.

3.3.viiCore 61 (2% May 2015)

At the top of the core, above the zero reference line, very low salinity values are recorded
(0 to 0.3) along with relatively lo®a, concentrations (10 to 15 nM). Between -15 cm and 5 cm
in the core, salinity increases to maximum levels of 9, wB#gsincreases sharply to maximum
values of 45 nM at -5 cm. In the rest of the core, salinity exhibits small undulationsdabou
with one sharp negative excursion at 85 cm to values 8g2concentrations vary between 20
and 40 nM, characterised by sharp transitions from relatively high concentrations to low
concentrations, followed by steady increases, creating a saw-tooth pattern with depth. There is

an overall positive correlation betwedss, and salinity (R= 0.3).
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Figure 6-7: (previous two pages(i) to g.(i) -Bay conentrations (nM) (black filled
diamonds) and salinity (unfilled diamonds) profiles with depth (cm) in N-ICE whole sea ic
a. (i) to g.(ii) t Relationship betweeBa, (M) and salinity in each core:

a. Core 2 (no correlation)

b. Core 6 (scattered negative correlatibalope -4.5, intercept 42.5% B.20)

c. Test Core 0 (scattered positive correlatiaiope 9.9, intercept 32.52 B.03)
d. Test Core 1 (no correlation)

e. Test Core 2 (negative correlatibelope -4.4, intercept 46.6% B.63)

f. Core 49 (positive correlatioinslope 2.7, intercept 6.52860)

g. Core 61 (scattered positive correlatibslope 2.1, intercept 18.6°®28)

h. Bay; concentrations in all cores shown in one plot for inter-core comparisons; Core 2 (ds
filled diamonds), Core 6 (blue filled circles), Test Core 0 (light blue filled squareSpré&dst
(cyan filled circles), Test Core 2 (light grey filled triangles), Core 49 (dankfiesl stars), and
Core 61 (light green filled upside down triangles).

4. Discussion

A crucial question in understanding the role of sea id@aduycling is whether or not barium
behaves conservatively throughout the formation and melting of sea ice; whethédahe
distribution in sea ice is controlled by the overall dilution and concentration af ieflected in
salinity measurements.

As discussed in Chapters 4 and 5, the relationship between the proportion of sea ice melt
presend Jv «pE ( « A 3§ E -o@ridsalinftEmheasurements) and the distribution
of Ba in WAP seawater indicate thBig; may not behave conservatively in sea ice. When the
proportion of sea ice melt in surface seawater is relatively high (esastal areas and
Marguerite Bay in 2012Ba; appears to be disproportionately diluted relative to silicic acid. This
suggests that WAP sea ice contains lower leveBapthan would be expected from brine
rejection processes alone (as this would be expected to afacand silicic acid equally). By

measuring thaBa; and salinity in sea ice directly, this idea can be tested.

4.1.Conservative versus non-conservative behavidayoh brine and sea ice
In the interstitial brine solutions collected from sea ice at Rothera (\B&y),

concentrations were found to range widely, with particularly high concentrations observed in
late winter and early spring (Figure 6-4). However, as can be seen in FiguBe;&pears to
behave conservatively with respect to salinity, and the tBghconcentrations (>100 nM) of the
late winter months do not exceed what would be expected from the highs salinities recorded,
nor are the lowBa concentrations (5 to 12 nM) in mid-spring lower than expected for the
freshness of the samples. Moreover, representative seawater samples from Rothera and the

wider WAP (average surface seawaBey concentration of 79 nM and salinity of 33.6 taken
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from PalLTER samples discussed in Chapter 4) fall along this dilution line (Ritjyredicating
that the Ba, of the WAP interstitial sea ice brines samples can be explained by a simple dilution
model.

However, theBa, distribution within the Arctic sea ice cores does not follow the same
simple trajectory. Although it is difficult to compare the much smaller salinity range ofhée
ice cores to the large range of the brines solution, Bagmeasured in the Arctic sea ice cores
exhibit variable relationships with salinity (Figur&B- In some cores (Test Core 2 and Core 6)
significant negative correlations betwe®&a and salinity are observed, and even in those cores
which exhibit overall positive correlations betweBr; and salinity (Test Core 0, Core 49, and
Core 61), there are anti-correlative features (between 45 and 85 cm in Core 49; the upper 60 c
of Test Core 0; between -5 and 10 cm in Core 61). It is also notable that the positive linear
regression models that can be fitted to these posiBag/salinity relationships in Arctic sea ice
cores do not define a linear dilution relationship between Arctic sea ice and Arctic seawater
(average value of Arctic seawater represented by pink diamond in FiglLte Bhis suggests
that whilstBay behaves conservatively in the total brine solution represented by the Rothera
brine samples, th®g, distribution throughout the sea ice itself (represented by the Arctic sea
ice cores) may be governed by non-conservative processes. When considered in conjunction
with the results from Chapter 4, which indicated that sea ice melt was a significant secondary
control on the distribution oBa relative to Si(OH)n surface WAP waters, it seems that the
non-conservative behaviour observed in the Arctic samples is also taking pkezioe at the
WAP. As the Arctic core meltwater was not filtered at the time of collection, both the dissolved
and particulate barium phases within the sea ice will have been sampled. Some propértion o
these particulate barium phases will have dissolved during the subsequent transport, storage,
and preparation of the samples, meaning that & measured is representative of the total
barium content of the ice, rather than only the original dissolved phases. It is likelywhiude
sea ice cores from Rothera, sampled in the same way, would therefore display a similar non-
conservative relationship betweddia and salinity, offset from the dilution line expressed by the
brine solutions and average seawater. In the same way, if filtered interstitial brine samples wer
collected from the Arctic sea ice, they would be expected to fall on a dilution line with Arctic

seawater, offset from the whole ice core values.
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Figure 6-8Relationship betweeBa, concentrations (nM) and salinity in sea ice samp
Filled black squares represent interstitial brine solutions from Rother sea icdl&Hitine
represents linear regression model (least squares) fitted to Rothera sea ice brine samples
blue dashed lines indicating the 95% confidence level of the model. Filled diamonds showv
representative values for seawater samples (light gre®alLTER; pinkArctic; cyant Rothera)

Top: Filled circles represent N-ICE whole sea ice cores that exhibit positive correla
betweenBa; and salinity, with solid lines in corresponding colours showing the linear tiome
(red t Core 49; greyt Core 61; pink Test Core 49).

Bottom: Filled circles represent N-ICE whole sea ice cores that exhibit negative
correlations betweeBa; and salinity, with solid lines in corresponding colours showing the
correlation (purplet Test Core 2; dark gredrCore 6).
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4.2.Potential non-conservative processes acting within sea ice

ForBa to behave non-conservatively within sea ice, barium must be removed from or
added to solution independently of salinity changes. As discussed above, sea salt ions are
rejected from the ice crystal lattice as sea ice forms, forming pockets of brine that becom
trapped in a network within the ice (Weeks 2010)er time, this trapped dense brine drains
downwards through brine channels under the influence of gravity, typically leaving uppes laye
of ice fresher (Malmgren 1927; Cox et al. 1973; Weeks and Ackley 1986). The extent of th
desalination is determined by the permeability of the sea ice, which in turn is cleatioy the
structure of the ice itself and its thermodynamic properties, with freezing in brine pockets
decreasing porosity (Golden et al. 1998; Backstrom and Eicken 2006).

Within these brine pockets and channels, barium could be removed from soluttn an
transferred to solid phases either by adsorption onto particulates, or through the precipitation
of barium sulphate (barite). Indeed, particulate barium has been found to be high in Antarctic
sea ice (Lannuzel et al. 2011; Carson 2008; Stroobants et al. A84di¥cussed in previous
chapters, barite is thought to precipitate in the ocean in microenvironments associated with
decaying organic matter (Dehairs et al. 1980; Collier & Edmond 1984; Bishop 1988. Sea i
contains a distinct and dynamic microbial community (Sea Ice Microbial CommBiiyCO)
that is dominated by diatoms, but can also contain flagellates and other algal species, as well
protozoa, fungi, and invertebrates (Horner et al. 199aImisana and Garrison 1993). It is
possible that the microbial breakdown of phytoplankton within sea ice couldatrateBay
and sulphate (S©) within brine channels and mediate the precipitation of barite micro-crystals.
Provided that such barite crystals did not re-dissolve, this mechanism would remove barium
from solution independently of salinity fluctuations. However, if this were the primary
mechanism driving the dissociation betweBg, and salinity thats observed in the Arctic sea ice
core samples, a correlation could be expected betwBanand concentrations of dissolved
inorganic nutrients (as indicators of productivity), which is not typically observed in these
samples.

