PROJECT SUMMARY

Overview:

This project will manage and implement a 60-day research cruise to the Amundsen Sea sector of the
Antarctic margin to collect samples for measurements of a broad suite of trace elements and isotopes
(TElS), as part of the US GEOTRACES program. The cruise will comprise essential sampling operations
(collection and shipboard processing) and ancillary measurements (hydrography, nutrients, algal
pigments) in support of multiple, individual science projects, following the successful model of previous
US GEOTRACES cruisesin the Atlantic, Pacific and Arctic ocean basins. The cruise will sample the
ocean region between 100°W and 135°W, with stations ranging from 67°Sin the Antarctic Circumpolar
Current southward to the Amundsen Sea continental shelf, including stations adjacent to several rapidly
melting ice shelves and in highly-productive shelf polynyas. Water column samples will be collected
using conventional and trace-metal clean CTD-rosette systems, in-situ high-volume pumps, and a towed
fish sampler or small boat, using established methods. Sampling time will also be provided for collection
of seaice, floating glacial ice, and seafloor sediments. To facilitate access to the study region and capture
the imprint of biological processes, the cruise will be carried out in late austral summer (late January-late
March), ideally in 2022 following a complementary open-ocean US GEOTRACES cruise (GP17-OCE,
supported through a separate, coordinated management proposal).

Intellectual Merit:

TEIlsregulate marine primary production and provide tracers of past and present oceanic processes, such
ascirculation and particle export. The international research program GEOTRACES aims to identify the
processes and quantify the fluxes that control the distributions of TElIsin the oceans, and to establish the
sensitivity of these distributions to changing environmental conditions. Key TEIsinclude essential
micronutrients (e.g., iron, zinc), tracers of modern and ancient ocean processes (e.g., aluminum,
manganese, and isotopes of nitrogen, thorium and neodymium) and of human activities (e.g., lead). Inthe
Southern Ocean, the Antarctic continental margins are important as sources of micronutrient trace
elements such as iron, which fuels biological production and carbon export over the Antarctic shelf and in
offshore waters of the Antarctic Circumpolar Current. Moreover, these regions are experiencing rapid
environmental changes that are expected to impact oceanic circulation and biogeochemical cycles, for
which TElIs provide crucial tracers and provide data needed to test and refine numerical models of the
Earth system. The Amundsen Sea sector holds particular interest because of the pronounced, decadal-
scale increases in the basal melt rates of glacial ice shelves that border the region, driven by intrusions of
warm Circumpolar Deep Water (CDW) onto the continental shelf. This melting has potentially major
impacts on global sealevel, on the formation of Antarctic Bottom Water in the Ross Sea, and on primary
production via mobilization of benthic and glacial iron and other TEIs mediated by these processes. We
propose to manage and implement a US GEOTRA CES cruise to support individual science projects that
will exploit measurements of key and additional TEIs (e.g., cobalt, radium isotopes, mercury) to address a
wide range of topics such as the sources, fate and impacts of bioactive trace el ements; the distribution and
transport of glacial melt; the compositional evolution of CDW asit upwells and circulates on the shelf;
the rates and elemental stoichiometry of biological and biogeochemical processes; and the veracity of

pal ecenvironmental proxies and numerical model simulations.

Broader Impacts:

Beyond the disciplinary contributions, the proposed research will contribute knowledge concerning the
cryosphere and its impacts on global sealevel and ocean circulation, regiona ecosystems and biological
processes, ocean-atmosphere interactions, and past and future environmental change. The project will
contribute to STEM Education and outreach through the participation of an NSF-funded PolarTREC
education professional, and a K-12 STEM program for students from underserved and underrepresented
schools run by Rutgers University education specidists. To foster public engagement, we will leverage
the UCSC Science Communication Program to engage freelance science journalists to profile our
research in this spectacular and harsh Antarctic environment. Finaly, we anticipate substantial
contributions to the training and mentoring of graduate students and early career scientists, as has been
the case for previous US GEOTRACES research expeditions.

This proposal requires fieldwork in the Antarctic.
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PROJECT DESCRIPTION
1. PREFACE: CONTEXT OF THE PROPOSED RESEARCH

GEOTRACES is an international research program that aims to improve our understanding of the
biogeochemical cycles and large-scale distribution of trace elements and their isotopes in the ocean. To
this end, over the past decade, the US GEOTRACES program has collected samples for measurements of
trace elements and isotopes along a series of ocean sections across the North Atlantic, North and South
Pacific, and Arctic Oceans. A remaining basin-scale section proposed for the US GEOTRACES program
is the GP17 section, extending from Tahiti south to 67°S, near the WOCE/CLIVAR P16S line, and from
there east along the WOCE/CLIVAR SOA4P line, TRWNR T T
including a series of transects across the Amundsen
Sea sector of the Antarctic continental margin, ‘
before heading northeast to the continental margin ¢ |
of southwest Chile. Logistics constraints dictate

that two cruises (Fig. 1) are needed to complete this
GP17 section at the lateral sampling resolution “"5[* ([
required by the GEOTRACES program, with one

cruise sampling the deep ocean stations using a
global-class research vessel ("GP17-OCE"), and the
other cruise sampling the Antarctic continental
margin using a research icebreaker ("GP17-ANT"). “"’SI
The NSF Chemical Oceanography Program has
requested that separate proposals be submitted, both , . | Anungeey | Belingshausen
to the NSF Division of Ocean Sciences, to support " seacs ==
the management and implementation of these two
cruises; this proposal is for the management and
implementation of the GP17-ANT cruise.

" Tahiti
20°S I

50°S ——

West Antarctica
140°W 120°W 100°W 8o°'w 60°W

Figure 1. Proposed tracks for the US GEOTRACES
GP17-OCE (red) and GP17-ANT (orange) cruises;
2. INTELLECTUAL MERIT stars indicate crossover/intercalibration stations.

2.1. Overview of US GEOTRACES Activities and Achievements

During the past twenty years, advances in sampling and analytical methodologies have allowed marine
scientists to accurately quantify a wide range of trace elements and isotopes in the ocean at a relatively
high spatial resolution. These chemical species are of interest because of their role in regulating marine
primary production as essential micronutrients and toxicants, and as tracers of past and present oceanic
processes such as circulation, particle export, and atmospheric deposition (Morel et al., 1991; Yu et al.,
1996; Chase et al., 2003a; Measures & Vink, 2000). As such, the international research program
GEOTRACES was established with the overarching aims of identifying processes and quantifying fluxes
that control the distributions of trace elements and isotopes in the oceans, and establishing the sensitivity
of these distributions to changing environmental conditions (Anderson and Henderson, 2005; Anderson,
2020). A major activity of the international GEOTRACES program has been a series of basin-scale
ocean section cruises to collect water column samples at relatively high spatial resolution for the
determination of a suite of key trace elements and isotopes (TEIs). With funding from NSF, the US
contribution to this effort has comprised cruises in the North Atlantic (GA03, in 2010-2011), North and
South Pacific (GP16 in 2013 and GP15 in 2018), and Arctic (GNOI in 2015) Oceans.

The unique combination of measurements of a broad suite of trace elements, radioisotopes and stable
isotopes in samples collected during these US GEOTRACES cruises has facilitated major advances in our
understanding of oceanic biogeochemistry, including improved constraints on the oceanic residence time
of trace elements (Hayes et al., 2018a; Kadko et al., 2019); the composition and associated deposition and
dissolution of dust over the ocean surface (Shelley et al., 2015; Anderson et al., 2016); the composition,
fluxes and transformations of oceanic particles (Hayes et al., 2018b; Ohnemus et al., 2018; Pavia et al.,
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2019); the relative importance of different sources of dissolved iron to the ocean (Conway and John,
2014a; Conway et al. 2019); the nature of hydrothermal trace element inputs to the ocean interior (Resing
et al., 2015; Roshan et al., 2016; Fitzsimmons et al., 2017); the physicochemical speciation of trace
elements in seawater (Fitzsimmons et al., 2015; Boiteau et al., 2016a, 2016b; Bowman et al., 2016); and
the assimilation, remineralization and scavenging of bioactive trace elements (Roshan & Wu, 2015;
Twining et al., 2015; Roshan et al., 2018; Jensen et al., 2019).

