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[1] Dense shelf water (DSW) is formed in East Antarctica from enhanced sea-ice
production driven by air-sea interaction in coastal polynyas. Cross-shelf export and
downslope mixing of this DSW produces Antarctic Bottom Water, contributing to the lower
limb of the global overturning circulation. We present biogeochemical observations from
the Mertz Polynya region in summer 2007/2008, with additional observations from spring
2001 and winter 1996. The seasonal changes in mixed-layer carbonate chemistry are driven
by a combination of air-sea CO2 exchange, biological activity and the formation and melt of
sea-ice. The air-sea fluxes in 2008 were �15 mmol C m22 d21, and net community
production, estimated from the summertime surface dissolved inorganic carbon (DIC)
deficit, ranged from 0.9 to 1.2 mol C m22 yr21. We show that biological modification of
carbonate chemistry over the shelf in summer preconditions the DSW outflows from the
Ad�elie Depression. This process appears to supply both organic material, and water
depleted in CO2, and with enhanced carbonate saturation state (relative to inflowing water),
to coral communities on the slope. We combined model-based transports of exported DSW
with the natural and anthropogenic (Cant) carbon concentrations and estimate that the annual
outflows of DIC and Cant from the Mertz Polynya range from 320 to 560 Tg C yr21, and
from 3 to 6 Tg Cant yr21, respectively. The formation and export of dense water from this
region, and by extension all similar polynyas around Antarctica, is an effective mechanism
for the transfer of anthropogenic carbon into the deep ocean.
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1. Introduction

[2] The Southern Ocean plays an important role in the
global carbon cycle, and makes a substantial contribution
to the oceanic uptake of anthropogenic CO2 [Sabine et al.,
2004; Sall�ee et al., 2012]. A component of this uptake
occurs in the areas of Antarctic Bottom Water (AABW)
production that drive the lower limb of the meridional over-
turning circulation [Rintoul, 1998; Orsi et al., 1999].
AABW is produced from overflows of dense shelf water
(DSW) formed on the Antarctic continental shelf. DSW
forms in coastal polynya regions from the brine rejected

during intense sea-ice production and the associated heat
loss to the atmosphere [see Ohshima et al., 2013 and refer-
ences therein]. Coastal polynyas form where strong synop-
tic or katabatic winds push newly formed sea-ice away
from the coast, or from another fixed boundary like a gla-
cier tongue [Massom et al., 1998].

[3] Polynya regions have reduced sea-ice thickness and
concentration, relative to the general pack, that make these
areas the first to ‘‘breakout’’ to open water in spring.
Accordingly polynyas are often sites of enhanced biologi-
cal production, because these regions have increased expo-
sure to sunlight in early spring, which stimulates primary
production [e.g., Arrigo and van Dijken, 2003]. Further-
more, on the Antarctic continental shelf, productivity of the
high nutrient low chlorophyll (HNLC) waters of the South-
ern Ocean [Martin et al., 1990; Boyd et al., 2000] is not
necessarily iron limited at the onset of the productive sea-
son due to the potential sedimentary supply of iron to the
surface waters [Sambrotto et al., 2003; Boyd et al., 2012].

[4] The coastal polynyas of Ad�elie and George V Land
region (hereinafter termed the Mertz Polynya, Figure 1) are
a key source of AABW in the Australian-Antarctic Basin
which ultimately supplies atmospheric gases to the lower
layers of the Indian and Pacific Oceans [Rintoul, 1998;
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Orsi et al., 1999]. The Mertz Polynya region hosts diverse
benthic ecosystems; the upper continental slope, between
roughly 600 and 950 m, has been identified as a Vulnerable
Marine Ecosystem due to the presence of rich coral-sponge
communities [Post et al., 2010]. We use both physical and
biogeochemical observations of water mass properties to
examine the biologically mediated changes in carbonate
chemistry occurring on the continental shelf, and the conse-
quences of this modification for the outflowing dense shelf
water. Our analysis indicates that these dense water out-
flows from the Mertz Polynya are important in the supply
of dissolved inorganic carbon (DIC), both natural and
anthropogenic, to Antarctic Bottom Water, and that biolog-
ical production on the shelf supplies organic material and
water with enhanced carbonate saturation state to coral
communities on the continental slope.

2. Oceanographic Setting

[5] The Mertz Polynya system has been well-studied in
terms of physical oceanographic properties, and the role of
sea-ice formation in the production of Dense Shelf Water
(DSW) via both observational [Williams and Bindoff,
2003; Williams et al., 2008, 2010; Lacarra et al., 2011]
and modeling studies [Marsland et al., 2004; Kusahara
et al., 2011a]. A meridional schematic in Figure 2 shows
the key water masses involved in the process of Antarctic
Bottom Water (AABW) production. Modified Circumpolar
Deep Water (mCDW) supplies the shelf region with rela-
tively warm, nutrient-rich and low-oxygen water from the
Antarctic Circumpolar Current. This is transformed into
cold and more saline DSW in the polynya regions. The
DSW is exported across the shelf break and mixes down
the continental slope to form AABW (see Figure 2). During
this downslope transport, the DSW mixes with mCDW, to
form modified Shelf Water (mSW). A secondary region of
dense shelf water formation and export can also occur east
of the Mertz Glacier Tongue (MGT), over the Mertz
Depression beneath polynya regions formed in the west-
ward lee of grounded icebergs (see Figure 1). In this paper,
we define the key offshore water masses using common
water mass property definitions [i.e., Whitworth et al.,
1998; Orsi et al., 1999] and then use additional criterion to
label subclassifications of shelf and slope water masses
resulting from transformations in the Mertz Polynya system
(see Figure 2 and Table 1). Antarctic Surface Water
(AASW) is water with neutral density (c) <28.00 kg m23.
We then classify all water with 28.00< c< 28.27 kg m23

as CDW or mCDW, and use 1.5�C as the boundary
between these (with the mCDW cooler than 1.5�C). The
remaining classifications deal with the densest water
masses on the shelf and slope, ultimately culminating in
AABW. Ice Shelf Water (ISW) is colder than 21.925�C
and other shelf water masses are denser than 28.27 kg m23

and warmer than 21.925�C. Thereafter we define AABW
as that deeper than 2500 m. This effectively leaves DSW
(sometimes referred to as High-Salinity Shelf Water,
HSSW), Low-Salinity Shelf Water (LSSW, a mixture
between DSW and mCDW on the shelf) and modified Shelf
Water (mSW, a mixture of DSW and mCDW on the slope).
We differentiate between LSSW, mSW, and DSW using
21.85�C. We then use the shelf break to delineate between
LSSW and mSW. This leaves the DSW as the densest and
coldest shelf water, excluding ISW (see Table 1).