Alternatively, barite precipitation may be able to occur within sea ice without the aid of
microbial microenvironmentsSulphate ions make up approximately 8% of the mass of salt ions
in sea water (Petrich and Eiken 20140d it is possible that brine pockets may reach high
enough concentrations of barium and sulphate to cause abiotic precipitation of barite (Carson
2008). The results from the analysis of interstitial brine solutions from Rothera has shown that
brine solutions can readBa concentrations 2- to 3.5-times those routinely measured in

seawater. If barite were to form in this way from supersaturated brines solutions during brine
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migration through the sea ice, these solid barium phases may remain behind in the sea ice
matrix after the brine fluid has moved on. This would leave low salinity layers of sea iceeenri
in these solid phases (Weeks and Ackley 1986), whilst the higher salinity layers evgald ¢
Ba-depleted brines. As the sea ice core samples analysed here are unfiltered whole-ice samples,
it is probable that any particulate barium has been re-dissolved into the ice-melt during
transport and storage, therefore the hidds, concentration/low salinity layers observed in the
Arctic ice core records may represent localised areas of high particulate barium precipitated
from migrating brines.

These layers displaying inveBay/salinity relationships are more prevalent in the
top/middle of the sea ice cores, suggesting that this separation of stationary solid phdiseb
from migraing brines may become more pronounced as the sea ice ages, or be associated only

with certain periods of sea ice growth.

4.3. Meltwater flushing

The sea ice cores collected during the spring months (Core 49 and Core 61) both exhibit
very low salinities (0 to 2) at the tops of the cores. Such low salinities in sea icsuaily
associated with meltwater flushing, as melt pools on the surface of the sea ice drain down
through the sea ice (Petrich and Eiken 2010). In both of these cases the very low salieiy val
are accompanied by loBa concentrationsBa, < 15 nM), suggesting that this initial meltwater
flushing process (a precursor to summer melting) decreases the overall barium concentration of
the affected sea ice. The relationship betwedgam and salinity in these two springtime coresis
positive correlation, following linear regression models similar to that defined by the Rothera
brine solutions (Figure 61), which suggests that the strong dilution effects of the meltwater

flushing overwhelm the previously established non-conservamesignal.

5. Conclusions

A wide range oBa, concentrations are found in interstitial brine solutions from Rothera, with
particularly high concentrations in winter of up to 3.5 times those in surrounding seawat
Nevertheless, at the extremes of high and low concentratiBagjn these brine solutions
appears to behave conservatively with respect to salinity, and forms a dilution line that
incorporates local seawater

In contrast, the distribution oBa, in whole-ice Arctic sea ice cores is found to be only
partially conservative, sometimes displaying an anti-correlation betvgsgand salinity.
Distinct layers of apparently non-conservat®a behaviour are observed, particularly in the

middle and upper regions of winter cores, indicating that the processing controligg th
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behaviour are only active during certain periods of ice growth/maturation. The most likely
source of non-conservative behaviour of barium in sea ice in the precipitation of barite, which i
oceanic conditions is considered to be biologically mediated. However, a lack of wonrela
betweenBa, and nitrate, phosphate, or silicic acid, means that the non-conservative behaviour
of Bay observed here cannot be linked to sea ice microbial activity. An alternative mechanism is
the abiotic precipitation of barite in supersaturated brine channels, followed by the migration
Ba-depleted brines away from the Ba solid phase. This would result in concentrated regions of
particulate barium (measured in these unfiltered sampleBa$ associated with low salinities,
and brine-rich, higher salinity layers depletedBia. The onset on meltwater flushing in the
spring appears to dilutBa; throughout the sea ice, over-printing the non-conservaizag
signal.

These results are of interest as they indicate tBaf does not always behave
conservatively in sea ice, and that particulate barium in sea ice may not be evenlyutistrib
This could be an important factor when considering the impact of sea ice melt on thevdissol
and particulate distributions of barium in polar waters, as sea ice melting occurs in stages rather
than all at once, and from this data it appears that different stages of melting will involve the
input of different proportions of the dissolved and particulate barium pools from sea ice to

seawater.
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Chapter 7

Synthesis

As proxies for organic and inorganic carbon storage, various phases of batiatihéa
potential to provide important insights into the role of the Southern Oceantimat# regulation
over a range of timescales. However, the distribution of particulate and dissolved barium in this
region is not solely controlled large scale water mass circulation and predictableitéblog
associations, but by an additional combination of spatially and temporally variaaledod
coastal processes. In this thesis | have investigated the distribution of dissolved bRa&in (
this region, producing high-resolution datasets across transects of the Scotia Sea and the surface
waters of the West Antarctic Peninsula, alongside a study of the seasonal variaBanimof
Ryder Bay, and an investigationBd; behaviour within sea ice. Due to the precision of these
datasets, produced using ID-ICP MS, it has been possible to analyse subtle vari&aosan
different spatial and temporal scales, and discern the relationships between these variations and
a number of oceanic and coastal processes.

In this concluding chapter, I will briefly summarise the major findings of eadly data
chapters, followed by a synthesis of how these results have improved our knowledge of the
barium cycle in Antarctic waters, and suggestions of further work that could be carried out to

solidify these new perspectives.
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1. Summary of major findings

1.1.Chapter 3t Ba; cycling in the Scotia and Weddell Seas

In this chapter | investigated the controls on the broader oceanic distributi®@aof
observed in the Scotia and Weddell Seas. With reference to the distributiddeg of different
ocean basins (the GEOSECS dataset), the global correlation béaieserd silicic acid in ocean
waters was confirmed for the Southern Ocean, although the linear correlation displayed in the
Southern Ocean was generally found to have a shallower slope and higher intercept, as reported
by previous studies (Jeandel et al., 1996; Jacquet et al., 2007), indicating that comptred to
global oceanBa, varies less with regard to silicic acid in this region.

Ba; does not generally show a linear relationship with nitrate or phosphate, indicating
that the link betweerBa, and biological activity is not dominated by a direct association with
organic matter. However, a correlation between these parameters was observed in the surface
waters north of the Polar Front, which was attributed to barite precipitation associated with
nanoflagellate phytodetritus in surface waters, which was rapidly re-disddiglow the surface
layer.

Decoupling between th8a, and silicic acid cycles was investigated by anal@sang
residualy alues. Changing ratios B&y/silicic acid were mainly found to be a function of large scale
ocean circulation, with distinctive signatures in discrete water masses. Overprinting these
predictable depth distributions were negatiBs, > "**“%ignatures coincident with the oxygen
minimum zone, most likely representing the precipitation of barite, which is thoteghe
precipitated in supersaturated microenvironements associated with decaying organic matter
(Dehairs et al., 1980; Bishop, 1988; Dymond and Collier, 1996). Higher levels of barite
precipitation were inferred south of the Polar Front, in waters overlain by diatom-dominated
primary productivity, as opposed to the nanoflagellate-dominated waters north of the Polar
Front, which agrees with the previously postulated theory that diatom tests may catalyse barite

precipitation (Bishop, 1988; Stroobants et al., 1991; Dehairs et al., 1991; Carding2@03).

1.2.Chapter 4t Spatial variations iBa, at the WAP
This high resolution dataset of the distribution of dissolved barium across waters adjacent
to the WAP showed a robust relationship betwegs and silicic acid that was not only present
in depth samples, but persisted in surface water samples. This positive association bB@ayeen
and surface silicic acid concentrations across the region was in contrast to previous some
previous Southern Ocean studies, which have observed a complete breakdownBz the
Si(OH)relationship in surface waters (Jeandel et al., 1996; Jacquet et al., 2007). The persistence

of the relationship in this productive, diatom-dominated area suggests that diatoms may
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passively concentratBa; and remove it from the surface layer. Two possible mechanisms for

this have been suggested:

i) Adsorption ofBa onto inorganic particulates such as iron- or manganese-

oxyhydroxided) AZ] Z S$Z ue 0A - }u ZeSpu I[] 8} ] S}u o000 suCE(
ii.) Precipitation of barite within diatom-dominated phytodetritus in the euphotic zone,

which is not re-dissolved but exported out of the surface layer.

The overalBag, distribution along the WAP indicated that a coastal source of barium
enriches the shelf waters before they mix with barium-depleted ACC waters at the shelf break.
&E «ZA 8§ E (E §]}ve o0 po 3™O(ME3surements]ré\@aled that this coastal
flux of barium cannobe attributed to glacial meltwater input, which appears to have no
consistent impact on the coastBgy distribution. The enrichment of shelf waters may be due to
an epibenthic flux of barium from shelf sediments, but this could not be confirmed.

Sea ice was found to exert a secondary control on the surface Bagetistribution, with
high levels of sea ice melt dilutilBg to a greater extent than silicic acid was diluted. This is
indicative of some non-conservative process, such as barite formation, acting to readwa b
from solution within sea ice, in agreement with previous observations of high concentrations of

particulate barium within sea ice (Stroobants et al., 1991; Carson, 2008; LannuzeP@1 a).