2.2. Rationale for a US GEOTRACES Section Including the Antarctic Continental Margin

The distributions and dynamics of TEIs around the Antarctic continental margins are of particular
interest, in terms of their potential biogeochemical impacts and in their utility as tracers of a range of
different oceanic processes. The adjacent Southern Ocean comprises the largest high nutrient, low
chlorophyll region of the world ocean, where the magnitude of primary production is thought to be
regulated by the supply of dissolved iron, and possibly other trace elements (Martin et al., 1990; De Baar
et al., 1995; Watson et al., 2000; Moore et al., 2013; Coale et al., 2003; Betrand et al., 2007; Saito et al.,
2010). Importantly, primary production in surface waters of the Southern Ocean is thought to regulate the
oceanic uptake of carbon dioxide and the supply of nutrients to the lower latitudes, via the biological
drawdown of nutrients in surface waters of the so-called "lower-cell" and "upper cell", respectively, of the
meridional overturning circulation (Sarmiento et al, 2004; Marinov et al., 2006; Sigman et al., 2010;
Resing et al., 2015). Consequently, numerous studies have focused attention on the sources of iron to
surface waters of the open Southern Ocean, which are subject to a chronic deficiency in dissolved iron
(DFe) relative to macronutrients (Coale et al., 2004; De Baar et al., 2005; Cassar et al., 2007; Boyd et al.,
2010), and over the Antarctic shelves, where deep waters are formed and primary production can be
seasonally limited by DFe supply (Fitzwater et al., 2000; Sedwick et al., 2000; Alderkamp et al., 2015).

The Antarctic continental margins are likely to provide a number of important inputs of iron and other
TEIs to surrounding ocean waters, including sedimentary and benthic inputs that are mobilized by
physical circulation processes (Tagliabue et al., 2009; De Jong et al., 2012; Measures et al., 2013; Marsay
et al., 2014; Kustka et al., 2015; Ndungu et al., 2016; St-Laurent et al., 2017; Sherrell et al., 2018; Jung et
al., 2019); glacial and subglacial meltwaters, including melting icebergs (Raiswell et al., 2006, 2008; Lin
et al., 2011; Gerringa et al., 2012; Planquette et al., 2013; McGillicuddy et al., 2015; Sherrell et al., 2015;
Duprat et al., 2016); meltwater from sea ice and overlying snow (Sedwick & DiTullio, 1997; Edwards &
Sedwick, 2001; Lannuzel et al., 2010, 2016; Van der Merwe et al., 2011), and mineral aerosol deposition
(Chewings et al., 2014; Winton et al., 2014, 2016; Bhattachan et al., 2015; Duprat et al., 2019). However,
the distributions, relative magnitudes, and potential for future changes in these TEI inputs to the Southern
Ocean remain poorly understood. Recent modeling studies have simulated these inputs and associated
transport and biological impacts around the Antarctic continent (Death et al., 2014; Mack et al., 2017; St-
Laurent et al., 2017, 2019; Laufkoetter et al., 2018; Dinniman et al., 2020), although field observations
are required to evaluate the assumptions and fidelity of these model simulations.

The coastal polynyas around the Antarctic continental margin are among the most productive areas in the
Southern Ocean (Arrigo et al., 2008a; Smith & Comiso, 2008). It has been suggested that some of these
coastal polynyas may serve as oceanic sinks for carbon dioxide (Arrigo et al., 2008b, 2015; Laufkoetter et
al., 2018), as a result of biological carbon dioxide drawdown and vertical export of organic matter,
combined with the formation of oceanic deep waters over certain areas of the Antarctic shelves (Orsi et
al., 1999; Tagliabue & Arrigo, 2005; Heywood et al., 2014; Shadwick et al., 2014). Notably, these
processes are expected to change in response to a warming climate: primary production over the Antarctic
margins is likely to be modulated by changes in iron supply and in the mixing-irradiance regime (Smith et
al., 2014; Boyd et al., 2015), whereas decreased production of Antarctic Bottom Water (AABW), as a
result of warming and freshening in AABW source regions on the Antarctic shelves, has already been
documented (Jacobs et al., 2002; Rintoul, 2007; Schmidtko et al., 2014; Van Wijk & Rintoul, 2014). The
impacts of these changes on ocean biogeochemistry, the global carbon cycle and ocean circulation are
clearly important priorities for future research (e.g., Kennicutt et al., 2015).
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The broad suite of TEIs measured as part of the GEOTRACES program (see Anderson, 2020), including
but not limited to the radioactive isotopes of radium and thorium and the stable isotopes of iron, zinc and
cadmium, offer to provide insights into these questions, including quantitative information on sources,
transport and removal of micronutrient trace elements, and associated rates of biological production and
carbon export, from which the trajectories of future environmental changes may be inferred (e.g., Conway
& John, 2014b; Abadie et al., 2017; Sanial et al., 2018; Hayes et al., 2018b; Black et al., 2018). Other
chemical tracers such as noble gases and the stable isotopic composition of water can provide information
on the meltwater contributions from glacial and sea ice, and their transport, entrainment and impacts on
the formation of dense shelf waters that contribute to oceanic bottom waters (e.g., Brown et al., 2014;
Loose et al., 2016; Biddle et al., 2019). In addition, information on past and present biogeochemical
processes, such as export production and remineralization, scavenging, and water mass formation, may be
derived from measurements of nutrient-like (e.g., cadmium, zinc), scavenged (e.g., thorium, protactinium)
and quasi-conservative (e.g., neodymium) TEIs, in concert with macronutrients, stable isotopes, oxygen
and hydrography (e.g., Chase et al., 2003b; Hendry et al., 2008; Piotrowski et al., 2008; DiFiore et al.,
2009; Xue et al., 2013; John & Conway, 2014; Vance et al., 2017; Roy-Barman et al., 2019).

Against this background, we propose to implement and manage a US GEOTRACES cruise that would
facilitate the collection of such TEI data along the Amundsen Sea sector of the Antarctic continental
margin, in the southeast Pacific sector of the Southern Ocean (Figs. 1, 2). The Amundsen Sea sector was
chosen as the focus of this proposed field program because of its importance for key physical and
biogeochemical processes that characterize the Antarctic margins and impact the broader Southern Ocean
environment, and the rapid environmental changes that have been documented in this region.

2.3. Proposed Study Region: The Amundsen Sea Sector of the Antarctic Margin
Scientific Rationale for the Proposed Study Region

Much of the Antarctic coastline consists of floating glacial ice shelves, some of which terminate in coastal
polynyas maintained by offshore winds or upwelling of warm waters (Bromwich 1989; Arrigo et al.,
2015). The different sectors of the Antarctic continental shelves can be broadly categorized as either
"warm" ("Amundsen-like") or "cold" ("Weddell-like"), depending on the heat content of shelf waters,
which is largely determined by the transport of warm Circumpolar Deep Water (CDW) onto the shelf
(Petty et al., 2013; Rignot et al., 2013; Dinniman et al., 2020). The cold shelves, such as the Weddell Sea
and Ross Sea, are characterized by the formation of dense shelf waters that can contribute to the AABW,
and by relatively low basal melt rates of glacial ice shelves, where iceberg calving dominates glacial mass
loss. Conversely, warm shelves, such as the Amundsen and Bellingshausen Seas, do not contribute to
AABW formation, but border ice shelves with high basal melt rates (Jacobs et al., 1996; Meredith et al.,
2000; Orsi et al., 2002; Smethie & Jacobs 2005; Dinniman et al., 2012; Rignot et al., 2013).

In the context of understanding the inputs and transformations of TEIs along the Antarctic margins, and
of utilizing TElIs as tracers of biological, biogeochemical and physical processes in this oceanic region,
the Amundsen Sea provides perhaps the best example of the "warm shelf" end member. The glacial ice
shelves that border the Amundsen Sea continental shelf (Fig. 2a) exhibit the highest basal melt rates on
the Antarctic margin, with the Pine Island, Thwaites, Crosson, Dotson and Getz Ice Shelves accounting
for nearly 30% of the estimated total basal melting rate of Antarctic glacial ice as 0of 2013 (Rignot et al.,
2013; Fig 2b). Moreover, there is evidence that these melting rates have markedly accelerated during the
past few decades, particularly in the Amundsen Sea sector (Rignot et al., 2019), and will continue to
increase in the coming century with a warming climate, with important implications for the stability of the
West Antarctic ice sheet and global sea level (Gardner et al., 2018; Naughten et al., 2018; Shepherd et al.,
2018; Rignot et al., 2019; Bronselaer et al., 2020). As such, like the Arctic and the West Antarctic
Peninsula (Meredith & King, 2005; Walsh et al., 2011; Overland et al., 2014; Cook et al., 2016), the
Amundsen Sea is a region experiencing rapid environmental change; hence there is an imperative to
document and understand present-day conditions, in order to assess future changes and their impacts.
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Figure 2. (@) Bathymetric map of Amundsen Sea showing major ice shelves, modified from Stammerjohn
et al. (2015); most of Thwaites Glacier Tongue (red oval) calved away as iceberg B22, now grounded on
bank to northeast of Bear Peninsula (see Fig. 5b); (b) Pan-Antarctic estimates of glacial ice shelf basal

melt rates (color bar, red = melting, blue = freezing) and glacial ice loss, including proportions due to
basal melt vs. iceberg calving (circles), from Rignot et al. (2013). Pink rectangle indicates location of (a).