3. Methods

[6] The primary data sets were collected on board the
RV Aurora Australis between 24 December 2007 and 19
January 2008 (�125 casts at stations shown in Figure 1) as
part of the Australian International Polar Year (IPY) Pro-
gram. Additional, but fewer, observations of the CO2 sys-
tem from voyages in August 1996, and November 2001 are
also presented to give a broader seasonal perspective of the
carbonate system in the Mertz Polynya region.

3.1. Carbonate System, Dissolved Oxygen, and
Nutrient Analysis

[7] DIC and total alkalinity (TA) were determined by
coulometric and open cell potentiometric titration,

Figure 1. The Ad�elie and George V Land region of East
Antarctica (here referred to as the Mertz Polynya). The
bathymetry is from Beaman et al. [2011] (1392148�E) and
ETOP01 (1482150.5�E) with 500 m contour intervals (500,
1000, 2000, and 3000 m in dark lines). Major features
include the Ad�elie Depression west of the Mertz Glacier
Tongue (MGT) and iceberg B9-b shown in pre-calving con-
figuration (red line). Polynya regions shown using the
satellite-derived sea-ice production estimates from Tamura
et al. [2008] (thick green contours indicate 5 m yr21). Fast
ice contours from Fraser et al. [2012] (thick yellow con-
tours). Locations of carbon chemistry sampling during the
CEARMARC voyage are indicated by the blue circles. The
stars indicate locations of dense (red), sparse (green), and no
(black) occurrence of coral communities according to Post
et al. [2010]. Inset: Large-scale bathymetry of the Southern
Ocean around Antarctica and the position of the study area.
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respectively, following standard procedures [Dickson et al.,
2007]. Regular analysis of Certified Reference Materials
(provided by A. G. Dickson, Scripps Institution of Ocean-
ography) ensured that the uncertainty of the DIC and TA
measurements was <2 and 3 mmol kg21, respectively.
Thereafter, pH and aragonite saturation state (X) were com-
puted using the standard set of carbonate system equations,
with the CO2SYS program of Lewis and Wallace [1998],
and the equilibrium constants of Mehrbach et al. [1973]
refit by Dickson and Millero [1987]. The calcium (Ca21)
concentration was assumed to be conservative and calcu-
lated from salinity. Parallel measurements of dissolved
oxygen and inorganic nutrients were made for all carbonate
system samples [Rosenberg and Rintoul, 2010]. Dissolved
oxygen was measured by Winkler titration following stand-
ard methods [Hood et al., 2010] and concentrations have an
associated uncertainty of <1%. Nitrate (NO3

2) plus nitrite
(NO2

2), hereafter ‘‘nitrate’’, and silicate were measured fol-
lowing standard procedures [Grasshoff et al., 2007] and
have associated uncertainty of 0.03 mmol L21 and 0.1 mmol
L21, respectively.

3.2. Underway pCO2 Measurements and Air-Sea Flux
Computations

[8] Measurements of underway pCO2 were made by
continuous flow equilibration [Pierrot et al., 2009], and
CO2 quantified using a nondispersive infrared spectrometer
(LI-COR, LI7000). The seawater intake depth is approxi-
mately 8 m below the ocean surface. The system was cali-
brated every 3 h with four standards: a CO2-free air, and
three concentrations of CO2 in dry air (299.41, 353.01, and
402.15 matm). The calibration gas is provided by the Com-
monwealth Scientific and Industrial Research Organisation

(CSIRO) Marine and Atmospheric Research Laboratory in
Aspendale, Australia and is calibrated on the WMO 3
2007 scale. The pCO2 data were corrected to in situ water
temperature and to 100% humidity, and have an associated
uncertainty of <1 matm. The air-sea CO2 flux was com-
puted via the following equation:

F5kaDpCO 2 (1)

where F is the flux, k and a are the gas transfer coefficient,
and the coefficient of solubility [Weiss, 1974], respectively,
and DpCO2 is the gradient in CO2 between the ocean and
the atmosphere. The gas transfer velocity was computed
with the formulation of Wanninkhof [1992] using hourly
winds generated from measurements made every minute on
board the ship at approximately 10 m above the sea surface.
Positive flux values indicate an uptake of atmospheric CO2

by the surface ocean.

Figure 2. Schematic of Antarctic Margin water masses, following Williams et al. [2010]: Antarctic
surface water (AASW), circumpolar deep water (CDW), modified circumpolar deep water (mCDW),
Antarctic bottom water (AABW), modified shelf water (mSW), high-salinity shelf water (HSSW), dense
shelf water (DSW), and ice shelf water (ISW). Inset: h-S diagram, colored for DIC (mmol kg21).

Table 1. Water Mass Classifications

Water Masses of the Southern Ocean Definitions and Subcategories

Transformations over the
Antarctic margin

28.00< cn< 28.27,
h>21.925�C

circumpolar deep water (CDW) CDW: h> 1.5�C
modified CDW mCDW: h� 1.5�C

cn> 28.27, h>21.925�C
Antarctic bottom water (AABW) AABW: Depth> 2500 m
modified shelf water (mSW) mSW: h>21.85�C (slope)
low-salinity shelf water (LSSW) LSSW: h>21.85�C (shelf)
dense shelf water (DSW) DSW: h>21.925�C
ice shelf water (ISW) h�21.925�C
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3.3. Net Community Production Computations