1.3. Chapter 5t Seasonal variations By at the WAP
A year long time series &g was analysed from the RaTS site in Ryder Bay, which found

seasonal variations in surface lays concentrations that were broadly controlled by vertical
mixing. A gradual increase Ba; was observed throughout the autumn/winter, followed by
unchanging levels throughout the spring, and decreases in the summer that were associated
with a high influx of sea ice melt. Sporadic peal®adnoccurred throughout the year, associated
with destabilisation of the water column that sugges®ad-enriched waters were being mixed

up from below the surface layer (100 to 150 m). Three mechanisms were proposggl&n

this near-surfac&8a;-enrichment:

i) In the autumn and winter months, the rejection B&-rich brines from sea ice
formation;
ii.) In the summer and autumn months, releaseBaf from particulates associated with

sinking and decaying matter from phytoplankton blooms;
iii.) Mixing of near-surface layers with CDW that becomes progressively enriched over
time in Bay upstream through bathymetric interaction with shelf bottom waters.
There was no clear inverse relationship between biological activityBand
concentrations that would indicate a removal ofyB@m the surface layer by phytoplankton, as

has been observed during intense phytoplankton blooms in other regions (Nozaki et &l|., 200
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Esser and Volpe, 2002). However, signifiéatpeaks were observed when mixing events
coincided with bloom activity, indicating thB, concentrations in near surface waters
increased during periods of intenpéytoplankton decay. This effect was strongest during the
diatom bloom observed in summer 2014 (rather than the nanoplankton bloom in autun),201
indicating a greateBa, release associated with the recycling of diatoms than with the recycling
of nanoflagellates

There was no significant inter-annual variation in the seasBaatnrichment, despite
annual variation in the extent of mixing. It was postulated that this lack of expected could be a
artefact of two related processes: deeper mixing observed in 2014 (relative t9 gtsy8have
been accompanied by reduced sea ice cover, so that whilst the deeper mixing broughBanore
to the surface, greater air-sea interaction increased the input of atmospheric particles (such as

iron- and manganese- oxyhydroxides) that could scav&asgéom the mixed layer.

1.4.Chapter 6t Behaviour oBg, in sea ice

In this chapter, the findings from Chapters 4 and 5 that non-conservative processes may
act to remove barium from solution in sea ice were tested by analysinBaheoncentrations in
whole sea ice cores from the Arctic, and in interstitial brine solutions collected from Antarctic
sea iceBa concentrations of up to 3.5 times surrounding seawater were measured in Antarctic
sea ice brine solutions, with a wide range of 5 to 240 nM. HoweveBd&him these brine
solutions behaved conservatively with respect to salinity, forming a dilutionHie t
incorporated local seawater.

In contrast, the distribution oBa, in whole-ice Arctic sea ice cores was found to be only
partially conservative, sometimes displaying an anti-correlation betvgsgand salinity. This
suggested that at under certain conditions non-conservative processes were alteziBgyth
content of the ice, as predicted from previous chapters. These alteratiddg icontent did not
exhibit any correlation with concentrations of macronutrients within the ice, indicatiagttie
processes involved were not biologically mediated. It instead appears that abiotic barite
precipitation may occur in supersaturated brine channels, followed by the migratiBaof
depleted brines away from the Ba solid phase. This mechanism would explain the concentrated
regions ofBa, (particulate barite converted back ®e in these unfiltered samples) associated
with low salinities, and brine-rich, higher salinity layers depletdsian

In regions of cores that had experienced meltwater flushBgy,concentrations were
considerably diluted and behaved conservatively, indicating that this process over-writes the

non-conservative process suggested above.
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This direct analysis &a; in sea ice cores and interstitial brine solutions builds upon
previous work that has invoked barite precipitation within sea ice as a possible mechanism for
surfaceBg depletions in the Southern Ocean (Carson, 2008; Hoppema et al., 2010), and also
offers evidence that this precipitation is abiotic, rather than biologically mediated by sea ice

algae.

2. Refining the picture of the Southern Océda cycle

2.1.Interactions with biological cycling

Throughout the global ocean, barium is observed to have a broadly nutrient-like
distribution, with minimum concentrations in surface waters that increase with depth to a sub-
surface maximum, following the profile of a skeletal component such as silicic acid. This
distribution, and its global positive linear correlation with silicic acid, is attributadeo
biologically mediated cycle of barite, thought to precipitate in organic microemwiemts at
mesopelagic depths (see Figure 1-3).

Whilst this general representation is largely applicable to the Southern Ocean, my
findings in this thesis allow a more detailed picture to be drawn, particularly for the coastal area
adjacent to the WAP. In comparison to the global oc&aaconcentrations measured in
Antarctic waters are relatively high, and experience a greater level of surface drawdown (Figure
7-1).

The stronger near-surface gradientBia, found in this study suggests th@g, is
concentrated and removed from surface waters more strongly in this region than elsewhere in
the global ocean. When viewed in context with the positive linear correlation observed between
Ba, and silicic acid in WAP surface waters (discussed in Chapter 4), it seems likely that this
association is related to biological production, specifically diatoms. Given that there is no
evidence of any direct uptake B by phytoplankton, there are two alternative theories of
passive biological association (discussed above) that could be responsible for the observed

relationships:

i) Adsorption ofBa, onto inorganic particulates such as iron- or manganese-
oxyhydroxides, which are themselves associated with phytoplankton cell surfaces
and exported from the surface layer;

ii.) Precipitation of barite within phytodetrital microenvironements (that are
supersaturated with respect to barite) in the euphotic zone, which is subsequently
either re-dissolved within surface waters (e.g. in nanoflagellate dominated waters
north of the Polar Front), or exported out of the surface layer within the
phytodetritus, to be released and re-dissolved at depth (e.g. in the diatom-
dominated waters south of the Polar Front).
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Figure 7-1. a. Schematic summary of the depth profiles gfcBacentrations (nM) recorded in different ocean basins by GEOSECS Ex
(Ostlund et al. 1987): North Pacific (red line), Equatorial Pacific (yellow line), Saifith(Piak line), North Atlantic (dark blue line), South Atlantic (light
line), Indian Ocean (green line). b. Schematic summaryyafddaentrations (nM) recorded in this study, with GEOSECS summaries grey¢éeddet! Se
(red line), PFZ and SAZ (dark blue line), AAZ (light blue line), Antarctic Conagarslyellow line). Note that the all waters sampled south of the
Front have distinctly elevatdgl, concentrations.
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This latter theory explains the observation that in Scotia Sea samples north of the Polar
Front, an anomalously strong co-variance is displayed betwBagand NOx / P suggesting
that Ba, is removed from surface waters and rapidly re-mineralised along with non-siliceous
organic matter. In this nanoflagellate-dominated region, barite microcrystals would be
associated with these smaller, less dense, less aggregated phytoplankton, and may therefore
undergo re dissolution at the near surface, rather than being rapidly exported. In diatom-
dominated regions, barite microcrystals precipitated in surface waters will be associated with
denser diatom frustules that are more likely to form bio-aggregates and sink rapidly, exporting
the barite to deeper water before the phytodetritus is fully broken down and the barite crystal
scan re-dissolved and/or continue to sink to the sediment.

Either theory could be invoked to explain the behaviour observed in near-surface waters
in Ryder Bay, which appear to become enricheBanduring the decay of phytoplankton
blooms, with a greater enrichment inferred (from the greater magnitude of subsedB@nt
peaks during mixing events) during the breakdown of diatom-dominated blooms (discussed in
Chapter 5). It is plausible that both of these mechanisms could be occurring - the afipticébi
each in certain regions could be quantified by sampling the particulate barium in surface waters,
and using microscopy and / or leaching processes to establish the proportions of balidm s
phases present.

The idea that greateBa; export from the surface layer may occur whea, is associated
with diatom-dominated detritus ties in with another phenomenon observed in the Scotia Sea
increased mesopelagic barite formation (inferred from non-water-mass-derived excursions of

Siresidual

Ba values coincident with the oxygen minimum zone) underlying the diatom-datetn
waters south of the Polar Front, compared with the nanoflageldominated waters north of

the Polar Front (Chapter 3). The denser bio-aggregates formed by detrital diatom frustules are
thought to provide a more suitable microenvironment for bacterially-mediated barit@dbion

than the smaller nanoflagellate detritus. An investigation into the vertical distribwifon
particulate barium phases across this biogeochemical boundary, with simultaneous surveys of
size-fractionated Chd; would help to ascertain whether barite formation is indeed more
extensive below diatom-dominated regions, and how these differences impact on the
guantification of export productivity estimates from the Rassproxy. Another potential

solution would be the measurement barium isotopes in the vertical seawater profiles. Coupled
with the Ba® "**"“4alues already calculated, barium isotopes would highlight whetheBtge

residual

excursion were caused by a process that affected only the barium, such as barite cycling, or

a process that was affecting the cycling of silicic acid.
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2.2.The role of sea ice

During this investigation, the role of sea ice in the barium cycle has been found to be
more complex than a simple idea of conservative dilution/concentration duriagcee
formation and melting. When sea ice fornBs, will be rejected with other salt ions, which may
lead to aBay-enrichment of near-surface waters. Results from the analysis of Arctic sea ice
(Chapter 6) then showed th&a,; does not consistently behave conservatively with regard to
salinity within the sea ice, but instead exhibits layer8afdepletion and enrichment that anti-
correlate with salinity. This implies that non-conservative processes such as barite formation
occur extensively within the sea ice, removing barium from solution. When this sea isetineel
barium particulates will be released and sink through the water column, whilst the meltwater
will be depleted irBa, relative to other components such as silicic acid. This over-dilutiBayof
by high fluxes of meltwater was observed in WAP surface samples (Chapter 4 and Chapter 5).