The high basal melt rates of ice shelves bordering the Amundsen Sea S—1) TOW
imply that this sector of the Antarctic margin contributes a relatively V_ert%eﬂm_eltwa&r(m)
large flux of glacial meltwater to "downstream" shelf regions, with the | ()

meltwater entrained into the CDW that intrudes onto the shelf and
under the ice shelf cavities. Indeed, simulations using an ocean/sea-
ice/ice-shelf model suggest that glacial meltwater originating from the
Amundsen and Bellingshausen Seas, dominated by melt from the Getz
Ice Shelf, is a major source of the multi-decadal scale freshening that
has been documented in the Ross Sea (Fig. 3), and thus potentially
linked to secular changes in AABW production (Nakayama et al.,
2014). Meltwaters carry distinctive geochemical signatures in their
concentrations of noble gases and stable isotopic composition, such
that water-column measurements of these species allow quantification
of fresh water inputs from sea ice melt and meteoric water inputs
(Brown et al., 2014; Loose & Jenkins, 2014; Biddle et al., 2019), as
well as assessment of ice formation and glacial meltwater entrainment g
in oceanic deep waters (Loose et al., 2016). Incorporation of such .
measurements as part of a GEOTRACES field program, together with ' YN

existing data from this region (Hohmann et al., 2002; Randall- Vet

Goodwin et al., 2015; Kim et al., 2016), offer to provide information  Figure 3. Modeled distribution
on decadal-scale changes in meltwater inputs to this Southern Ocean  of basal meltwater derived from
sector, as well as the transport of TEIs associated with glacial melting. glacial ice shelves in the
Amundsen Sea (Getz, Dotson,
Crosson, Thwaites, and Pine

The large and increasing melt rates of the ice shelves that surround the

Amundsen Sea and other warm Antarctic continental shelves (e.g., in . .
. . . Island) after 10y simulation

the Bellingshausen Sea and along the West Antarctic Peninsula) are Nk ¢ al. 2014

also likely to have substantial impacts on biogeochemical processes (from Nakayama et al. ).

in adjacent and downstream ocean waters. One example is an elevated supply of "new" DFe to surface

waters of the Antarctic margins and perhaps to offshore waters in the Antarctic Circumpolar Current

(ACC), relative to the DFe/nitrate ratio of the iron-deficient CDW that ultimately supplies macronutrients
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to the Antarctic continental shelves (Smith et al., 2012; McGillicuddy et al., 2015). This input of new
DFe is thought to fuel the high rates of primary production observed in adjacent shelf waters (Gerringa et
al., 2012; Alderkamp et al., 2012, 2015; Yager et al., 2012, 2016), and indeed the Amundsen Sea Polynya
is distinguished by the highest net primary
production per unit area on the Antarctic margin
(Arrigo et al., 2015). This interpretation is
supported by water column samples collected in the
polynyas adjacent to the Pine Island and Dotson Ice
Shelves, where relatively high concentrations of
DFe (~1 nM) and other bioactive trace elements
were observed adjacent to the glacial ice shelves
and sea floor (Figs. 4a-4c; Gerringa et al., 2012;
Planquette et al., 2013; Sherrell et al., 2015).

DFe (nM)

Subsequent numerical modeling studies suggest that
the elevated DFe concentrations observed near these
ice shelves reflect both direct inputs from glacial
meltwaters and sedimentary/benthic inputs that are
mobilized by buoyancy-driven overturning
circulation associated with the melting ice shelves,
termed the "meltwater pump" (St-Laurent et al.,
2017, 2019; Dinniman et al., 2020; Figs. 4d, 5a).
These model simulations imply that (1) westward
advection of DFe from "upstream" areas of the inner
shelf contributes to the DFe that supports blooms in
the Amundsen Sea; (2) elevated production over
inner-shelf areas "downstream" (to the west) of the
Amundsen Sea shelf is supported by enhanced
delivery of DFe associated with ice shelf melting;
and (3) there is considerable off-shelf transport of
the DFe associated with the ice shelf melting (Fig.
4d). Further empirical data from this region —
including data needed to constrain the processes and
rates of DFe supply, DFe losses via biological
uptake and scavenging, and DFe regeneration, as
well as phytoplankton uptake stoichiometry and

Depth (m)

800

k’jLMA 0s 08 1 :

Dissolved iron (n M)

Figure 4. Vertical sections (~N-S) of (a) DFe and
(b) total-dissolvable iron in Pine Island Polynya,

physiological status, and the boundary conditions
for this system — are required to assess the fidelity
of these model predictions, and to understand the
fate of benthic and glacial iron that is carried
westwards and offshore from the Amundsen Sea
shelf. The chemical tracers that are routinely
measured as part of GEOTRACES section cruises
will provide such data.

with Pine Island Ice Shelf on right (ved line in d)
from Gerringa et al. (2012), (c) vertical section
(~N-S) of DFe in Dotson Trough, Amundsen Sea
Polynya, with Dotson Ice Shelf on right (pink line
in d) from Sherrell et al. (2015), (d) modeled DFe
distribution at 150 m depth in the Amundsen Sea,
dominated by input associated with glacial melt
processes, modified from St-Laurent et al. (2019).

In addition to glacial melt, the broad suite of GEOTRACES measurements offers the potential to assess
inputs of TEISs to this ocean region from other poorly constrained sources. One of these is meltwater from
sea ice, which exhibits considerable spatial and temporal variability in the Amundsen Sea (Arrigo et al.,
2012; Stammerjohn et al., 2015), and for which end member TEI concentrations are highly variable and
ill constrained (Lannuzel et al., 2010, 2016; Vancoppenolle et al., 2013). Sea ice meltwater is thought to
provide a significant and climate-sensitive source of iron and other bioactive TElIs, as well as metal-
binding organic ligands, to surface waters around the Antarctic margin (Arrigo et al., 2012;

TPI: 8023782



Vancoppenolle et al., 2013; De Jong et al., 2015; McGillicuddy et al., 2015; Lannuzel et al., 2016;
Dinniman et al., 2020). The same tracers that track glacial meltwater also allow quantification of sea ice
melt in the water column, which, combined with TEI measurements in sea ice and surface ocean waters,
can provide information on end member compositions, input fluxes, and chemical transformations.
Another potentially important source of TEIs and fresh water to the Antarctic shelves is subglacial
meltwater from the hydrologic system between the glacial ice and the continent, which is exported at the
ice margin and is likely to contain biologically available reduced and nanoparticulate iron species and
other TEIs, including distinctive lithogenic tracers (e.g., Jeandel et al., 2007). Model simulations (Death
et al., 2014) and empirical evidence (Shoenfelt et al., 2017) suggest that this is an important iron source to
the Southern Ocean with significant inputs in the Amundsen Sea, although pertinent field observations are
lacking. Also of interest are possible TEI inputs associated with volcanism along the West Antarctic Rift
System (LeMasurier, 2013; De Vries et al., 2018). In addition to its potential importance for the stability
of the West Antarctic Ice Sheet and global sea level (Blankenship et al., 1993; Joughin & Alley, 2011),
active subglacial volcanism adjacent to the Amundsen Sea may contribute to the discharge of subglacial
meltwaters, as discussed above, or submarine hydrothermal activity beneath ice shelf cavities — both
potentially important as sources of TEIs to the adjacent ocean. Indeed, seawater adjacent to the Pine
Island Ice Shelf exhibits an elevated helium-3 signature, indicative of volcanic or hydrothermal inputs
(Loose et al., 2018). The significance of such inputs for other TEIs, such as iron is not known, but this
finding raises exciting questions for GEOTRACES research in this region.