[9] Net community production (NCP) was calculated
from the depth-integrated (02100 m) deficit of salinity- nor-
malized DIC (nDIC 5 35 DIC/S), relative to winter values.
The DIC concentration of the temperature minimum is often
used to estimate the concentration of waters from the previ-
ous winter [e.g., Bates et al., 1998; Ishii et al., 2002]. How-
ever, on the shelf the temperature minimum is not well
defined, and therefore, this definition of depth of winter con-
centrations is not as useful as it is in the Marginal Ice Zone
[Shadwick et al., 2013]. The profiles of DIC from 2008 indi-
cate nearly constant concentrations below a depth of approx-
imately 125 m. We therefore chose to use the mean 150 m
bottle measurement of DIC (nDIC 5 2265 mmol kg21, with
standard deviation of 15 mmol kg21) as representative of the
winter water, since the winter profiles of salinity (and den-
sity) indicate the depth of winter mixing extends well below
this depth [e.g., Williams and Bindoff, 2003]. The uptake of
atmospheric CO2 during the productive season increases the
surface ocean DIC concentration, thus our method underesti-
mates NCP since the seasonal contribution of air-sea CO2

exchange was not accounted for. Conversely, our method
will overestimate NCP if deep mixing causes surface super-
saturation outside of the bloom period, and results in outgas-
sing of CO2 to the atmosphere. If we assume that the largest
uptake of atmospheric CO2 during the period of our observa-
tions (15 mmol C m22 d21) persisted for 30 days, this would
change the nDIC concentration in the upper 100 m by
roughly 5 mmol kg21, and correspond to an underestimate of
<0.5 mol C m22 in the computation of NCP. A similar com-
putation was made to estimate the (depth-integrated) NO3

2

deficit using winter source water value of 31 mmol kg21.
The NO3

2 deficit was then scaled by the Redfield ratio of
C:N 5 6.6 for comparison with NCP.

3.4. Estimate of Anthropogenic CO2

[10] Several methods exist to determine the amount of
anthropogenic carbon in the ocean, and these have been
applied with varying degrees of success in many regions of
the Southern Ocean. Recently, van Heuven et al. [2011]
reviewed and compared these techniques for the Weddell
Sea, and we direct the reader to their work for an overview.
We adopted the TrOCA method, based on the quasi-
conservative tracer TrOCA (see equation (2) below), which
has been shown to behave nonconservatively when influ-
enced by anthropogenic CO2 [Touratier and Goyet, 2004].
Thus, an analogous tracer, TrOCA0, which is uncontami-
nated by an anthropogenic contribution, is defined (see
equation (3)) as the preindustrial TrOCA. We compute
TrOCA0 as a function of both h and TA following Tourat-
ier et al. [2007]:

TrOCA 5O21aðDIC 2
1

2
TA Þ (2)

TrOCA 05O0
21aðDIC 02

1

2
TA 0Þ (3)

TrOCA 05e½b1ch1d=TA 2� (4)

[11] We assume that only DIC is significantly influenced
by the increase of atmospheric CO2, and compute the
anthropogenic concentration, Cant via:

Cant 5DIC 2DIC 05
TrOCA 2TrOCA 0

a
; (5)

where ‘‘a’’ is the Redfield coefficient. Since, we assume
that TrOCA0 is conservative, the four parameters (a–d) are
determined by minimizing the standard error of the fit for
equation (4) [Touratier et al., 2007]. The anthropogenic
component is estimated via:

Cant 5
O21aðDIC 2 1

2 TA Þ2e½b1ch1d=TA 2�

a
; (6)

with a 5 1.279, b 5 7.511, c 5 1.08731022, and d 5 7.81
3 105, following Touratier et al. [2007]. Due to the large
seasonal variability in the surface waters, the TrOCA
method is not appropriate, and we therefore only compute
Cant for depths below 100 m. The uncertainty associated
with Cant is computed by propagating the uncertainty on
the measured parameters (O2, DIC, h, and TA), and the
coefficients (a–d), following Touratier and Goyet [2004];
the estimated uncertainty for the Cant values presented here
is �7 mmol kg21.

4. Results

4.1. Seasonal Observations of the Carbonate System
on the Shelf

4.1.1. Summer
[12] The surface waters on the shelf were relatively

warm and fresh over the period of observation (Figures 3a
and 3b). There was a gradient in surface salinity, with max-
imum values of 34.5 observed near the edge of the MGT,
decreasing northeastward to minimum of roughly 33.25
over the western side of the Ad�elie Depression and eastern
side of the Ad�elie Bank (Figure 3, see Figure 1 for geo-
graphic locations). The observed offshore decrease in salin-
ity is likely associated with melting across a region of fast
ice that breaks out east of the MGT and is transported west-
ward along the shelf break. Sea surface temperature (SST)
shows a similar gradient, with minimum temperatures
(21.8�C) near the edge of the MGT that increase both off-
shore and to the west, with maximum values of >0.5�C
coincident with the low-salinity water over the shelf break
on the Ad�elie Bank (Figures 3a and 3b).

[13] The distribution of surface alkalinity closely resem-
bles that of surface salinity (Figure 3c), suggesting a con-
servative relationship between TA and salinity, and that
seasonal changes in TA are driven largely by the input/
removal of freshwater by the melting/formation of sea-ice.
It has been shown that DIC may be more efficiently
rejected with brine during sea-ice formation, changing the
ratio of DIC:TA in sea-ice [Rysgaard et al., 2007; Geilfus
et al., 2012], and that carbonate mineral precipitation
occurs in sea-ice [Dieckmann et al., 2008], both of which
may have important implications for the TA concentration
in the underlying seawater. However, our observations of
surface TA suggest that carbonate mineral formation is not
an important process on the shelf. Changes in TA poten-
tially resulting from the dissolution of calcium carbonate
(CaCO3) in waters further offshore will be discussed in
more detail (section 4.3).
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[14] The minimum surface DIC concentrations (�2140
mmol kg21, Figure 3d) were observed above the western
side of the Ad�elie Depression, at the same location as the
salinity minimum (Figure 3a). The maximum surface
DIC concentrations (>2200 mmol kg21) were similarly
colocated with salinity maximum, adjacent to the MGT
(compare Figures 3a and 3d). Low concentrations of DIC
were also observed at locations without salinity minima,
indicating surface DIC depletion due to biological pro-
duction (compare Figures 3a and 3d). This signal can also
be seen in the distribution of surface aragonite saturation
state (X, Figure 3e). The values of X in the surface waters
in the Mertz Polynya region are generally low, ranging
from values of <1.3 to values of roughly 1.8 (Figure 3e).
Inorganic carbon utilization by phytoplankton during sea-
sonal production enhances the carbonate saturation state,
and pH, though pH is much more sensitive to changes in

temperature than the saturation state, making the biologi-
cal signal less pronounced (Figures 3 e and 3f). The mini-
mum pH (and X) are associated with the maximum DIC
(and salinity). However, the maximum pH and X, colo-
cated with areas of strongest biological carbon draw-
down, are not necessarily found in the same locations as
the minimum DIC due to the effect of dilution in decreas-
ing surface DIC.