The mechanism could be verified by measuiagfrom whole sea ice cores collected
from the WAP, to confirm that sea-ice controls on barium cycling act in a similaremamthe
Arctic and Antarctic. Additionally, microscopic analysis of barium particulate phases within the
sea ice could help to establish the mechanism of formation, as abiotically precipitated barite is

reported to have a very different habit to barite that is biologically-mediated.

2.3.Benthic sediment fluxes

Whilst benthic sediments fluxes have not been directly analysed in this thesis, it is
apparent from the vertical and horizontal distributionsBdy around the WAP that fluxes from
shelf sediments have a role to play in enriching shelf bottom watersBé&fland acting as a
source ofBg, to the near-shore Antarctic waters. The formation and sinking of particulate
barium phases through the water column, particularly if accentuated by the presence of diatom
as discussed above, will be accumulated in shelf sediments. The dissolution of these particles
within the sediment will then enrich pore water concentrations, providing a potential flidapf
to enrich bottom waters on the shelf.

These fluxes could be quantified through benthic flux experiments at the WAP shelf, or
direct measurement of pore waters and shelf bottom waters. The vertical mixing pathways of
this enriched bottom water could also be further investigated, perhaps in conjunction with the

characterisation of vertical mixing being undertaken at RaTS.
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Appendix 1: Report &a sampling on cruise JR299, plus

measuredBa data

Throughout BAS cruise JR299 water samples were collected and stored for future
dissolved barium (Baconcentration analysis. A total of 609 samples were collected across
sections SR1b, and A23, along the North Scotia ridge, and from the LEDO M3 Mooring site in the
Weddell Sea. These samples will be stored onboard the JCR until its return to the UK;lthey wil
then be analysed for dissolved barium concentrations at Bristol/Cardiff Universities using

isotope dilution mass spectrometry (ID-ICP-MS).

SamplesforBa v oCe]* A E }oo 3§ % EJu E]JoC (E}u ~ & _ +]Pv §
were drawn from the 20L Niskin bottles attached to the CTD rosette only once sampldivaensi
to gas exchange (CFCs, carbon, or DIMES tracer) had already been takemns AseBant in
seawater in only trace amounts, with a small dynamic range of approximately 70-10arg,
was taken with the sampling technique to reduce potential contamination between samples.
The water samples for Bavere drawn from the Niskin bottles using specified Tygon
tubing into trace-metal clean 60mL or 125mL HDPE bottles. These HDPE bottletcaree at
E J(( hv]A E+]3C pu*]vP TE V]S E] ] v i6DO ]}v]e A § EX dZ d(

reserved for Basampling, and in between CTD stations were rinsed three times with, and stored
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in, deionised water. Samplers were required to wear clean nitrile gloves when handling Ba

bottles and Basampling equipment, and followed a sampling protocol summarised as follows:

f Attach Tygon tubing to Niskin spigot, and rinse water through tube for several
seconds.

f Rinse HDPE bottle three times by filling with approximately 10mL, capping,
shaking, and emptying over the tube and spigot.

f Fill to the neck of the bottle and screw cap on tightly. Throughout process, avoid
touching the ends of the Tygon tubing, the neck of the bottle, or the threadeof th
screw caps, to avoid potential contamination from the outer surface of the
gloves.

Once samples had been collected they were individually acidified with Optima for Ultra
traces analysis 3219 ZC E} Zo}&E] ] ~, 0 C ]5Z E <]Ju E&o C WCo }E
, O §} 0iu> ¢ u%o0 ¢V iTh..> §} iTAU> » U%0 ** Jov }JE E 5} %
alteration of the sample during storage. If necessary, the necks of bottles were dried using
Kimtech wipes to prevent salt crystal formation at the bottle rim. Bottles were then capped,
sealed with Parafilm, and stored in the cool room at a constant temperature of 2-4°C to prevent
evaporation.

This process was conducted in a fume hood in the Radiation Lab, which was cleaned
SZ}YE}IUPZoC S §Z 8 ES }(SZ &l Vv | %S « Z EJpu o v|[ (
order to reduce air contamination, the length of time that samples were left uncapped was
minimised, v 6 Z oofkdeipnised water treated as samples were prepared throughout the
cruise to quantify the level of air contamination.

In order to determine the level of uncertainty introduced by the sampling method, 16
duplicate samples were collected from various CTD casts throughout the cruise, whereby two
* U%O0 * AE }oo 8§ (E}u SZ e+ u E]el]vX &]A ZEPBI|W A% &] 3§ <
entailed two samples being drawn from two different Niskins that were fired at the same depth.
Comparison of the dissolved barium concentrations in each of these duplicates will allow a
guantitative analysis of the uncertainty introduced by use of this CTD rosette and sgmplin

method.

1. SR1b Section

15 samples were collected from Station 2 in Bransfield Strait, and 272 samples from 19
CTD casts along the SR1b section (Stations 3-41) crossing Drake Passage from the Wist Antarc

Peninsula to Punta Arenas, southern Chile.
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Event Station | CTD Date Barium bottles used No. of Ba
Number samples
2 2 2 12/03/2014 1-15 15
6 3 3 13/03/2014 16-24; 28; 32 11
9 5 5 13/03/2014 25-27; 29-31; 3389 13
11 6 6 13/03/2014 40-46; 48, 49; 53 10
13 7 7 14/03/2014 50-52; 54-64; 669 17
17 9 9 14/03/2014 65, 66; 8598 16
20 11 11 | 14/03/2014 71; 100-114 16
23 13 13 | 15/03/2014 70;72-84; 99; 119 16
27 15 15 | 15/03/2014 115118; 120-129; 140, 141; 143; 145 18
30 17 17 | 16/03/2014 130-132; 134; 142; 144; 146-155 16
33 19 19 | 17/03/2014 133; 135-139; 156-159; 161-167 17
40 26 23 | 17/03/2014 168171; 174; 176-187 17
42 30 25 | 18/03/2014 | 172,173;175; 190; 192-194; 196, 197; 19 15

204
44 33 27 | 18/03/2014 189; 195; 205-208; 209-220 18
48 35 29 | 19/03/2014 188; 191; 198; 221-231; 234; 236 16
52 37 31 | 19/03/2014 232, 233; 235; 253-261; 263, 264; 267 15
55 39 33 | 01/04/2014 237-242; 244-247; 262; 265, 266; 268 14
56 40 34 | 01/04/2014 243; 248-252; 269; 271; 273-275 11
57 41 35 | 01/04/2014 270; 272; 276-289 16

2. A23 Section and the Weddell Sea

18 samples were collected from a CTD cast at Station 68 at the LEDO M3 mooring site in

the Weddell Sea, and 167 samples from 13 CTD casts along the A23 section (Stations 45-67).

Event Number| Station | CTD Date Barium bottles used No. of Ba samples
63 44 38 | 06/04/2014 290-304; 308; 311, 312 18
64 45 39 | 08/04/2014  305-307; 309, 310; 313-322; 32« 16
65 46 40 | 08/04/2014 323; 325-338; 340 16
67 48 42 | 09/04/2014 339; 341-353 14
70 51 45 | 09/04/2014 354-367 14
71 52 46 | 09/04/2014 368374; 376-383; 386 16
73 54 48 | 10/04/2014 387-400 14
74 55 49 | 10/04/2014 384, 385; 40410 12
78 59 53 | 11/04/2014 411-422 12
80 61 55 | 12/04/2014 423432; 434; 436, 437 13
83 64 58 | 13/04/2014 433; 435; 438-445; 447, 448 12
85 66 60 | 13/04/2014 446; 449-456 10
86 67 61 | 14/04/2014 457; 459, 460468 12

3. North Scotia Ridge Section

143 samples collected from CTD casts along the North Scotia Ridge (NSR) section (Stations
68-128).
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Event Station | CTD Date Barium bottles used No. of Ba