Background: Physical and Biological Characteristics of the Proposed Study Region

The Amundsen Sea is a large embayment that borders Marie Byrd Land in West Antarctica, located
roughly halfway between the Antarctic Peninsula and the Ross Sea. Like much of the Antarctic margin,
the continental shelf is relatively broad and deep (Jacobs, 1989), with a sill depth at the shelf-slope break
of ~300-600 m (Fig. 2a). The shelf deepens toward the continent, as a result of continental ice loading,
and is traversed by several large troughs extending from the shelf break to the continent, which are
remnants of glacial scouring during the
Pleistocene ice ages, when the
continental ice sheet extended to the
modern shelf break (Nitsche et al.,
2007; Fig. 2a). The Amundsen Sea is a
major locus for the outflow of glacial
ice from the West Antarctic Ice Sheet
(Mouginot et al., 2014; Sutterly et al.,
2014). Several outlet glaciers terminate
in the embayment, forming floating ice
shelves up to 100 km long and hundreds
of meters thick (Fig. 5b). Glacial ice
discharge to the Amundsen Sea is _ oy,
estimated to have nearly doubled since [,

5

1973, primarily from melting within the | s« = [ =

cavities of floating ice shelves that are LA‘@/ o $n

located over deep troughs on the inner | _ < | )3

shelf, and contributions from iceberg B ’

calving and sub-glacial meltwater Figure 5. (@) Schematic of buoyancy-driven circulation under
discharge (Shepherd et al., 2002; glacial ice shelves in the Amundsen Sea (provided by Pierre
Mouginot et al., 2014; Millan et al., St-Laurent), (b) MODIS image of Amundsen Sea (March 2019)
2017; Rignot et al., 2019). showing the two polynyas and adjacent ice shelves (NSIDC).

These increases in glacial melting are driven mainly by increased intrusion of warm (~2°C) Circumpolar
Deep Water (CDW) on to the shelf, in response to changes in the westerly winds as a result of both
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anthropogenic forcing and variations in the Southern Annular Mode, exacerbated by changes in ice shelf
morphology (Jacobs et al., 2011; Steig et al., 2012; Rignot et al., 2014). The CDW intrusions flow south
along the eastern flanks of the shelf troughs, and mix with the overlying Winter Water (WW) to form the
slightly cooler and fresher modified CDW (mCDW), which eventually flows beneath the floating ice
shelves (Ameborg et al., 2012; Ha et al., 2014). Basal melting within the ice shelf cavities cools and adds
1-2% meltwater to the mCDW, which increases in buoyancy and eventually emerges from the ice shelf
cavities as a geostrophically-driven northward outflow at depths of ~150-400 m (Jenkins, 1999; Jacobs et
al., 2011; Ha et al., 2014; Fig. 5a). This emerging, northward flowing, melt-laden water is entrained in
the WW during winter and contributes to the Antarctic Surface Water during summer (Randall-Goodwin
et al., 2015); observations and model simulations suggest that it is carried westward on the inner shelf,
with some also reaching the outer shelf to be carried eastward and offshore toward the deep ocean and
ACC (Nakayama et al,, 2013, 2014; Ha et al., 2014; St-Laurent et al., 2017, 2019; Dinniman et al., 2020).

During spring and summer, southerly winds move sea ice away from the coast and create two adjacent
polynyas, the Amundsen Sea Polynya (ASP) and the smaller Pine Island Polynya (PIP), separated by a N-
S line of icebergs and fast ice grounded to the east of Bear Peninsula (Fig. 5b). Outside the polynyas, sea
ice can extend well beyond the shelf break, often through summer (Stammerjohn et al., 2015).
Apparently supported by favorable irradiance and a sufficient supply of macro- and micronutrients
nutrients and iron, intense phytoplankton blooms develop in both polynyas commencing in late spring,
with maximum surface chlorophyll typically observed in January (Arrigo and Van Dijken, 2003; Arrigo
et al., 2012; Alderkamp et al., 2012; Lee et al., 2012; Sherell et al. 2015; Yager et al., 2016). The polynya
blooms are dominated by Phaeocystis antarctica, whereas P. antarctica and diatoms dominate the
marginal ice zone outside the polynyas (Alderkamp et al., 2012; Lee et al., 2012; Yager et al., 2016). Iron
supply associated with glacial meltwater and melt-driven circulation has been suggested as key in
supporting the ASP and PIP blooms (Alderkamp et al., 2012; Gerringa et al., 2012; Sherrell et al., 2015;
St-Laurent et al., 2017), although field experiments and recent modeling work suggest that iron and light
stress impact phytoplankton during the bloom period (Alderkamp et al., 2015; Oliver et al., 2019), raising
questions regarding the nature of iron supply and importance of new versus recycled production. In
contrast to other areas of the Antarctic margin and the open Southern Ocean, limited field data suggest a
close temporal coupling between the peak phytoplankton bloom and vertical export of organic matter in
the ASP (Langone et al., 2003; Ducklow et al., 2015; Lee et al., 2017; Kim et al., 2019; Laws & Maiti,
2019). In addition, despite observations of high algal biomass, net primary production and seasonal
biological drawdown of carbon dioxide, the overall efficiency of the biological pump in the Amundsen
Sea remains in question (Mu et al., 2014; Yager et al., 2016; Lee et al., 2017).

2.4. Scientific Objective of the US GEOTRACES GP17-ANT Section

Given the importance of the Amundsen Sea for glacial meltwater discharge and associated inputs and
mobilization of TEIs, the potential impacts of these inputs, and the rapid pace of environmental changes
in this region, we propose to manage and implement US GEOTRACES cruise GP17-ANT, focused on the
Amundsen Sea. Our primary objective is to provide a platform for individual, hypothesis-driven projects
that address a broad range of topics within the GEOTRACES scientific mission, such as:

(1) the regional distribution and entrainment of glacial, sub-glacial and sea-ice meltwaters derived from
the Amundsen Sea sector, as gleaned from measurements of noble gases and the oxygen isotopic
composition of seawater, and the associated inputs and transport of dissolved and particulate TEIs;

(i1) the internal cycling of TEIs, including the rates and stoichiometry of biological uptake, vertical and
lateral particle export, and remineralization and scavenging, based on measurements of dissolved and
particulate TEIs, TEI speciation, thorium isotopes, dissolved oxygen/argon ratios, and macronutrients;

(iii) the sediment-water column exchanges of TEIs, derived from measurements of the concentrations,
speciation and isotopic composition of trace elements in the water column, benthic boundary layer and
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sediment pore fluids, and the integrated fluxes of sediment-derived TEIs into the water column, based on
measurements of radiotracers such as radium isotopes;

(iv) the end-member concentrations and speciation of TEIs in sea ice, snow, brines and floating glacial
ice, as well as diagnostic meltwater tracers such as noble gases and the oxygen isotopic composition of
water, as revealed by the targeted sampling of these phases;

(v) the sources, transport and transformations of particulate TEIs, including their potential biological
availability, and the role of different particle types (e.g., biogenic versus lithogenic) in the scavenging of
dissolved TEls and incorporation of paleoproxies from the water column;

(vi) the inputs associated with subglacial continental weathering, volcanic activity or hydrothermal
circulation, which may be revealed by measurements of the concentration and isotopic composition of
elements such as lead, neodymium, iron and helium;

(vii) the efficiency of biological macro- and micronutrient utilization and associated isotopic fractionation
in CDW as it upwells on the shelf and interacts with glacial ice shelves, sediments and shelf waters, as
inferred from targeted measurements of carbon, macro- and micronutrients, and hydrography.

Moreover, the cruise data will be used to (1) test and refine numerical models of this ocean region (e.g.,
Nakayama et al., 2014; St-Laurent et al., 2017, 2019; Laufkoetter et al., 2018; Dinniman et al., 2020),
thereby improving projections of future environmental changes, and (2) inform and refine geochemical
paleoproxies, such as the isotopic composition of carbon and nitrogen, and uranium-series radioisotopes.

2.5. Scientific Linkages Between the GP17-ANT and GP17-OCE Cruises

Some of the major science questions to be addressed by the GP17 cruises concern the meridional and
zonal gradients in TEIs between the Polar Front and the Antarctic continental shelf, and the rates and
magnitudes of processes that control these distributions. For example, the potential off-shelf transport of
benthic materials and glacial melt waters, and associated TEIs such as iron, may fuel primary production
in the ACC (Laufkoetter et al., 2018; Dinniman et al., 2020), although relevant data to test this hypothesis
are lacking. Also of interest is the TEI composition of CDW as it upwells south of the Polar Front, and its
evolution as it intrudes onto the Antarctic margins and is modified by interaction with the seafloor and
glacial ice shelves, and by biological processes, before circulating downstream and northward across the
continental shelf. The vast size of our study region renders the task of collecting such data impossible for
a single vessel as part of the larger GP17 section. To surmount this obstacle, we propose to carry out two
sequential GP17 cruises (see section 1) during a single austral summer growing season. The combined
data from these cruises will provide quasi-synoptic information on the regional distribution and offshore
transport of TEIs in the Amundsen Sea sector of the Southern Ocean during the growing season (Fig. 1).