[15] The distribution of DIC with depth was similar
across all stations with surface values ranging from roughly
214022200 mmol kg21 at the surface, converging to values
of 221022240 mmol kg21 (mean DIC of 2225 mmol kg21

and standard deviation of 15 mmol kg21) at a depth of
approximately 125 m, and remaining relatively constant
below this level (Figure 4). There is a seasonal freshening
of the surface waters with the upper 60 m ranging from
approximately 33.75 to 34.4. The salinity below 60 m was

Figure 3. Surface distribution of (a) salinity, (b) temperature, (c) TA, (d) DIC, (e) aragonite saturation
state (X), and (f) pH. The (pre-calving) position of the Mertz Glacier tongue and other small icebergs are
indicated in each panel in blue.

SHADWICK ET AL.: CARBONATE CHEMISTRY IN THE MERTZ POLYNYA

5



near constant at 34.5 6 0.03, and still fresher than the win-
ter values of roughly 34.6. Profiles of salinity- normalized
DIC (nDIC, not shown) indicate surface values ranging
from roughly 2210 mmol kg21 to roughly 2245 mmol kg21,
with a mean surface value of 2230 mmol kg21. At a depth
of approximately 125 m, nDIC was between 2260 and 2270
mmol kg21, and relatively constant below 100 m. Net com-
munity production was computed on the basis of the differ-
ence between summer nDIC and a ‘‘winter’’ concentration
estimated from nDIC at a depth of 150 m (2265 mmol
kg21, see section 3) and ranged from 0.9 to 1.2 mol C m22

yr21. The NO3 deficits ranged from 0.17 to 0.26 mol m22

yr21, yielding a nitrate-based estimate of NCP ranging
from 1.1 to 1.7 mol C m22 yr21, consistent with the nDIC-
based estimate. These estimates of NCP are also similar to
those reported by Sambrotto et al. [2003] for the region in
2001, based on observed NO3 deficits. At the time of obser-
vation, the surface waters in the region were undersaturated
with respect to atmospheric pCO2, with values of DpCO2

ranging from 15 to 40 matm. We estimate that the (air-to-
sea) fluxes in the Mertz Polynya region in January 2008
were roughly 15 mmol C m22 d21.
4.1.2. Winter and Spring

[16] The available winter DIC observations indicate
upper ocean concentrations of roughly 2215 mmol kg21 in
late August 1996 (Figure 4 and Table 3). We derived a rela-
tionship between salinity and total alkalinity for waters
over the shelf based on the 2007/2008 observations pre-
sented here and described in the previous section
(TA 5 58S 1 344, n 5 615, r2 5 0.96). Using the observed
1996 winter salinity of 34.48, we obtain an estimated win-
ter TA concentration of 2333 mmol kg21. If we assume that
this (derived) TA can be applied to the 1996 data, the sur-
face pCO2 is estimated at � 360 matm (see Table 2). The
atmospheric pCO2 over East Antarctica in 1996 was
roughly 350 matm (http://scrippsco2.ucsd.edu/ 13 data/
spo.html, [Gibson and Trull, 1999]), suggesting that the
waters of the Mertz Polynya were slightly supersaturated in
the winter season in 1996.

[17] Additional surface pCO2 observations (values on the
order of 396 matm) were made in July 1999. The surface
temperature and salinity were SST 5 21.8�C and
S 5 34.35, respectively. Applying the TA vs S relationship
described above, we obtain a surface TA of 2336 mmol
kg21; these values correspond to a DIC on the order of 2331
mmol kg21, which is roughly 15 mmol kg21 higher than the
measured values from August 1996. Thus, limited winter
observations from both 1996 and 1999 indicate surface
pCO2 supersaturation, relative to the atmosphere, and give
some indication of the magnitude of the interannual variabil-
ity in this season, when biological productivity is at a
minimum.

[18] Our estimated winter DIC concentrations in 2007
(2225 mmol kg21 at a depth of 150 m) are 6 to 10 mmol
kg21 higher than the observed 1996 surface concentrations.
Assuming a winter TA of 2345 mmol kg21 (computed via
the equation given above) and a winter salinity of 34.5, as
observed below 150 m in the summer 2007/2008 data, the
winter 2007 pCO2 would be roughly 385 matm, indicating a
modest supersaturation of the surface waters. The change
in winter surface pCO2 from 360 matm in 1996 to 385 matm
in 2007 (assuming that our assumptions about winter TA are
valid), indicates an increase of roughly 25 matm over the 11
year period. The increase in atmospheric pCO2 is roughly
1.7 ppm yr21 [Takahashi et al., 2009], yielding an increase
of roughly 20 matm over the period from 1996 to 2007. Con-
sidering that the computation of winter pCO2 in 1996 used a
winter TA1996 5 2333 mmol kg21, roughly 12 mmol kg21

lower than the TA2007, and therefore, biasing the computed
pCO2 in 1996 toward higher values, it appears that the shelf
waters in the Mertz region are broadly tracking the atmos-
pheric increase in pCO2, despite the reduced time for atmos-
pheric equilibration due to seasonal ice cover.

[19] Profiles of DIC from late November 2001 give an
indication of the springtime conditions in the region (Fig-
ure 4). Surface DIC is depleted relative to winter values,
with a mean concentrations in the upper 50 m of 2190
mmol kg21. The springtime surface pCO2, computed from
mean DIC and TA of 2190 and 2315 mmol kg21, respec-
tively, is roughly 350 matm, indicating a modest undersatu-
ration of the surface waters with respect to atmospheric
CO2 of approximately 370 matm. The corresponding

Figure 4. Profiles of DIC (mmol kg21) on the Antarctic
shelf in summer 2007/2008 (blue, mean profile indicated
by the bold line), spring (pink), and winter (green).

Table 2. Characteristic Mean Neutral Density (c, kg m23), Poten-
tial Temperature (h, �C), Salinity (S), Dissolved Oxygen
(O2, mmol kg21), Nitrate (NO3

2, lmol kg21) Dissolved Inorganic
Carbon (DIC, mmol kg21), and Anthropogenic CO2 (Cant, mmol
kg21) of the Water Masses in the Mertz Polynya Region (See Sec-
tion 3 and Figure 2)a

AASW CDW mCDW AABW mSW LSSW DSW ISW

c 27.85 28.03 28.15 28.31 28.30 28.36 28.45 28.43
h 20.47 1.69 0.24 20.23 20.28 21.69 21.90 21.94
S 34.36 34.73 34.66 34.67 34.66 34.53 34.61 34.61
O2 291 199 231 238 242 314 319 318
NO3

2 29.95 31.29 31.70 32.07 31.82 30.93 31.37 32.16
DIC 2212 2250 2252 2257 2255 2234 2238 2239
Cant 13 16 15 19 41 44 42

aThe estimate of Cant for the AASW is not shown since the large sea-
sonal variability in the upper ocean makes the TrOCA method inappropri-
ate in these waters.
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depletion in DIC in the surface waters in spring suggests
biological production preceding the open water bloom (Fig-
ure 4 and Table 3). Estimates of primary production based
on remote sensing indicate that the productive season in the
Mertz Polynya may begin as early as September [Arrigo
and van Dijken, 2003], thus the seasonal production was
likely well underway before our sampling occurred in
November.