Number samples
87 68 62 15/04/2014 469, 470; 489; 49494 7
104 85 79 20/04/2014 473; 475; 478, 479; 486-488; 490 8
106 87 81 20/04/2014 472; 474; 476, 477; 480-485 10
118 95 83 21/04/2014 495-498; 500507 12
120 97 85 21/04/2014 499; 508-515; 552 10
124 100 88 21/04/2014 2x 500mL bottles (labelled 16 and 17 0
126 101 89 21/04/2014 553564 12
129 103 91 22/04/2014 528539 12
132 105 93 22/04/2014 516527 12
136 107 95 22/04/2014 578590 13
142 111 99 23/04/2014 540551 12
144 113 101 23/04/2014 565571; 573 8
156 123 107 24/04/2014 572; 575-577; 591-594 9
158 125 109 24/04/2014 595-605; 610 12
161 128 112 25/04/2014 606-609; 611; 616 6

Measured by K. Pyle at Bristol University in 2015

JR299 uncertainty
Event Year = Month Day @ Station Latitude Longitude = Depth (m) = Ba (nM) on
Number concentration
2 2014 3 12 2 -62.7652 -59.11 5 82.4 0.10%
2 2014 3 12 2 -62.7652 -59.11 20 83.0 0.10%
2 2014 3 12 2 -62.7652 -59.11 25 83.2 0.07%
2 2014 3 12 2 -62.7652 -59.11 50 82.7 0.14%
2 2014 3 12 2 -62.7652 -59.11 100 84.5 0.27%
2 2014 3 12 2 -62.7652 -59.11 150 84.7 0.15%
2 2014 3 12 2 -62.7652 -59.11 200 85.2 0.15%
2 2014 3 12 2 -62.7652 -59.11 500 86.0 0.16%
2 2014 3 12 2 -62.7652 -59.11 700 86.3 0.21%
2 2014 3 12 2 -62.7652 -59.11 900 85.8 0.12%
2 2014 3 12 2 -62.7652 -59.11 1100 85.4 0.14%
2 2014 3 12 2 -62.7652 -59.11 1200 85.4 0.12%
2 2014 3 12 2 -62.7652 -59.11 1300 85.0 0.24%
2 2014 3 12 2 -62.7652 -59.11 1350 85.2 0.06%
2 2014 3 12 2 -62.7652 -59.11 1420 85.5 0.18%
6 2014 3 13 3 -61.049 -54.589 5 81.6 0.19%
6 2014 3 13 3 -61.049 -54.589 15 81.8 0.10%
6 2014 3 13 3 -61.049 -54.589 50 82.3 0.05%
6 2014 3 13 3 -61.049 -54.589 75 82.3 0.09%
6 2014 3 13 3 -61.049 -54.589 100 82.5 0.18%
6 2014 3 13 3 -61.049 -54.589 200 84.7 0.11%
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-53.299333
-53.299333
-53.299333
-53.299333
-53.299333
-53.299333
-53.299333
-53.378333

-47.055333
-47.055333
-47.055333
-47.055333
-47.055333
-47.055333
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.059
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.279167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-48.925167
-50.094667

400
600
800
1000
1100
1225
10
125
450
600
1000
1200
1600
2300
2700
2850
2950
3051
10
100
150
400
800
1200
1400
2000
2300
2400
2500
2595
10
60
150
300
600
900
1350
2100
2600
3000
3100
3150
3170
10

75.0
80.6
86.0
89.0
90.6
95.1
58.5
58.6
67.1
71.8
81.1
85.5
89.7
97.0
99.1
98.9

100.8
59.7
59.6
60.7
65.9
72.8
82.8
89.9
93.8
97.4
97.1
97.2
97.4
59.6
59.4
59.3
62.1
68.5
75.8
83.7
94.0
96.6
99.7
99.3
99.5
99.1
63.8

0.13%
0.24%
0.21%
0.18%
0.12%
0.23%
0.28%
0.34%
0.22%
0.17%
0.17%
0.20%
0.17%
0.17%
0.13%
0.10%

0.13%
0.33%
0.25%
0.25%
0.24%
0.16%
0.17%
0.17%
0.13%
0.11%
0.10%
0.12%
0.15%
0.40%
0.34%
0.25%
0.30%
0.19%
0.15%
0.14%
0.09%
0.12%
0.20%
0.13%
0.09%
0.08%
0.28%
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144
144
144
144
144
144
144
156
156
156
156
156
156
156
156
156
158
158
158
158
158
158
158
158
158
158
158
158
161
161
161
161
161
161

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

BN N L S T S N Y SN S Y S S N I e N > T S S O N S S S S s N N e N N N T T S SN SN N AT T >R SNER R SNER R N

23
23
23
23
23
23
23
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
25
25
25
25
25
25
26
26
26
26
26
26
26
26
26

113
113
113
113
113
113
113
123
123
123
123
123
123
123
123
123
125
125
125
125
125
125
125
125
125
125
125
125
128
128
128
128
128
128
132
132
132
132
132
132
132
132
132

-53.378333
-53.378333
-53.378333
-53.378333
-53.378333
-53.378333
-53.378333
-54.070167
-54.070167
-54.070167
-54.070167
-54.070167
-54.070167
-54.070167
-54.070167
-54.070167
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.229833
-54.393833
-54.393833
-54.393833
-54.393833
-54.393833
-54.393833
-53.546
-53.546
-53.546
-53.546
-53.546
-53.546
-53.546
-53.546
-53.546

-50.094667
-50.094667
-50.094667
-50.094667
-50.094667
-50.094667
-50.094667
-54.245
-54.245
-54.245
-54.245
-54.245
-54.245
-54.245
-54.245
-54.245
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.095167
-55.675333
-55.675333
-55.675333
-55.675333
-55.675333
-55.675333
-55.300333
-55.300333
-55.300333
-55.300333
-55.300333
-55.300333
-55.300333
-55.300333
-55.300333

100
160
350
550
750
900
950
10
10
150
250
600
760
950
1300
1500
10
80
150
450
900
1100
1200
1450
1650
1750
1800
1920
10
100
180
450
850
1020
10
450
700
900
1235
1620
2065
2500
2980

59.4
60.5
64.4
68.8
72.1
76.6
86.7
55.4
56.7
58.3
58.3
67.1
72.1
76.6
85.4
85.6
54.6
54.9
56.2
62.1
67.4
70.7
71.9
80.8
83.5
84.8
76.8
85.6
53.8
55.1
555
57.8
60.6
68.3
49.7
60.7
65.3

79.9
85.3
92.8
95.7
97.2

0.29%
0.29%
0.25%
0.15%
0.17%
0.15%
0.12%
0.31%
0.25%
0.33%
0.29%
0.27%
0.29%
0.16%
0.14%
0.13%
0.27%
0.32%
0.31%
0.30%
0.27%
0.22%
0.20%
0.23%
0.18%
0.13%
0.17%
0.13%
0.29%
0.25%
0.32%
0.24%
0.24%
0.16%
0.40%
0.20%
0.28%

0.12%
0.15%
0.12%
0.15%
0.17%
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Appendix 2Ba data for Palmer LTER Grid 2011 and 2012

f PalLTER dataset: PAL-LTER data system (dataset #266)
http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets

Pal LTER 2011 surface:
Measured by K. Pyle at Rutgers and Cardiff Universities in 2013 and 2014

LTER event# Sample Name Longitude @ Latitude Ba(nM) Uncertainty on conc. Run

559 -100.000 -75.514 -69.532 814 0.14% 16th April 2013 Rutgers
510 -100.020 -75.737 -69.432 80.8 0.41% 16th April 2013 Rutgers
508 -100.040 -76.127 -69.246 81.9 0.11% 21st Feb 2014 Cardiff
-100.050 -76.305 -69.174 82.3 0.22% 21st Feb 2014 Cardiff

501 -100.060 -76.463 -69.096 85.9 0.18% 21st Feb 2014 Cardiff
-100.070 -76.603 -69.033 82.8 0.25% 21st Feb 2014 Cardiff

496 -100.080 -76.757 -68.959 82.9 0.07% 21st Feb 2014 Cardiff
-100.090 -76.897 -68.891 100.1 0.11% 21st Feb 2014 Cardiff

491 -100.100 -77.044 -68.786 81.6 0.13% 21st Feb 2014 Cardiff
-100.110 -77.164 -68.761 81.1 0.19% 21st Feb 2014 Cardiff

489 -100.120 -77.333 -68.679 76.2 0.12% 21st Feb 2014 Cardiff
-100.130 -77.457 -68.618 78.4 0.12% 21st Feb 2014 Cardiff

486 -100.140 -77.622 -68.536 75.3 0.20% 21st Feb 2014 Cardiff
-100.150 -77.782 -68.458 77.8 0.14% 21st Feb 2014 Cardiff

482 -100.160 -77.941 -68.379 74.2 0.15% 21st Feb 2014 Cardiff
-100.170 -78.081 -68.311 73.0 0.42% 16th April 2013 Rutgers
472 -100.180 -78.181 -68.247 70.7 0.69% 16th April 2013 Rutgers
000.000 (1) -76.299 -67.716 83.3 0.15% 21st Feb 2014 Cardiff