3. PROPOSED RESEARCH

Following the model of previous US GEOTRACES cruises that have produced high-quality data sets
(Schlitzer et al., 2018; see section 2.1), we are requesting support for essential sampling operations and
ancillary measurements for the Antarctic margin portion of the US GEOTRACES South Pacific Ocean
section, GP17-ANT, toward the research objectives described in section 2.4, and in coordination with the
separate implementation of the open-ocean portion of the section, GP17-OCE. The overall success of the
proposed field program relies on the execution of individual, hypothesis-driven science projects that will
be proposed once this cruise management program is in place. The last 3 US GEOTRACES expeditions
involved, on average, more than 40 PIs from more than 27 institutions, with around one third of the
investigators on each expedition serving as PI for the first time.

The main objectives of this proposal are to: (1) coordinate a 60-day research cruise in late January-late
March 2022; (2) obtain representative samples for analysis of a broad suite of TEIs from a conventional
CTD-rosette system, a GEOTRACES-compliant trace-metal clean CTD-rosette system, a towed surface
fish/small boat sampling system, in-situ pumps, and a sediment corer; (3) acquire “conventional”
hydrographic data (CTD, transmissometer, fluorometer, dissolved oxygen sensor) and measurements of
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salinity, dissolved oxygen, dissolved macronutrients and phytoplankton pigments in discrete samples; (4)
ensure that acceptable QA/QC protocols are followed and reported and that GEOTRACES
intercalibration protocols are followed; (5) prepare and deliver all hydrographic data to the GEOTRACES
Data Assembly Centre via the US BCO-DMO data center; and (6) coordinate cruise-related
communications between principal investigators, including preparation of a hydrographic cruise report.

3.1. Cruise Track, Timing and Research Vessel

To address scientific questions related to the involvement of TEIs in biological processes, both GP17
cruises will be undertaken during the austral summer bloom season (December-mid January for the
GP17-OCE section, and mid January-March for the GP17-ANT section). In the Amundsen Sea region, a
cruise conducted during the latter portion of the bloom season should allow us to examine TEI cycling
associated with biological uptake, and perhaps export and remineralization (see section 2.3). This cruise
sequence and timing also presents logistical advantages in maximizing access to the GP17-ANT study
region, based on typical seasonal sea ice extent, and in providing the opportunity for individual science
projects to collect samples from both GP17 cruises, with the US Antarctic Program cargo and operations
center in Punta Arenas serving as a common port between cruises. This cruise timing also facilitates the
use of some major sampling equipment, such as the US GEOTRACES Go-Flo bottles and in-situ pumps,
on both cruises. However, given the demands on ship time and availability, particularly for the icebreaker
required for GP17-ANT, the cruises could be run in separate years rather than back-to-back, if necessary.
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Figure 6. (a). Proposed full (orange) and abridged (pink) cruise track for GP17-ANT, showing grid of
contingency stations (red points), GP17-OCE track (red), major ice shelves — Abbot (A1S), Cosgrove
(CIS), Pine Island (PIIS), Thwaites (TIS), Crosson (CRIS), Dotson (DIS) and Getz (GIS) — and the
approximate location of iceberg B22 calved from Thwaites Glacial Tongue (TGT), bathymetry from
Nitsche et al., (2007); (b) station map (polar projection) and full cruise track as in (a), showing location
of major fronts from Orsi et al. (1995) and 1979-2007 average February sea ice concentration (NSIDC)

Given the icebreaking capability required to access the proposed stations on the Antarctic continental
shelf, the anticipated demands for science berths, interior laboratory space and shipboard container
laboratories, and the cruise duration, we are requesting use of RVIB Nathaniel B. Palmer, which has
successfully undertaken water-column TEI sampling in this region during the DynaLiFe (Gerringa et al.,
2012) and ASPIRE (Sherrell et al., 2015) field programs. The proposed GP17-ANT cruise track (Figs. 1,
6a) runs from Punta Arenas, around Cape Horn, then southwest toward the eastern Amundsen Sea, with a
test deployment of sampling systems and a "bottle-soak" station occupied en-route in the deep ocean, as
weather permits. A crossover/intercalibration station (also sampled by GP17-OCE) will be sampled
between the Polar Front and the Southern ACC Front at 67°S, 100°W, before heading south to sample
stations across the Amundsen Sea shelf between 102°W and 135°W, including deep ocean stations along
135°W and 115°W with a second crossover station south of the Southern ACC Front at 67°S, 115°W
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(Fig. 6a). This cruise track and the nominal station locations (orange track in Fig. 6a) aim to delineate
TEI distributions and gradients that provide information on the key processes discussed in section 2; they
include (1) stations that extend north from the shelf break toward the GP17-OCE zonal section, to define
meridional gradients between the continental shelf and the deep ocean, noting that numerical models
suggest offshore transport of entrained glacial meltwater near 115°W (St-Laurent et al., 2019; Dinniman
et al., 2020), as well as zonal gradients along the outer shelf, continental slope and offshore deep ocean;
(2) stations that cross the continental margins at the eastern and western boundaries of the Amundsen Sea
shelf, to define zonal inputs and outputs for the shelf region; (3) quasi-meridional sections that follow the
Eastern and Dotson Troughs from the shelf break to the Pine Island and Dotson Ice Shelf fronts, to
examine shoreward intrusions of CDW; (4) stations near the western ends of the Pine Island, Thwaites,
Dotson and Getz Ice Shelf fronts, to examine the outflows from ice shelf cavities and the modification of
CDW as it flows westward and interacts with the ice shelves and seafloor; and (4) stations in the highly
productive waters of the Amundsen Sea and Pine Island Polynyas, to focus on biological uptake, export,
remineralization and scavenging processes.

We have requested 60 days of ship time, which includes 2 weather days, based on estimated steaming and
sampling times to occupy approximately 30 stations, plus test and soak stations en-route to the study
region. Final station locations (except for the crossover stations) will be decided at a pre-cruise P1
meeting (see section 4, below). Noting that access to some stations or track legs may be impeded by sea
ice cover (Fig 6b), which exhibits considerable year-to-year variability (Stammerjohn et al., 2015), we
have identified both an abridged cruise track and a grid of "contingency stations" (see Fig. 6a) that can be
used to define alternate stations/track legs in such situations, while still providing data from locations that
are germane to our science goals. The mixture of station types will be modified pending sampling needs
and sea ice conditions, but as an example, our time estimate leaves time for 8 full stations, 11 shelf
stations, 6 super stations, and 5 demi stations, as defined in section 3.2, below.

3.2. Sampling Methods

We will generally use the water sampling systems and protocols used on previous US GEOTRACES
cruises, following the Sampling and Sample-Handling Protocols for GEOTRACES Cruises "cookbook"
(Cutter et al., 2014). For sampling contamination-prone TEIs in the water column, we will use a SeaBird
trace-metal clean rosette fitted with a titanium SeaBird SBE 911plus CTD, SeaBird SBE 43 dissolved
oxygen sensor, WetLabs fluorometer (US Antarctic Program), and 12 x 12-L Go-Flo sampling bottles
(US GEOTRACES program). This rosette has a dedicated winch and 3000 m of non-metal conducting
cable, and been successfully used for TEI sampling on several previous Antarctic cruises (e.g., Sherrell et
al., 2015, 2018). This system will also include a Benthos altimeter and SeaBird bottom-contact switch
alarm, to facilitate near-bottom sampling on the continental shelf. Given the anticipated importance and
sharp gradients of particulate trace elements in this study region, particles will be collected by membrane
filtration from dedicated Go-Flo bottles at all depths, hence the trace metal casts will sample 6 depths at a
time using paired Go-Flo bottles, requiring two casts to sample 12 depths. For near-surface water
sampling we will use a trace-metal clean towed fish system (Cutter et al., 2014) where sea ice conditions
allow, as used successfully on previous Antarctic cruises in austral summer (Sedwick et al., 2011; Annett
et al., 2017), or, where there is significant sea ice cover, by using a clean pump system or individual Go-
Flo bottles deployed from a small boat (Jensen et al., 2019). Water samples collected for contamination-
prone TEIs will be processed (filtered, subsampled) in a shipboard clean laboratory van (US Antarctic
Program) by a single team of "Super Techs", following protocols described by Cutter et al. (2014), to
ensure the consistency and efficiency for these critical processes.