[20] Yager et al. [1995] proposed a model for the annual
cycle of biological and physical processes affecting the air-
sea exchange of CO2 in regions with seasonal ice cover,
and the conceptual framework of this model is broadly
applicable to the Mertz Polynya. The (one-dimensional)
model of Yager et al. [1995] was based on summertime
observations in the Northeast Water Polynya (northeast
coast of Greenland). The general hypothesis is described by
season. In winter, atmospheric exchange is assumed to be
inhibited by ice-cover. Respiration of organic matter in the
surface layer increases the pCO2 to supersaturation with
respect to the atmosphere but outgassing does not occur as
it is assumed prevented by the sea-ice. In spring carbon
drawdown by under-ice algae reduces pCO2 and there is a
modest undersaturation of the surface waters before the ice
melts. In summer the ice melts allowing atmospheric
exchange, and over the same period the open water phyto-
plankton bloom reduces surface water DIC and pCO2 and
the uptake of CO2 from the atmosphere occurs. Summer
surface warming enhances stratification and inhibits mix-
ing. In autumn, a modest undersaturation of the surface
waters is maintained despite ongoing atmospheric CO2

uptake and the mixing of carbon-rich subsurface water into
the mixed layer by continued biological production and
surface cooling. The onset of ice formation drives mixing
due to brine rejection in autumn, and surface waters may
become supersaturated due to mixing with DIC-rich sub-
surface water. However, it is assumed that the formation of
sea-ice over this period prevents outgassing and the region
acts as a sink for atmospheric CO2 over the annual cycle
[Yager et al., 1995].

[21] Based on summer and (limited) winter and spring-
time observations in the Mertz Polynya, it appears that
such a model could be used to describe the annual cycle of
CO2 uptake in this region. However, the construction of a
seasonal picture from observations made years apart, and
the absence of surface pCO2 data in the autumn-to-winter
transition, should be evaluated with caution. The significant
interannual variability in the CO2 system in coastal East

Antarctica has also recently been illustrated by Roden et al.
[2013] who showed that the magnitude of the increase in
DIC in Prydzy Bay between 1994 and 2010 is larger than
can be explained by the increase in atmospheric CO2 over
this period. Interannual variability in local biological pro-
duction was found to be larger than the decadal scale
anthropogenic trend [Roden et al., 2013], highlighting the
difficulty in understanding long-term changes in high lati-
tude coastal regions with sparse observational data.

4.2. Biogeochemical Properties of Dominant Water
Masses on the Shelf

[22] The characteristic DIC concentrations of the water
masses in the region were assigned following the neutral
density criteria of Kusahara et al. [2011b], and are listed in
Table 2 (please refer to the section 2 for definition of water
masses). On the shelf the water column is a mixture of
AASW, mCDW, mSW, LSSW, and DSW, with a very
small contribution from ISW near the Mertz Glacier
Tongue (see Figure 2). Sea-ice production decreases in
October, and ceases in December resulting in a strongly
stratified surface layer [Williams et al., 2011]. The surface
waters on the shelf are dominated by the relatively warm,
fresh AASW, with minimum DIC concentrations of 2220
mmol kg21 (oxygen �350 mmol kg21, see Figures 5 and 6)
resulting from a combination of dilution by ice melt, bio-
logical activity and gas exchange. At 143�E there is an
intrusion of mCDW across the shelf break, bringing
warmer and more DIC-rich waters onto the shelf in the sub-
surface (see Figures 5b and 6b at �500 m). Both the mSW
and the DSW on the shelf have DIC concentrations lower
than the offshore source of mCDW (Figure 2), reflecting
the impact of biological production on the shelf throughout
the summer season. This biological modification of the
shelf water properties will be discussed in more detail in
section 5.

[23] A comparison of the biogeochemical properties of
AASW and DSW indicates an accumulation of roughly 10
mmol kg21 of nDIC (assuming that mixing can be
accounted for by salinity normalization). This is roughly 2
mmol kg21 larger than the salinity- normalized nitrate-
based comparison (a change of 1.21 mmol kg21 in nitrate,
scaled by the CO2:NO3

2 5 106:16 ratio, see Table 2), indi-
cating a contribution from gas exchange that is much
smaller than the change due to remineralization (8 mmol
kg21) in the transition from AASW to DSW. There is an
accumulation of roughly 26 mmol kg21 in (salinity-normal-
ized) dissolved oxygen in DSW relative to AASW (Table
2). Applying the Redfield ratio of CO2:O2 5 106:138 for
organic matter remineralization, we would expect, from
an accumulation of 8 mmol kg21 of respiratory DIC, a
utilization of roughly 10.4 mmol kg21 of O2 (as opposed to
an accumulation of 28 mmol kg21). A cooling from
20.47 to 21.90�C in the transition from AASW to DSW
(see Figure 2) increases dissolved oxygen solubility and
accounts for roughly 13 mmol kg21 of this difference, leav-
ing an increase of �25 mmol kg21 in dissolved oxygen
(i.e., 28 - (210) - 13) which we attribute to gas exchange.
This value is roughly 10 times larger than the estimate of
DIC change due to gas exchange based on the difference
with the nitrate-based estimate (2 mmol kg21). In defining
AASW as all water with c< 28.00 kg m23 (see section 2),

Table 3. Mean Mixed-Layer Properties in the Mertz Polynya
Region for Stations With Repeated, Seasonal Samplinga

T S DIC TA pCO2

Winter 21.9 34.48 2215 (2333) 360
Spring 21.6 34.3 2190 2310 350
Summer 21.0 34.35 2170 2320 310

aTemperature (T) is in �C, salinity (S) in kg m23, DIC and TA in mmol
kg21, and pCO2 in matm. The winter data were collected in August 1996,
spring in November 2001, and summer in December 2007 and January
2008. The winter TA was computed from a relationship between TA and
S, as TA was not measured on the 1996 voyage (see section 3).
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the mean value of O2 for this water mass is much lower
than we would expect for waters at the surface and in con-
tact with the atmosphere (see Figure 5 and Table 2). Thus,

part of the large difference between the AASW and DSW,
with respect to oxygen concentration, appears due to the
inclusion of waters that are isolated from the surface in the

Figure 5. Sections of: h (�C), c (kg m23), Oxygen (mmol kg21), along 146�E, 143�E, and 140�E (see
Figure 1 for section locations).
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definition of AASW. Additionally, the equilibration time
for O2 is significantly shorter than for CO2, which would
lead to larger contributions from gas exchange in changing

O2 in the transition from AASW to DSW. The AASW on
the shelf also mixes with mCDW, forming both mSW and
DSW.