000.000 (2) -76.299 -67.716 84.9 0.17% 21st Feb 2014 Cardiff

464 000.180 -75.117 -68.275 85.3 0.13% 21st Feb 2014 Cardiff
100-030 -71.210 -68.579 83.0 0.27% 16th April 2013 Rutgers
416 100-040 -71.082 -68.633 82.7 0.22% 16th April 2013 Rutgers
100.090 -73.127 -67.772 814 0.42% 16th April 2013 Rutgers
458 100.100 -73.270 -67.711 81.5 0.24% 16th April 2013 Rutgers
280 200-020 -69.617 -67.900 82.1 0.22% 16th April 2013 Rutgers
262 200.000 -69.971 -67.760 80.6 0.72% 15th April 2013 Rutgers
200.010 -70.150 -67.695 814 0.32% 17th April 2013 Rutgers
309 200.020 -70.283 -67.634 82.3 0.29% 15th April 2013 Rutgers
200.030 -70.433 -67.574 82.3 1.31% 15th April 2013 Rutgers
252 200.040 -70.636 -67.491 82.6 0.55% 15th April 2013 Rutgers
200.050 -70.801 -67.422 81.3 1.18% 15th April 2013 Rutgers
304 200.060 -70.924 -67.369 81.2 1.71% 15th April 2013 Rutgers
200.070 -71.074 -67.307 81.4 0.14% 17th April 2013 Rutgers
298 200.120 -71.857 -66.973 79.5 0.13% 16th April 2013 Rutgers
296 200.140 -72.208 -66.818 76.0 0.30% 16th April 2013 Rutgers
300.050 -69.089 -66.823 82.0 0.35% 16th April 2013 Rutgers
223 300.060 -69.250 -66.756 82.1 0.22% 16th April 2013 Rutgers
300.070 -69.415 -66.690 81.5 0.17% 21st Feb 2014 Cardiff

220 300.080 -69.569 -66.627 81.5 0.17% 22nd Feb 2014 Cardiff
300.090 -69.736 -66.559 81.3 0.15% 23rd Feb 2014 Cardiff

215 300.100 -69.856 -66.505 81.2 0.24% 24th Feb 2014 Cardiff
300.110 -70.043 -66.451 80.8 0.11% 25th Feb 2014 Cardiff

201 300.120 -70.184 -66.362 81.2 0.12% 26th Feb 2014 Cardiff
300.130 -70.340 -66.303 80.9 0.18% 27th Feb 2014 Cardiff
198 300.140 -70.497 -66.241 79.7 0.18% 16th April 2013 Rutgers
300.150 -70.637 -66.173 78.2 0.17% 16th April 2013 Rutgers
172 400.040 -67.364 -66.243 81.6 0.32% 16th April 2013 Rutgers
400.050 -67.486 -66.195 82.0 0.26% 16th April 2013 Rutgers
400.090 -68.116 -65.945 81.7 0.36% 16th April 2013 Rutgers
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188 400.100
73 500.060
68 500.080
66 500.100
59 500.120
54 500.140
52 500.160
50 500.180
43 500.200
600.040 (2)
600.040(1)
600.050
84 600.060
600.070
83 600.080
12 600.100
21 600.120
23 600.140
600.150
26 600.160
33 600.200

-68.283
-66.195
-66.481
-66.781
-67.110
-67.419
-67.697
-67.995
-68.244
-64.451
-64.451
-64.598
-64.738
-64.874
-65.031
-65.344
-65.664
-65.979
-66.110
-66.271
-66.855

Pal LTER 2012 surface:

-65.878
-65.460
-65.350
-65.228
-65.100
-64.976
-64.858
-64.734
-64.630
-64.913
-64.913
-64.856
-64.804
-64.755
-64.692
-64.582
-64.448
-64.329
-64.274
-64.207
-63.967

80.4
81.6
80.8
85.3
78.9
75.3
74.8
78.4
76.3
79.9
80.9
80.3
80.9
80.6
80.6
815
81.0
80.7
74.1
75.9
74.1

0.36%
0.42%
0.37%
0.11%
0.16%
0.24%
0.20%
0.18%
0.24%
0.86%
1.02%
0.51%
0.71%
0.56%
0.17%
0.58%
0.43%
1.27%
0.71%
0.25%
0.19%

16th April 2013 Rutgers
16th April 2013 Rutgers
16th April 2013 Rutgers
21st Feb 2014 Cardiff
22nd Feb 2014 Cardiff
23rd Feb 2014 Cardiff
24th Feb 2014 Cardiff
16th April 2013 Rutgers
16th April 2013 Rutgers
15th April 2013 Rutgers
15th April 2013 Rutgers
15th April 2013 Rutgers
15th April 2013 Rutgers
15th April 2013 Rutgers
17th April 2013 Rutgers
17th April 2013 Rutgers
17th April 2013 Rutgers
15th April 2013 Rutgers
15th April 2013 Rutgers
17th April 2013 Rutgers
17th April 2013 Rutgers

Measured by K. Pyle at Rutgers and Cardiff Universities in 2013 and 2014

LTER
event

496

507

308

496

449

448

445

441

439

406

408

417

420

421

423

424

426

Sample
Name

PS3.3
PS 3.4
PAPA 1
-100.100
-100.110
-100.120
-100.13
-100.140
-100.150
-100.160
000.040
000.050
000.100
000.110
000.120
000.130
000.140

000.150

Latitude

-69.179

-69.252

-67.752

-68.818

-68.746

-68.673

-68.533

-68.463

-68.389

-68.658

-68.623

-68.277

-68.211

-68.137

-68.067

-67.996

-67.928

Longitude Ba(nM)

-76.885

-76.711

-69.179

-77.049

-77.200

-77.356

-77.640

-77.703

-77.916

-74.253

-74.334

-75.119

-75.259

-75.412

-75.561

-75.712

-75.854

815

82.0

80.6

81.6

80.8

80.8

78.0

7.7

79.1

78.5

79.7

80.5

80.5

79.7

Uncertainty
on conc.

0.4%
0.4%

0.5%

0.3%
0.3%
0.4%
0.5%
0.3%
0.6%
0.6%
0.4%
0.4%
1.0%

0.7%

Run

11th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers

15th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
15th April 2013
Rutgers
15th April 2013
Rutgers
15th April 2013
Rutgers
15th April 2013
Rutgers
11th April 2013
Rutgers

Ba(nM)

81.8

81.7

79.7

82.2

82.4

83.1

815

81.1

79.4

80.2

80.4

80.8

Uncertainty RuUn
on conc.
27th Feb 2014
0,
0.17% Cardiff
27th Feb 2014
0,
0.13% Cardiff
27th Feb 2014
0,
0.11% Cardiff
25th Feb 2014
0,
0.14% Cardiff
25th Feb 2014
0,
0.12% Cardiff
21st Feb 2014
0,
0.10% Cardiff
25th Feb 2014
0,
0.17% Cardiff
25th Feb 2014
0,
0.11% Cardiff
25th Feb 2014
0,
0.10% Cardiff
25th Feb 2014
0,
0.11% Cardiff
21st Feb 2014
0,
0.15% Cardiff
0.09% 21st Feb 2014

Cardiff
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427

399

291

288

281

280

279

278

277

359

361

362

363

365

366

368

369

371

372

374

375

265

264

262

261

259

257

249

248

245

244

242

241

236

000.160

100.040

200-040

200-010

200.000

200.010

200.020

200.030

200.040

200.050

200.060

200.070

200.080

200.090

200.100

200.110

200.120

200.130

200.140

200.150

200.160

300.040

300.050

300.060

300.070

300.080

300.090

300.100

300.110

300.120

300.130

300.140

300.150

300.160

-67.858

-68.063

-68.029

-67.831

-67.768

-67.703

-67.636

-67.571

-67.512

-67.447

-67.379

-67.313

-67.244

-67.180

-67.114

-67.067

-66.981

-66.914

-66.848

-66.784

-66.719

-66.890

-66.827

-66.757

-66.692

-66.635

-66.564

-66.501

-66.435

-66.370

-66.302

-66.240

-66.175

-66.112

-76.000

-72.348

-69.282

-69.793

-69.954

-70.112

-70.279

-70.441

-70.583

-70.744

-70.899

-71.056

-71.213

-71.360

-71.524

-71.676

-71.825

-71.974

-72.139

-72.285

-72.433

-69.931

-69.077

-69.247

-69.404

-69.557

-69.723

-69.877

-70.030

-70.181

-70.338

-70.489

-70.645

-70.808

79.6

77.8

79.4

79.6

79.6

78.5

79.0

78.8

79.5

78.9

79.5

79.5

79.0

80.1

80.0

79.9

79.6

80.0

79.6

75.9

79.3

78.9

79.4

78.9

79.0

79.5

78.0

79.5

79.1

0.2%

0.3%

0.6%

0.2%

0.4%

0.2%

0.4%

0.2%

0.5%

0.9%

0.3%

0.2%

0.9%

0.1%

0.3%

0.2%

0.3%

0.5%

1.1%

0.2%

0.6%

0.5%

0.3%

0.7%

0.5%

0.5%

0.5%

0.2%

0.2%

11th April 2013
Rutgers

9th April 2013
Rutgers
11th April 2013
Rutgers
9th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
9th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
9th April 2013
Rutgers
11th April 2013
Rutgers
9th April 2013
Rutgers
11th April 2013
Rutgers
9th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
9th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
15th April 2013
Rutgers