For collection of non-contamination-prone TEIs and ancillary parameters such as phytoplankton
pigments, we will use a conventional CTD rosette system with 36 x 12 L Niskin bottles supplied by the
Oceanographic Data Facility (ODF, see section 3.3). Water-column hydrographic data (CTD,
transmissometer, fluorometer, dissolved oxygen sensor) and discrete samples for measurements of
salinity, dissolved oxygen and dissolved macronutrients, will be collected from both the trace metal and
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conventional rosettes. In addition to high resolution samples collected by filtration from the Go-Flo
bottles for particulate trace elements, McLane high-volume in-situ pumps will be deployed at lower
vertical and horizontal resolution for sampling size-fractionated particulate TEIs and major phases for
multi-PI distribution, as well as short-lived radioactive tracers such as radium that require large volumes,
as on previous US GEOTRACES cruises (Lam et al., 2015, 2018; Ohnemus and Lam, 2015). Finally,
given the importance of sediments as a source of TEIs on the Antarctic shelf, we anticipate that individual
science projects may require samples of sediments and pore fluids, and thus propose to collect sediments
from selected shelf stations using a Bowers and Connelly Mega multiple corer (US Antarctic Program).
Station time estimates also allow for collection of sea ice and associated snow, brines and surface water,
floating glacial ice, and aerosols and precipitation, for which sampling equipment would be provided by
individual project investigators (Marsay et al., 2018a; Buck et al., 2019; Kadko et al., 2019).

Four types of stations will be occupied along the cruise track shown in Figure 6a: (1) "full stations" of up
to 24 depths will include water-column sampling at stations >1000 m depth to 3000 m maximum depth,
using four casts of the trace metal rosette, three casts of the conventional rosette, and two casts of McLane
in situ pumps with up to 8 pumps per cast; (2) "shelf stations" will include water-column sampling at
stations <1000 m depth, using two casts of the trace metal rosette, two casts of the conventional rosette,
and one cast of McLane in situ pumps with up to 8 pumps per cast; (3) "super stations" will be like shelf
stations, but with an additional cast for each of the trace metal and conventional rosettes to accommodate
additional demand, as well as multicorer deployment for sediment collection; and (4) "demi stations" will
include water-column sampling at stations <1000 m depth, using two casts of the trace metal rosette and
one cast of the conventional rosette, with no McLane in situ pumps or multicorer sampling. All stations
will include near-surface water sampling using either towed fish or small boat, and full, shelf and super
stations will include sea ice sampling if suitable ice is readily accessible using a small boat or personnel
basket. We anticipate that near-bottom casts of the conventional rosette will include a small "monocore"
gravity corer (PI provided), as used on previous GEOTRACES cruises, to complement the multicorer
sampling. Based on experience from previous US GEOTRACES cruises, we estimate that 30 hours, 11
hours, 16 hours and 5 hours are required to complete sampling at full-, shelf-, super- and demi stations,
respectively. For all stations, sampled depths will not be fixed, but rather targeted in response to observed
hydrography, desired sampling features (e.g., chlorophyll and particle maxima, nepheloid layers, salinity
anomalies) and shipboard ADCP data to identify outflows from ice-shelf cavities or along troughs. This
method for selecting sample depths has proven successful on previous US GEOTRACES cruises.

3.3. Analytical Methods

Hydrography and Nutrients. High-quality hydrographic and nutrient data are crucial for characterizing
water masses as well as for verifying the performance of Go-Flo bottles (Cutter and Bruland, 2012).
These measurements will be made by the ODF group overseen by Todd Martz, who will perform
measurements fully compliant with GO-SHIP/Repeat Hydrography protocols, including determinations of
salinity, dissolved oxygen, phosphate, nitrate, nitrite, and silicate on discrete samples from the
conventional rosette, trace-metal clean rosette, and clean surface water sampling systems; details are
provided in the subcontract to Lam (UCSC Budget).

Zinc Contamination. Samples from the trace-metal clean rosette Go-Flo bottles will be analyzed
onboard for dissolved zinc, which is an excellent indicator of potential sampling contamination (Cutter
and Bruland, 2012). For these analyses we will employ the solid phase extraction/fluorescence detection
lab-on-valve system described by Grand et al. (2016) with a detection limit of ~0.02 nM. These
measurements will be made at all stations and for all Go-Flo bottles during the first week of sampling,
and subsequently if Go-Flos are replaced with backup bottles or repaired.

Pigments. Samples will be collected for phytoplankton pigment analysis from the uppermost 5 depths
sampled at full, shelf and super stations. Water collected from the conventional rosette will be sampled
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into dark 2 L polyethylene bottles and gently filtered through 25 mm GF/F filters. Samples will be frozen
at -80°C and shipped to Oregon State University (Letelier laboratory) for HPLC pigment analyses.

4. MANAGEMENT TEAM AND RESPONSIBILITIES

The management team comprises the four Pls on this proposal, who will oversee implementation of the
US GEOTRACES GP17-ANT cruise, including all aspects of logistics, interaction with the Antarctic
Support Contractor and ship operator, communication with the science community, and data management
including synthesis of the combined results of the GP17 cruises (see Data Management Plan). This team
has considerable past experience with field work as part of the US Antarctic and US GEOTRACES
programs, including science cruises aboard RVIB Nathaniel B. Palmer. Prior to the cruise, we will
follow the precedent of previous US GEOTRACES cruises and host a combined GP17-OCE and GP17-
ANT workshop on 6-8 May 2020, where interested PIs can learn about the background science, rationale,
and logistics of the two cruises, present their statements of interest, and explore potential collaborations
well before their science proposal deadline in August 2020; funding for this workshop will come from the
US GEOTRACES Project Office. In addition, statements of interest from individual PIs will be posted
on the US GEOTRACES web site, to facilitate coordination of logistics and encourage scientific
collaborations. Participation on this cruise will be open to any US PI who proposes high quality research
that supports the GEOTRACES goals; as of 4 February 2020, 66 investigators (21 not previously funded
for US GEOTRACES) from 38 separate institutions have expressed interest in attending this workshop,
reflecting the strong level of scientific interest in this cruise from the US chemical oceanography
community. After funding decisions on individual science proposals are known, we will coordinate a pre-
cruise PI meeting in early 2021, to determine shipboard requirements and operations, including the
number, type and exact locations of stations to be occupied during the cruise.

At sea, we will provide for all sample acquisition, quality control and archiving of appropriate operational
metadata (navigation, event and sampling logs, and hydrographic data) following established US
GEOTRACES and GO-SHIP protocols. The ODF team will be in charge of hydrographic and nutrient
data acquisition, and will work with the management team on shipboard data management (see Data
Management Plan and ODF subcontract in UCSC Budget). Sampling and sample handling will follow
the methods detailed in sections 3.2 and 3.3. We anticipate that individual PIs will provide the equipment
for sampling ice, snow, brines, aerosols and precipitation, as well as for the processing of sediment
samples and pore fluid extraction. The management team will coordinate all on-board water sampling,
ensure smooth and efficient operation of all station-related activities, and be responsible for acquisition of
all essential hydrographic data (CTD, salinity, nutrients, oxygen, and pigments). Working with the ODF
team, the management team will also be responsible for establishing and monitoring both Go-Flo and
Niskin sampler integrity using shipboard hydrographic measurements and dissolved zinc determinations.
The management team will be responsible for the quality control and archiving of all shipboard
measurement data and for making all data and metadata available to shipboard science participants. Post
cruise, the management team will be responsible for ensuring the timely transmission of all data and
metadata acquired during the cruise to the US GEOTRACES data archive at BCO-DMO, who will in turn
be responsible for transferring all such data and metadata to the International GEOTRACES Data
Assembly Centre (GDAC; see Data Management Plan). The management team will also be responsible
for creating a final cruise report and hydrographic synthesis, describing the basic context (water mass
structure, major current flows, etc.) to assist in the interpretation of all TEI data. With funding from the
US GEOTRACES project office, the management team will host a post-cruise synthesis meeting around
1.5 years after the cruise, to promote collaboration and manuscript preparation among GP17 participants.