Figure 6. Sections of: DIC (mmol kg21), CFC-11 (pmol kg21), and Cant (mmol kg21) along 146�E,
143�E, and 140�E.
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4.3. Offshore Properties

[24] The variability in properties of waters that supply
the shelf region, and the AABW downstream of the forma-
tion regions, were determined in summer 2007/2008 (see
Figure 1 for locations) by additional sampling along two
cross-slope transects and one off-shore transect roughly
parallel to the coast. The offshore distributions of tempera-
ture, dissolved oxygen and density are shown in Figure 5,
with distributions of DIC in Figure 6. The low-oxygen
mCDW can clearly been seen at mid depth offshore, partic-
ularly along the 140�E and 143�E transects, while the bio-
logically productive, and ventilated AASW have
concentrations of >350 mmol kg21, both on the shelf and
further offshore (Figures 5d–5f). In the subsurface over the
shelf, the oxygen concentrations are reduced compared to
AASW, due in part to the respiration of organic matter
occurring at depth, but these concentrations remain on the
order of 300 mmol kg21, roughly 100 mmol kg21 more O2-
rich than the mCDW inflows observed further offshore.
The O2 concentration associated with AABW is also much
lower than waters on the shelf, however, this deep, very
dense water has been more recently ventilated than the
mCDW, and thus has a somewhat higher O2 concentration
than the mCDW (see Table 2).

[25] The distribution of O2 described above is largely mir-
rored in the concentrations of DIC observed along the three
transects (Figures 6a–6c). The CDW, and mCDW (observed
in this region between roughly 300 and 1200 m depth) have
accumulated inorganic carbon (and nutrients) through the
remineralization of organic matter, and therefore, exhibit
significantly higher DIC concentrations, than the AASW
(Table 2). The minimum DIC concentrations associated with
the AASW are observed both over the shelf, resulting from a
combination of sea-ice melt and photosynthesis as discussed
in section 4.1.1, and further offshore (Figure 6). Unlike the
distribution of O2, the AABW has a higher DIC content than
the CDW and mCDW, likely resulting from the slower
exchange time of CO2 (relative to oxygen) such that the ven-
tilation of these waters increases the O2 by atmospheric
equilibration, but the remineralization of organic matter
increases DIC beyond that which can be offset by air-sea
exchange of CO2.

[26] Property plots of DIC, TA, salinity- normalized DIC
(nDIC), and potential alkalinity (pTA 5 35(TA1NO3)/S,
following the definition of Brewer and Goldman [1976]) are
given in Figure 7. The relationship between TA and salinity
is nearly conservative (as described in the previous section),
and indicates the mixing of fresh (near surface) shelf water,
influenced by seasonal sea-ice melt, with more saline (and
deeper) waters offshore (Figure 7a). The relationship
between DIC and salinity indicate a similar two-end member
mixing, though the influence of biological processes results
in greater departures of the DIC data from this conservative
relationship (Figure 7b). The concentration of DIC ranges
from roughly 2100 mmol kg21 (corresponding to a minimum
salinity of roughly 33.5, and a minimum TA of roughly
2250 mmol kg21), to roughly 2260 mmol kg21 (correspond-
ing to a maximum salinity of roughly 34.7, and maximum
TA between 2350 and 2370 mmol kg21).

[27] At the salinity maximum, corresponding to stations
along the offshore transects, there is an accumulation of

TA without a coincident accumulation of DIC (Figures 7a
and 7b). The highest values of pCO2 are observed at the
DIC (and salinity) maximum. The highest values of pTA
(Figure 7d) are associated with values of pCO2 on the order
of 450 matm, while the highest observed pCO2 (on the order
of 600 matm) are coincident with much lower values of TA
(on the order of 2320 mmol kg21). The relationship
between nDIC and pTA indicates the dominance of both
photosynthesis (and respiration) and the formation (and dis-
solution) of CaCO3 in driving changes in the carbonate sys-
tem. The dissolution of CaCO3 is associated with a
decrease in pCO2. The offshore stations in the Mertz Poly-
nya region are influenced by the upwelling of modified Cir-
cumpolar Deep Water (mCDW), and the distributions of
DIC and TA observed here are consistent with the enriched
Southern Ocean pTA (relative to the other ocean basins)
reflecting the upwelling of old water with has accumulated
TA due to carbonate dissolution [e.g., Key et al., 2004].

4.4. Anthropogenic CO2 Distribution

[28] The distributions anthropogenic carbon, Cant, esti-
mated using the TrOCA method and chlorofluorocarbon
(CFC-11) are shown along three offshore sections in Figure
6. None of the waters observed in the Mertz Polynya region
are sufficiently old that they are without a contribution
from anthropogenic carbon (see Table 2). Thus, these esti-
mates indicate that the formation of sea-ice and the associ-
ated brine rejection and intense winter convection in this
polynya system represents a pathway for anthropogenic
carbon from the atmosphere into the deep ocean. The maxi-
mum Cant concentrations were found directly below the
mixed layer, associated with water formed on the shelf,
namely LSSW (Cant 5 41 mmol kg21), ISW (Cant 5 42
mmol kg21) and DSW (Cant 5 44 mmol kg21). The maxi-
mum (subsurface) CFC-11 concentrations are also associ-
ated with these water masses, as are the highest
concentrations of dissolved oxygen (see Table 2), consist-
ent with the recent ventilation of these waters. The Cant

associated with the shelf water computed here are some-
what higher than those previously reported for the high-
salinity shelf waters in Cape Adare (� 25 mmol kg21)
[Chen, 1994], and the Ross Sea Shelf (�30 mmol kg21)
[Sandrini et al., 2007]. However, given the relatively high
Revelle factor for these waters (R >16) and the observed
pCO2 and DIC (�400 matm, and 2230 mmol kg21, respec-
tively), a change in DIC on the order of 40 mmol kg21

between preindustrial time and the time of sampling in
2008 is expected.