15th April 2013
Rutgers

15th April 2013
Rutgers

15th April 2013
Rutgers

15th April 2013
Rutgers
15th April 2013
Rutgers

80.1

80.6

77.1

79.1

78.0

77.5

78.9

78.7

79.7

78.8

79.0

76.6

78.5

79.4

79.5

80.6

93.3

78.3

79.1

0.10%

0.12%

0.14%

0.10%

0.12%

0.10%

0.10%

0.14%

0.18%

0.11%

0.12%

0.22%

0.09%

0.13%

0.11%

0.12%

0.11%

0.11%

0.11%

25th Feb 2014
Cardiff
25th Feb 2014
Cardiff
25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff
25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feh2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

XVI | Appendices



235

233

232

230

186

188

189

191

192

194

195

204

205

207

208

210

211

213

214

216

217

168

167

165

162

154

152

150

149

147

146

144

143

141

300.170

300.180

300.190

300.200

400.040

400.050

400.060

400.070

400.080

400.090

400.100

400.110

400.120

400.130

400.140

400.150

400.160

400.170

400.180

400.190

400.200

500.060

500.070

500.080

500.090

500.100

500.110

500.120

500.130

500.140

500.150

500.160

500.170

500.180

-66.044

-65.980

-65.911

-65.849

-66.254

-66.000

-66.132

-66.044

-66.006

-65.939

-65.876

-65.815

-65.753

-65.687

-65.624

-65.559

-65.496

-65.432

-65.369

-65.301

-65.236

-65.479

-65.417

-65.354

-65.292

-65.232

-65.169

-65.108

-65.044

-64.984

-64.920

-64.859

-64.798

-64.735

-70.936

-71.080

-71.241

-71.380

-67.337

-67.000

-67.644

-67.867

-67.962

-68.130

-68.285

-68.431

-68.582

-68.739

-68.891

-69.046

-69.190

-69.342

-69.494

-69.653

-69.800

-66.149

-66.306

-66.466

-66.626

-66.777

-66.931

-67.082

-67.237

-67.385

-67.540

-67.689

-67.838

-67.987

76.5

75.4

75.8

74.0

78.6

79.4

84.0

79.6

79.9

79.8

79.7

79.2

77.6

75.6

76.5

79.9

79.7

79.9

79.9

78.9

79.2

79.2

0.5%

0.5%

0.5%

0.3%

1.0%

0.2%

0.3%

0.4%

0.5%

0.7%

0.2%

0.2%

1.4%

0.4%

0.5%

0.3%

0.4%

1.9%

0.2%

0.2%

0.4%

0.4%

15th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
15th April 2013
Rutgers

15th April 2013
Rutgers

15th April 2013
Rutgers

15th April 2013
Rutgers

17th April 2013
Rutgers

15th April 2013
Rutgers

11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers

15th April 2013
Rutgers

17th April 2013
Rutgers

17th April 2013
Rutgers

17th April 2013
Rutgers

17th April 2013
Rutgers

75.7

73.5

78.6

79.2

80.7

80.8

80.2

80.2

79.2

76.4

76.6

82.2

83.0

81.9

79.4

79.8

80.2

81.0

0.12%

0.13%

0.11%

0.12%

0.10%

0.10%

0.10%

0.15%

0.13%

0.13%

0.10%

0.25%

0.11%

0.10%

0.17%

0.11%

0.13%

0.14%

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff
25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff

25th Feb 2014
Cardiff
21st Feb 2014
Cardiff

21st Feb 2014
Cardiff

21st Feb 2014
Cardiff

27th Feb 2014
Cardiff

21st Feb 2014
Cardiff

21st Feb 2014
Cardiff

21st Feb 2014
Cardiff
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139 500.190

137 500.200

80 600.040

89 600.050

90 600.060

96 600.080

97 600.090

98 600.100

108 600.110

110 600.120

111 600.130

113 600.140

115 600.160

119 600.180

120 600.190

121 600.200

-64.672

-64.611

-64.926

-64.875

-64.815

-64.698

-64.634

-64.579

-64.515

-64.452

-64.395

-64.333

-64.210

-64.087

-64.029

-63.964

-68.142

-68.296

-64.378

-64.560

-64.718

-65.025

-65.191

-65.331

-65.500

-65.658

-65.799

-65.959

-66.261

-66.564

-66.707

-66.854

Pal LTER 2012 depth profiles:
Measured by K. Pyle at Rutgers and Cardiff Universities in 2013 and 2014

Sample Name
200.160-0
200.16020
200.16050
200.16060
200.160-100
200.160-150
200.160-200
200.160-280
200.160-1000
200.160-1500
200.160-2000
200.160-3100
200.100-0
200.10015
200.10030
200.10050
200.10070
200.100-100
200.100-150
200.100-200
200.100-250
200.100-300
200.100-400
200.100-450

Depth (m)
0
20
50
60
100
150
200
280
1000
1500
2000
3100

15
30
50
70
100
150
200
250
300
400
450

Latitude
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-66.719
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114
-67.114

78.5
755
80.0
80.7
81.8
79.8
80.5
80.9
80.0
78.1
78.8
78.5
78.4
76.6
76.5

77.0

Longitude
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-72.433
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524
-71.524

0.4%
0.4%
0.4%
0.3%
0.4%
0.6%
1.2%
0.7%
3.3%
0.8%
1.4%
0.2%
0.4%
0.4%
0.4%

0.7%

Ba(nM)
76.2
77.1
78.2
79.2
80.6
83.4
82.3
82.9
95.8
99.5
101.8
105.4
79.9
79.8
80.7
81.1
814
82.9
85.8
87.4
88.2
88.7
92.9
93.1

11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
11th April 2013
Rutgers
17th April 2013
Rutgers
11th April 2013
Rutgers
15th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers
11th April 2013
Rutgers

Uncertainty on conc.

0.28%
0.80%
0.34%
0.78%
0.37%
0.17%
0.35%
0.43%
0.20%
0.18%
0.06%
0.21%
0.22%
0.47%
0.59%
0.24%
0.61%
0.14%
1.07%
0.32%
0.85%
1.48%
0.28%
0.28%

27th Feb 2014

0,
75.2 0.07% Cardiff
27th Feb 2014
80.4 0.16% Cardiff
27th Feb 2014
81.3 0.13% Cardiff
27th Feb 2014
0,
80.2 0.11% Cardiff
27th Feb 2014
0,
83.1 0.14% Cardiff
27th Feb 2014
0,
78.6 0.12% Cardiff
27th Feb 2014
0,
78.7 0.20% Cardiff
27th Feb 2014
0,
79.0 0.10% Cardiff
27th Feb 2014
0,
76.8 0.10% Cardiff
27th Feb 2014
78.7 0.07% Cardiff
Run

9th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
9th April 2013 Rutgers
9th April 2013 Rutgers
9th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
11th April 2013 Rutgers
11th April 2013 Rutgers
11th April 2013 Rutgers
9th April 2013 Rutgers
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Appendix 3Ba data for RaTS 2013 to 2015

Measured by K. Pyle at Bristol University in 2015

Date

23 March 2013

02 April 2013

10 April 2013

15 April 2013

22 April 2013

01 May 2013

10 May 2013

14 May 2013

22 May 2013

28 May 2013

13 June 2013

22 July 2013

02 August 2013

09 August 2013

13 August 2013

21 August 2013

28 August 2013

09 September 2013
20 September 2013
25 September 2013
02 October 2013
07 October 2013
30 October 2013
07 November 2013
14 November 2013
16 November 2013
25 November 2013
02 December 2013
09 December 2013
24 December 2013
30 December 2013
06 January 2014
15 January 2014
21 January 2014
27 January 2014

RaTS event

14701
14721
1474 1
1476 1
1478 Al
14801
14821
1484 1
1486 1
1488 1
14901
1492 1
1494 1
1496 1
1498 1
1500 1
1502 1
1504 1
1506 1
1508 1
15101
15121
15141
1516 1
15181
15201
1524 1
1528 1
15321
15361
15401
15421
1546 1
1550 1
15541

Ba (nM)
80.0
86.4
80.5
80.9
80.8
82.6
81.4
82.6
80.6
80.1
81.9
82.9
81.9
83.3
82.7
84.0
83.2
86.2
83.8
83.7
83.2
83.1
83.5
83.0
83.8
83.0
83.0
82.7
82.7
82.1
83.8
85.3
94.3
80.3
78.9