Peter Sedwick will serve as chief scientist on the cruise and lead investigator of the management team.
He will oversee sampling from the conventional rosette water sampling system, including supervision of
the two Super Techs contracted to sample from that system, in close consultation with the ODF shipboard
team. Sedwick will supervise senior laboratory supervisor Bettina Sohst, who will manage cruise logging
in collaboration with the ODF data manager; Sohst will also measure zinc concentrations from Go-Flo

12 TPI: 8023782



samples during the first portion of the cruise, and train the three Super Techs who will be contracted for
shipboard sampling from the trace-metal clean water sampling system. He will also be the primary point
of contact with the ship schedulers and US Antarctic Program contractors. Robert Anderson will
leverage his position as director of the NSF-funded US GEOTRACES project office to coordinate the
implementation of the GP17-ANT and GP17-OCE cruises, and to manage the post-cruise synthesis
activities within the US GEOTRACES community. He will not sail on the cruise, and no salary is
budgeted in this proposal for his participation in the cruise management. Phoebe Lam will sail as co-
leader on the expedition, with primary responsibility for coordinating McLane pump sampling activities,
including supervision of the two Super Techs for the pump operations. She will also act as the primary
interface with the ODF group, subcontracted by UCSC, for acquisition of hydrographic and nutrient data.
Robert Sherrell will sail as co-leader of the expedition, with primary responsibility for coordinating the
water sampling for dissolved and particulate TEIs using the trace-metal clean rosette, towed fish, and
small boat systems, including supervision of the Super Techs who will be contracted to perform these
sampling operations. He will also oversee collection and analysis of samples for phytoplankton pigments
(see details in Rutgers budget), and the collection of sediment samples using the multicorer system.

5. BROADER IMPACTS

The dramatic recent acceleration in the melting of the West Antarctic Ice Sheet, particularly that
associated with the glacial ice shelves that border the Amundsen Sea, has captured the attention of both
the scientific community and the public at large, given its implications for global sea level rise and other
impacts. In this context, the research that will be facilitated by the GP17-ANT cruise will have a range of
broader impacts, including (1) advancing knowledge within and beyond the disciplinary focus; (2)
making significant contributions to education and outreach at the K-12 levels; (3) contributing to the
education and training of graduate students, early career scientists and education professionals; and (4)
increasing public scientific literacy and public engagement with science and technology.

Research Community. Beyond the disciplinary contributions in chemical oceanography and marine
biogeochemistry described in proposal section 2, the proposed research will contribute knowledge
relevant to understanding of the cryosphere and its impacts on global sea level and ocean circulation,
regional ecosystems and biological processes, ocean-atmosphere interactions and exchange, and past and
future environmental changes on regional to global scales. Moreover, the proposed research is expected
to provide qualitative and quantitative information that is required to test and develop mechanistically-
accurate numerical models with the capacity to predict how this oceanic region will be affected by and
modulate future climate change. Beyond the GEOTRACES program, results from the GP17 cruises are
expected to complement a number of ongoing research efforts, including the ongoing NSF/NERC-funded
International Thwaites Glacier Collaboration, which examines the mechanisms behind the massive and
accelerating ice loss from the Thwaites glacier, but includes no research focused on the biogeochemical
implications of this ocean-ice interaction; the NSF-funded Southern Ocean Carbon and Climate
Observations and Modeling project (SOCCOM), which uses observational data, primarily from
instrumented floats that are typically restricted to the offshore Southern Ocean (Riser et al., 2018), to
analyze and improve high resolution earth system models. Data from the GP17 cruises are also expected
to contribute to the goals of the Amundsen and Bellingshausen Sector Working Group of the Southern
Ocean Observing System (SOOS), an international initiative that aims to coordinate and expand
international efforts to collect and disseminate sustained observations from the Southern Ocean.

STEM Education and Outreach. The GP17-ANT research context and setting provides a compelling
platform to promote science literacy and develop STEM-related teaching resources at the K-12 level. To
this end, PI Sedwick will apply for a grade 7-12 teacher to participate in the GP17-ANT cruise through
the NSF-funded PolarTREC program (See letter of commitment from Janet Warburton, PolarTREC
Project Manager). The teacher will interact with several US schools and general public using educational
tools such as blogs, photos, videos, and email or radio Q&A sessions, and develop course curricula.
Sedwick has budgeted funds for the PolarTREC teacher to present results of their cruise-related work at a
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national scientific meeting. At Rutgers, co-PI Sherrell will work with Janice McDonnell (STEM Agent,
Department of Youth Development) and Christine Bean (STEM Coordinator, Department of Marine and
Coastal Sciences) to create meaningful out-of-school-time science experiences for middle and high school
students through the Rutgers 4-H STEM Ambassador program (McDonnell et al., 2019). This program
recruits 60 high-achieving rising 9th graders from underserved and underrepresented schools to
participate in a 5-day program designed to enrich students’ interest and competency in STEM. The
students visit the Rutgers campus to engage with science faculty and graduate students to learn about
scientific research and career paths. The program trains and supports 4-H STEM Ambassadors, who
share their experience and understanding of STEM topics with student peers, and has proven highly
successful, with 59% of program alumni who attended college being enrolled in a STEM major or
pursuing a STEM career. Sherrell has previously participated in this program, working with a group of
10 female minority students from Newark inner-city schools. As part of the GP17-ANT project, he will
create an experience focused on Antarctic marine biogeochemistry, glacial melting, and climate change.

Public Engagement. Co-PI Lam will work with the highly regarded UCSC Science Communication
Program to identify freelance science journalists who will profile our research in written, audio, or video
reports aimed at national media outlets. Given the high-profile nature of rapid glacial melting in the
Amundsen Sea, our field project will provide an exciting opportunity to demonstrate to a wide audience
the importance of geochemistry as a tool for understanding global change. Lam has previously worked
with this program to engage a science writer for the US GEOTRACES GP15 cruise.

Training and Mentoring. The US GEOTRACES program has an impressive record of involving and
training graduate students, postdoctoral fellows and early career scientists in its core research work;
indeed, in the 2015-19 period, at least 18 PhD dissertations included US GEOTRACES data. This has
produced numerous, high-profile scientific journal publications led by these researchers, some cited in
this proposal, and propelled a number of these junior scientists to academic or research faculty positions,
in which they are training the next generation of chemical oceanographers and marine biogeochemists.
We anticipate that numerous graduate students and early career scientists will be involved in GP17-ANT.

6. RESULTS FROM PRIOR NSF SUPPORT

P. N Sedwick. Collaborative Research: US GEOTRACES Pacific Section - Shipboard Al, Mn and Fe
(OCE-1237034, 2012-2017, $172,982 to PNS). Under this award, Sedwick and co-PI Resing made
shipboard and post-cruise measurements of dissolved Fe (DFe), Mn (DMn) and Al (DAl) in water-
column samples collected during the US GEOTRACES GP16 cruise. Intellectual Merit and Products: The
major result from this award was the identification of mid-depth hydrothermal plumes of DAI, DFe and
DMn that extended several thousand kilometers westward from the East Pacific Rise into the South
Pacific basin. These results, combined with numerical modeling, suggest that ridge-axis hydrothermal
emissions are an important source of DFe to the iron-deficient surface waters of Southern Ocean. Project
results were published in Resing et al. (2016) and in publications by Boiteau et al. (2016a), Hawco et al.
(2016), Tagliabue and Resing (2016), Sanial et al. (2017), Buck et al. (2018) and Ho et al. (2019).
Sedwick and Resing participated in multi-lab intercomparison exercises and their data contributed to the
2017 GEOTRACES intermediate data product (Schlitzer et al., 2018). Broader Impacts: Our shipboard
data informed the cruise sampling strategy and was made available to the GP16 PIs immediately after the
cruise to assist with analyses and data interpretation, facilitating publications led by PIs, graduate students
and junior scientists. The award provided support for female PhD students P. Barrett and S. Michael.