[29] The lowest values of Cant are associated with CDW
(Cant 5 13 mmol kg21), AABW (Cant 5 15 mmol kg21), and
mCDW(Cant 5 43 mmol kg21). The relatively smaller accu-
mulation of anthropogenic CO2 in the CDW and mCDW is
because the deep Pacific and Indian Ocean waters that mix
and upwell to form CDW have long been out of contact
with the atmosphere, and thus have low Cant. The distribu-
tion of Cant, in particular the minimum values associated
with the mCDW, and the maximum values associated with
the newly ventilated DSW, are broadly consistent with the
distribution of the biologically and chemically inert CFCs.
Furthermore, CFC-11 concentrations collected in 1996
were used to identify sources of AABW in the region [Wil-
liams et al., 2010]. The correlation between the Cant and
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CFC-11 is r2 5 0.80 (n 5 1200, p< 0.005), for values from
below 100 m. While CFC-11 has been used as an oceanic
tracer of anthropogenic uptake [Sabine et al., 2002; Tour-
atier et al., 2007], unlike anthropogenic CO2, atmospheric
concentrations of CFC-11 began to increase only in the
1930s. Additionally, both the source of emission and the
time for air-sea equilibration are different for CFC-11 and
for CO2. Nevertheless, the consistency between the distri-
butions of Cant and CFC-11 suggest that the TrOCA
method is applicable to this region.

[30] Our estimates of Cant for the CDW and AABW are
broadly consistent, but somewhat higher than previous esti-
mates in other regions; Sandrini et al. [2007] reported a
value of Cant 5 6 mmol kg21 for CDW in the Ross Sea
using the TrOCA method, while LoMonaco et al. [2005]
reported a value between 5 and 10 mmol kg21 for this water
mass in the Weddell Sea using both the TrOCA and the
DC� method. Sabine et al. [2002] found values of Cant �
10 mmol kg21 for the CDW in the Mertz region using a
method based on the DC� approach; given the uncertainty
of 7 mmol kg21 associated with the TrOCA method applied
here, these results are in good agreement with previous
estimates.

5. Discussion

5.1. Biological Modification of Dense Shelf Water
Properties

[31] Summertime biological production, and the associ-
ated drawdown of carbon, initialize the properties of sur-
face shelf waters available for DSW formation in the
following winter. Biological production in the Mertz Poly-
nya begins as early as September, or October, with peak
production in mid-summer (January) and a second bloom
occurring in early autumn, with elevated concentrations of
chlorophyll-a (inferred from the 5 year mean between 1997
and 2002 via remote sensing) and rates of primary produc-
tion on the order of 0.2 g C m22 d21 persisting until April
[Arrigo and van Dijken, 2003]. Sea-ice production begins
as early as March [Williams et al., 2008]. The upper ocean
layer is reconditioned through the summer-autumn transi-
tion by removal of heat contributed from the remnant
summer mixed layer, and intrusions of mCDW that initiate
the new winter mixed layer [Williams et al., 2011]. There-
after true DSW formation occurs between May and Sep-
tember, with the majority of the DSW export from the
region occurring between June and December [Williams
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Figure 7. Property plots of DIC, TA, and salinity for all samples collected in summer 2007/2008.
(a) TA versus salinity, (b) DIC versus salinity, (c) TA versus DIC, and (d) potential alkalinity
(pTA, accounting for changes in nitrate) versus salinity- normalized DIC (nDIC). In all figures the colors
correspond to pCO2. In Figure 7d, the effects of biological production and carbonate mineral processes
have been indicated schematically.
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et al., 2008]. The surface waters on the shelf at the begin-
ning of the sea-ice growth season have been modified by
the summer biological production, are thus depleted in
DIC, and likely enhanced in particulate organic matter.
This signal of biological modification is transferred into the
new winter mixed layer and can be seen in the lowered
concentration of DSW, relative to both mCDW and mSW.

[32] The DSW depletion in DIC, relative to mCDW and
mSW, is larger than can be accounted for by the difference
in salinity (Figure 2 and Table 2), and can therefore not be
the result of mixing alone. A loss of CO2 through out-
gassing to the atmosphere would decrease DIC, however,
surface undersaturation is observed in spring and summer.
Gas exchange is limited by ice cover in winter, when
waters are supersaturated, but biological activity acts on
shorter timescales than gas exchange. Furthermore, the sea-
sonal variability in the strength and influence of mCDW
intrusions is poorly understood. Wintertime observations
suggest most of the mCDW signal in the Mertz Polynya is
mixed away by the strong convection [Williams and Bind-
off, 2003]. The export of DSW from the shelf must be com-
pensated by the inflow of offshore waters and so there may
be an increase in the supply of carbon-rich mCDW through
the winter that increases DSW carbon. The relatively low
DIC in the DSW observed at depths well below the produc-
tive surface layer in mid-summer, several months after the
onset of biological production, may also indicate efficient
removal of organic material from shelf, either by grazing,
or by sinking and lateral export off the shelf, or a combina-
tion of these, since these relatively low DIC waters (com-
pared to inflowing mCDW, see Figure 2), show little
evidence of organic matter remineralization. This low DIC
may also result from the net burial of organic matter on the
shelf. Thus, the export of DSW from the shelf may repre-
sent a source of organic material to regions down stream.

5.2. DSW Export and Impact on Benthic Communities

[33] The slope region offshore from the Ad�elie Depres-
sion hosts a number of hydrocoral and demosponge com-
munities [Post et al., 2010, 2012]. It has been suggested
that the distribution of these communities is associated
with the outflows of DSW from the Mertz Polynya region,
which would act as a supply of organic material. However,
previous investigations have focused on the presence of
DSW at locations where benthic communities have been
observed, and not on the properties of the DSW that might
indicate that these outflows are organic-rich [Post et al.,
2010, 2012]. Our analysis indicates that the DSW outflows
are DIC (and inorganic nutrient) poor with respect to the
inflowing mCDW. Thus, the DSW is potentially rich in
particulate organic matter. However, the outflow of DSW
from the region occurs through winter and spring, indicat-
ing a lag between primary production at the surface on the
shelf and the delivery of organic material, which we
assume is via particulate export within the DSW outflows,
to benthic communities on the slope. Between December
and March, coincident with the majority of surface primary
production on the shelf, the outflow of water across the
slope is a mixture of mCDW and mSW, which compared to
the biologically modified AASW on the shelf (Figure 2),
has relatively high concentrations of DIC, and likely rela-
tively low concentrations of organic material.