Uncertainty on concentration

0.18%
0.14%
0.20%
0.17%
0.08%
0.19%
0.19%
0.13%
0.12%
0.18%
0.14%
0.13%
0.16%
0.14%
0.13%
0.13%
0.19%
0.13%
0.20%
0.19%
0.17%
0.17%
0.15%
0.14%
0.12%
0.14%
0.20%
0.17%
0.16%
0.20%
0.16%
0.17%
0.09%
0.14%
0.20%
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10 February 2014
17 February 2014
27 February 2014
07 March2014

20 May 2014

14 March 2014

21 March 2014

27 March 2014

04 April 2014

14 April 2014

28 April 2014

07 May 2014

14 May 2014

28 May 2014

02 June 2014

09 June 2014

17 June 2014

04 July 2014

08 July 2014

17 July 2014

23 July 2014

27 August 2014

29 September 2014
23 October 2014
03 November 2014
10 November 2014
18 November 2014
25 November 2014
04 December 2014
09 December 2014
16 December 2014
22 December 2014
31 December 2014
08 January 2015
13 January 2015

1560 1
1564 1
15701
15721
1590B 1
15741
1576 1
1578 1
15801
15821
1584 A1
1586 1
1588 1
15921
15941
15961
1598 1
1600 1
1602 1
1604 1
1606 1
1608 1
16101
16121
16141
1616 1
1620 1
1624 1
1626 AB
1628 1
1632211
1636 1
1640 1
1644 1
164-1

81.2
76.7
81.0
80.4
82.4
81.2
82.0
82.1
82.1
82.2
83.2
81.9
84.1
83.8
82.5
82.8
82.8
83.0
82.4
91.9
83.0
84.8
83.4
83.5
83.1
83.3
84.1
83.8
83.7
84.0
84.1
83.4
83.6
85.3
82.0

0.12%
0.13%
0.13%
0.20%
0.00

0.16%
0.17%
0.19%
0.13%
0.14%
0.27%
0.22%
0.17%
0.17%
0.20%
0.17%
0.15%
0.12%
0.17%
0.15%
0.18%
0.13%
0.17%
0.17%
0.23%
0.12%
0.12%
0.16%
0.09%
0.14%
0.19%
0.14%
0.21%
0.19%
0.16%

XX| Appendices



Appendix 4Bg data for Rothera sea ice brines 2005/6

Measured by K. Pyle at Bristol University in 2015

Reference = Site Sample Code KRF Date collected Type Bai (nM) = Uncertainty on
concentration
S1 CTD Site 1 KRHAF14/02 13 October 2005 Brine 48.0 0.01%
S17 Rothera Point KRH024 12 November 2005 Melted snow 0.7 238.79%
S18 16 November 2005 Sea ice block 12.0 0.10%
S2 Hangar KRH026 21 November 2005 Seawater 83.5 0.01%
S3 Hangar KRH027 23 November 2005 Brine 57.6 0.01%
S4 Hangar KRH029 28 November 2005 Brine 32.7 0.04%
S5 Hangar KRH030 01 December 2005 Brine 36.7 0.03%
S6 Hangar KRH031 06 December 2005 Brine 34.0 0.03%
S16 Hangar KRH032 08 December 2005 Seawater 83.8 0.01%
S7 Hangar KRHO033 09 December 2005 Brine 35.9 0.03%
S9 300m off wharf =~ KRH058 31 July 2006 Brine 140.6 0.00%
S10 CTD Site 1 31 August 2006 Brine 197.2 0.00%
S11 CTD Site 1 27 September 200€ Brine 234.3 0.00%
S12 CTD Site 1 KRHO063 09 October 2006 Brine 65.3 0.00%
S13 South Cove KRHO065 03 November 2006 Brine 5.4 19.20%
S14 Biscoe 300m off KRHO067 10 November 2006 Brine 24.8 0.08%
wharf

S15 South Cove KRHO069 21 November 2006 Brine 29.2 0.02%
S18 KRHO027 for Al 23 November 2005 Brine 46.8 0.01%
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Appendix 5Bg data for N-ICE Cruise 2015

Measured by B. Butler (MSci) at Bristol University in 2015/6

Date
29/01/2015
29/01/2015
29/01/2015
29/01/2015
29/01/2015
29/01/2015
29/01/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
06/02/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
00/01/1900
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
21/05/2015
28/05/2015
28/05/2015
28/05/2015

Average Ba (nM)

22.37370408
11.15539509
14.33081342
17.38599894
13.08349947
14.67450073
9.554584755
8.462496668
9.28413634
9.423906033
23.86063812
22.3324776
22.20144798
30.39620982
81.29844586
35.35990793
48.20363333
20.55302854
21.36615823
20.04112898
34.64742672
15.45130205
10.625358
45.35086774
30.00505642
30.02722814
31.56797629
36.72083935
40.31106827
26.19884185
25.603295
28.17974377
26.76601508
31.43654379
33.55164061
20.00323344
23.5819449
30.83339019

Core
2

D OO OO OO OO OO 0 OO 0 0 O N DN DN DNDNDNDNDNDDNDDNDDND

o R R R R R AR R AR R R R R R A R R =)
O R P R P P PR PR PR R P P P R PR PR

Mid depth (cm)
18
28
38
48
58
68
78
88
98
108

30
40
60
70
80
90
100
110
120
130
-24.5
-15

25
35
45
55
65
75
85
95
105
115
125
135

Salinity
4.362
4.342
6.111
5.721
5.603
5.715
4.918
4.923
4.822
6.294

2.9155

3.3255

4.1435

5.9985

0.23656

0.149742
0.598489
1.3829
1.478307
1.471598
2.2945
0.252209
0.080794

4.0155
8.9435
5.7695

4.9635
5.9375
6.2255
6.0355
5.5765
2.2275
5.1175
5.1125
5.1375
5.2545
5.5355

0.357244
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28/05/2015
28/05/2015
22/04/2015
22/04/2015
22/04/2015
22/04/2015
00/01/1900
22/04/2015
22/04/2015
22/04/2015
22/04/2015
22/04/2015
22/04/2015
22/04/2015

22.83405516
12.77223342
12.34832537
10.70223535
7.599273935
9.166531028
10.57197273
9.617617794
12.04906786
16.71166297
16.28474568
19.40836982
19.75929944
22.3976826

65
65
49
49
49
49
49
49
49
49
49
49
49
49

15
25

35
45
55
65
75
85
95
105
115
125
134

0.173141
0.478904
1.018228
0.346467
0.966378
2.298
2.923
3.16
2.819
2.928
3.645
4.309
4.07
4.729
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Appendix 6Bg data for N-ICE Test Cruise 2014

Measured by K. Pyle and B. Butler at Bristol University in 2015

Core Date

0

N N DN DN DNMNDNDMDNPFPR PP PP PP P PO O O O o o o o

23/02/2014
23/02/2014
23/02/2014
23/02/2014
23/02/2014
23/02/2014
23/02/2014
23/02/2014
23/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014
25/02/2014

Lat
82.5
82.5
825
82.5
82.5
82.5
82.5
82.5
82.5

82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24
82.24

Long
13.362
13.362
13.362
13.362
13.362
13.362
13.362
13.362
13.362
10.523
10.523
10.523
10.523
10.523
10.523
10.523
10.523
10.523
10.507
10.507
10.507
10.507
10.507
10.507
10.507
10.507

Ba sample AverageBa (nM)

25
26
27
28
29
30
31
32
33
44
45
46
a7
48
49
50
51
52
35
36
37
39
40
41
42
43

28.4
241
26.1
47.0
48.5
42.8
30.5
295
48.2
48.1
14.2
29.6
395
45.7
39.9
56.1
62.2
30.2
33.1
39.8
19.2
20.5
17.9
19.2
12.6
23.4

Depth (cm)
95
85
74
64
54
44
34
24
13
87
77
67
57
46
36
26
16
6
86
76
66
46
36
26
16
6
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Appendix 7: Plots of GEOSB&%nd ancillary data

Locations of stations sampled for dissolved barium for the GEOSECS programme (KNORR
and MELVILLE cruises from 1972-1978) (Ostlund et al. 1987).

Data available dtttps://odv.awi.de/en/data/ocean/geosecs/
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APPENDIX 8: PlotsB# and macronutrients NOx and PO

In the Scotia Sea

Antarctic Continental waters:

Ba; / NOx

R Square 0.59
P-value <0.001
Observations 37
Ba/PQ

R Square 0.12
P-value 0.04
Observations 37

The Antarctic Zone (AZZ):

Ba / NOx

R Square 0.26
P-value < 0.001
Observations 76
Ba/PQ

R Square 0.29
P-value <0.001
Observations 76
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North of the Polar Front (PFZSAZ)

Ba / NOx

R Square
P-value
Observations

Ba /PQ
RSquare
P-value
Observations

0.72
<0.001
78

0.58
<0.001
78
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