R. F. Anderson. Support for the U.S. GEOTRACES Project Office (OCE-1536294, 2015-2020,
$1,281,746.00). This award supports US GEOTRACES community-related activities, from planning of
future expeditions to synthesis of recent findings. Among other roles, PI Anderson has served as an
organizer of GEOTRACES synthesis efforts, a role that he anticipates will continue following completion
of Southern Ocean GEOTRACES expeditions. He served on the organizing committee for the first
GEOTRACES synthesis workshop on the supply and removal of trace elements at ocean boundaries
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(London, UK, December 2015), hosted a second GEOTRACES synthesis workshop on internal cycling of
trace elements within the ocean (Lamont-Doherty, August 2016), and co-organized the GEOTRACES
synthesis workshop on geochemical proxies used in paleoceanography (Aix, France, December 2018).
Intellectual Merit and Products: Anderson led the first GEOTRACES synthesis effort to combine results
from multiple trace elements and isotopes to quantify dust fluxes to the ocean (Anderson et al., 2016).
Building on the principles developed in that pioneering study, follow-up efforts placed new constraints on
the residence time of trace elements in the ocean (Hayes et al., 2018a) and on their fluxes (Hayes et al.,
2018b). Encompassing a greater body of GEOTRACES data has expanded these synthesis efforts to
include full water column fluxes of particulate organic carbon (Pavia et al., 2019). Broader Impacts:
Motivated by the initiatives described above, a rapidly growing body of GEOTRACES synthesis efforts
are providing unprecedented insight into the processes that regulate TEI distributions in the ocean as well
as the rates of these processes. Concurrently, we are seeing new developments in understanding the
bioavailability and speciation of trace elements, all of which are pursued under GEOTRACES synthesis
efforts. Synthesis products such as these represent the true value of a large program like GEOTRACES to
the broader oceanographic community.

P. J. Lam. Collaborative Research: GEOTRACES Pacific Section: The Geochemistry of Size-
fractionated Suspended Particles Collected by In-situ Filtration (OCE-1233272,2013-2017, $551K to
PJL). Intellectual Merit and Products: Lam and co-PI Toner provided the first zonal full-depth section of
size-fractionated particle composition and concentration in the Pacific (Lam et al., 2018; Lee et al., 2018).
These data are part of the publicly available GEOTRACES Intermediate Data Product 2017 (Schlitzer et
al., 2018). We demonstrated that non-oxygen dependent oxidation of iron occurs in the Peru oxygen
deficient zone (Heller et al., 2017). More than 10 manuscripts have so far emerged from collaborations
with other GEOTRACES PIs on topics including: ***Th-based particle export (Black et al., 2018), Co
scavenging (Hawco et al., 2018), hydrothermal C and Fe (Hoffman et al., 2018), Fe isotopes and cycling
(John et al., 2018; Marsay et al., 2018b), optics (Ohnemus et al., 2017), Th and Pa scavenging by
hydrothermal particles (Pavia et al., 2018), shallow regeneration of carbon (Pavia et al., 2019), Mo and V
cycling (Ho et al., 2018), particulate trace metal flux (Black et al., 2019). Broader Impacts: This project
supported two early career female scientists (M. Heller, J.-M. Lee), two undergraduate interns from
underrepresented groups (U. Kakou, S. Mehic), one graduate student (Y. Xiang), and two high school
students (M. Abrams, L. Repeta). PI Lam helped develop and participated in a live webinar on the
GEOTRACES program coordinated and archived by COSEE-Maine.

R. M. Sherrell. Collaborative Research: Investigating the Role of Mesoscale Processes and Ice
Dynamics in Carbon and Iron Fluxes in a Changing Amundsen Sea (INSPIRE) (ANT-1443315, 2015-
2018, $49,996 to RMS). Intellectual Merit and Products: With co-PIs St-Laurent, Yager, and
Stammerjohn, this modeling project followed ASPIRE to explore mechanistically how the injection of
iron into the upper water column from the Dotson Ice Shelf and neighboring ice shelves contributes to the
extreme productivity of the ASP (St-Laurent et al. 2017; St-Laurent et al. 2019; Oliver et al. 2019). We
simulated the ASPIRE bloom by developing a new high resolution (1.5 km) physical-biogeochemical
model of the ASP system, including iron pools and exchanges. The model predicted basal melt rate for
the Thwaites Glacier to within 10% of observations (Rignot et al., 2013), and traced pathways and
relative contributions of potential iron sources (St-Laurent et al., 2017). The full 3-D version of the
model (St-Laurent et al. 2019) informed by a station-specific 1-D model (Oliver et al., 2019) pointed to
the importance of the “meltwater pump” within ice shelf cavities in delivering sediment-sourced iron to
the upper water column through the buoyancy added by basal melting. Overall, the model suggests that
shelf-sediment iron sources are more important to the productivity of the polynya than iron from basal
melting of glacial ice. Broader Impacts: Educational materials for elementary students; a Research
Features article; 3 sets of model results publicly archived; a website; and numerous invited lectures and
outreach presentations. Model output movies are used in K-12 and college classes to illustrate glacial ice
shelf melting in Antarctica. Sherrell helped mentor University of Georgia PhD student Hilde Oliver
(currently a WHOI postdoctoral scholar), whose dissertation focused on this project.
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LOGISTICAL REQUIREMENTS AND FIELD PLAN

Collaborative Research: Management and Implementation of US GEOTRACES
GP17 Section: Amundsen Sea Sector of the Antarctic Continental Margin (GP17-ANT)

1. Research objective: This project aims to manage and implement a 60-day research cruise to collect
samples and field data from the Amundsen Sea sector of the Southern Ocean, as part of the US
GEOTRACES program, focusing on measurements of a broad suite of trace elements and isotopes (TEIs).
Specifically, this work comprises the essential sampling operations (collection, processing) and ancillary
measurements (hydrography, nutrients, algal pigments) in support of multiple, TEI-focused science
projects that will be proposed by individual PlIs, following the successful model of four previous US
GEOTRACES cruises completed in the Atlantic, Pacific and Arctic Oceans.

2. Geographic region: The proposed research will support the collection of water-column and surface-
water samples and data, as well as ice, snow, aerosols and seafloor sediments, from the Amundsen Sea
sector of the Southern Ocean between 100°W and 135°W. The cruise would occupy stations ranging
from the 67°S in the Antarctic Circumpolar Current on to the Amundsen Sea continental shelf, sampling
as far south as the fronts of the Pine Island, Thwaites, Dotson and Getz Ice Shelves. The proposed cruise
track and sampling stations are shown in Figure 1. The cruise track has been chosen so as to minimize ice
breaking, based on the long-term average sea ice extent in the February-March target period.

3. Field activities and logistical resources: We anticipate that RV Nathaniel B. Palmer will be required
for its ice breaking capability, endurance and laboratory/berthing space. Primary field activities will be
water-column sampling using (i) a conventional CTD-rosette system (ODF 36-bottle rosette); (ii) a trace-
metal clean CTD rosette (USAP 12-bottle rosette); and (iii) in-situ McLane high volume pumps (PI-
supplied). We will also sample surface waters using a towed ‘fish’ sampler in open waters (PI-supplied)
or a small boat (USAP supplied) where sea ice is present, and collect samples of sea ice and floating
glacial ice using either a small boat to access isolated ice floes, or a man basket on larger floes, using PI-
supplied sampling gear. In addition, a multicorer (USAP) will be used to collect sediment samples from
stations on the continental shelf. We also request use of the USAP trace-metal lab van and trace-metal
winch and conducting cable, and anticipate need for other laboratory vans, including a radioisotope lab
van, general purpose lab van, and cold lab van.

4. Desired deployment schedule and proposed field sampling: We request a 60-day cruise departing
Punta Arenas in late January 2022, arriving in the Amundsen Sea study region in early February, with ca.
45 days to occupy 30 stations (Fig. 1) with the sampling activities detailed above, then returning to arrive
in Punta Arenas in late March 2022.

5. Justification for requested number of field team members: Based on experience from previous US
GEOTRACES ocean section cruises, we anticipate that the number of individual science proposals
funded will require use of all available science berthing and lab space aboard RV Nathaniel B. Palmer.

6. Description of facility construction, modification, or installation requirements: Nothing major
anticipated for the proposed project.

7. Description of instrumentation to be deployed on aircraft, autonomous platforms, scientific

instruments, equipment with special support requirements, or scientific diving: None anticipated for
the proposed project.
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Figure 1. (a). Proposed cruise track (in orange) and station locations for the proposed US GEOTRACES
GP17-ANT cruise. Also shown is an abridged track (in pink), as a contingency plan in case of delays due
to above-average sea ice extent, and a grid of additional contingency stations (shown as red points not
located along cruise tracks) that will be occupied if nominal stations are not accessible (bathymetry from
Nitsche et al., 2007), ice shelves shown are Abbot (A1S), Cosgrove (CIS), Pine Island (PIIS), Thwaites
(T1S), Crosson (CRIS), Dotson (DIS) and Getz (GIS), approximate location of iceberg B22 calved from
Thwaites Glacial Tongue (TGT) also shown, (b) Proposed full cruise track and contingency stations
(polar projection) shown over 1979-2007 average of sea ice concentration in February (from NSIDC).
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