[34] As discussed above, there is a translation of summer
biological carbon uptake to the new wintertime DSW that
is subsequently exported at depth. This low-DIC water is
both a potential source of organic material to the benthic
communities, and a source of waters with enhanced carbon-
ate saturation state, relative to DIC-rich inflowing mCDW
that have suppressed saturation state as a result of organic
matter respiration. Profiles of aragonite saturation state (X)
in three locations on the continental shelf and slope are
shown in Figure 8. The locations coincide with regions
associated with dense and sparse hydrocoral community
presence, according to the analysis of Post et al. [2010]
based on underwater video and still photography on the
2007/2008 voyage (see also Figure 1). Profiles of X at loca-
tions where no hydrocorals were observed are also shown.
The depth of occurrence on the continental slope ranged
from roughly 600 to 900 m [Post et al., 2010, 2012]. The
locations of dense, and to a lesser degree sparse, hydrocoral
occurrence are associated with saturation states that are
enhanced relative to the locations where no hydrocoral
were observed in this depth range (see Figure 8, shaded
region). Above a depth of 1000 m, the saturation state is
above 1.0 in regions of dense hydrocoral occurrence, while
from roughly 700 m (and deeper) regions where no corals
were observed indicated saturation states of X< 1.0,
reflecting a greater influence of carbon-rich (and low-X)
waters.

5.3. Carbon Exported Via Dense Shelf Water

[35] We compute the amount of inorganic carbon trans-
ported from the Mertz Polynya region via the outflow of
mSW, applying the (model-derived) transport estimates of
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Figure 8. Profiles of aragonite saturation state (X) in sev-
eral stations in the Mertz Polynya region that are collocated
with regions associated with dense (red), sparse (black), or
no (green) hydrocoral occurrence (see Figure 1), as defined
by Post et al. [2010, 2012]. The gray shaded area indicates
the depth range (5902900 m) on the continental slope that
has been designated a Vulnerable Marine Ecosystem due to
the presence of rich benthic communities. In areas where
dense hydrocoral occurrence is observed, X is enhanced at
the surface and at depth relative to locations where sparse
or no hydrocoral communities were seen.
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Kusahara et al. [2011b], which range from 0.21 and 0.37
Sv depending on the choice of ‘‘critical density’’ for the
outflowing DSW [Kusahara et al., 2011b]. These volume
transports are then multiplied by the observed concentra-
tions of DIC associated with the outflowing water mass,
which is assumed to be equivalent to a mixture of DSW
and mCDW in a ratio of 1:3 [Marsland et al., 2004] (yield-
ing a concentration of 2247 mmol kg21 see Table 2); the
annual outflow of inorganic carbon from the Mertz Polynya
(via mSW) is between 320 and 560 Tg C yr21. We apply
the same transport estimates to compute the outflow of
anthropogenic carbon (with concentration of 23 mmol kg21

based on the 1:3 5 DSW:mCDW ratio, see Table 2), which
ranges from 3 to 6 Tg Cant yr21.

[36] The residence time of AABW is on the order of
1000 years [England, 1995], much longer than that of
CDW, and up to twice as long as the residence time of
North Atlantic Deep Water [England, 1995]. While the
AABW sink for anthropogenic carbon is small, it may
make a substantial contribution to CO2 sequestration given
its long residence time. Recent research indicates that
anthropogenic CO2 enters the intermediate waters of the
Southern Ocean (between 40�S and the marginal ice zone)
by localized subduction across the base of the mixed layer
[Sall�ee et al., 2012]. Our observations in the Mertz Polynya
indicate that dense water formation, associated with the
polynya is an effective mechanism for the transfer of
anthropogenic CO2 off the shelf and into the ocean interior.

[37] Prior to the calving of the Mertz Glacier Tongue in
February 2010, the Mertz Polynya was the third largest
Antarctic Polynya with respect to sea-ice formation
[Tamura et al., 2008; Shadwick et al., 2013] making a con-
siderable contribution in the supply of DSW to AABW.
Observations in the summers following the calving of the
Mertz Glacier Tongue, indicate that the dense shelf waters
are much fresher and lighter, approaching the minimum
(observed) density of DSW required for export from the
shelf [Shadwick et al., 2013]. This freshening has been
attributed to a combination of melt-water input and a reduc-
tion in the activity of the polynya, i.e., a reduction in the
amount of sea-ice formation and brine release, leading to
fresher and lighter dense shelf water. A reduction in the
supply of DSW from the shelf to the deep ocean, associated
with changes to the size and strength of the Mertz Polynya,
will result in a weakening of the sink for anthropogenic
CO2 that we have observed in this region.

6. Conclusion

[38] This paper presents observations of the physical and
biogeochemical properties of the Mertz Polynya region,
based on ship-board sampling, primarily in summer, with
additional, more limited, sampling in spring and autumn.
Biological preconditioning of the dense shelf water (DSW)
in the spring and summer results in outflows that are inor-
ganic carbon poor, and likely organic carbon-rich, relative
to the inflowing modified circumpolar deep water
(mCDW). The approximate locations of the DSW outflows
are broadly consistent with the locations of dense (arago-
nitic) coral and sponge communities, confirming previous
suggestions that the DSW outflows provide a source of
food to these benthic organisms. Volume transport esti-

mates for the DSW were used to estimate the export of nat-
ural and anthropogenic CO2 from the region via the
downslope mixing of DSW. The anthropogenic CO2 con-
tent of the DSW represents an upper limit of previous esti-
mates associated with high-salinity shelf water in the Ross
Sea and Cape Adare. Our observations suggest that the for-
mation and export of DSW via the sea-ice factory main-
tained by the polynya is an effective mechanism for the
transfer of anthropogenic CO2 from the atmosphere to the
deep ocean, where it may be sequestered from atmospheric
exchange for thousands of years. Recent changes to the ice-
scape in the Mertz Region have dramatically reduced the
size and activity of the polynya, and consequently, the pro-
duction of DSW, potentially weakening the Mertz Polynya
sink for anthropogenic CO2.
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