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~50% of  net melting from 10 small warm-

cavity ice shelves in the SE Pacific that 

account for 8% of  the ice shelf  area

Amundsen Sea polynya has highest net 

primary production per unit area on the 

Antarctic continental margin



Rationale for GEOTRACES GP 17 Amundsen Sea Transect

DynaLiFe (left) and ASPIRE programs (right) documented elevated dissolved Fe adjacent 

to ice shelves and seafloor in Pine Island and Amundsen Sea polynyas, inferred to fuel 

the intense phytoplankton blooms in these locations
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automated Flow Injection Analysis (FIA) using the modified method of
De Jong et al. (1998) as described in De Baar et al. (2008a).

Samples were analyzed in duplicate sample bottles, each of
which was measured in triplicate (for a total of six analyses per
sample). Mean DFe concentrations and standard deviations are
given. Concentrations of measured DFe ranged from 0.03–1.31 nM.
The blank was measured daily during the entire cruise and had a
mean value of 0.02370.010 nM (n¼39), defined as a sample
loaded for 10 s. The Fe added by the Seastar acid (at maximum
"0.4 pM) was neglected. The average limit of detection (0.0097
0.008 nM) was defined as being three times the standard deviation
of the daily mean blank (n¼3).

The consistency of the FIA system over the course of the day
was verified using a drift standard (same sample measured three
or four times throughout the day). The drift was observed to be
less than 7% and no corrections have been made for this drift.
Accuracy and reproducibility were checked by regularly measur-
ing two SAFe reference standard samples. The results (S1:
0.07870.012 nM DFe, n¼10 and D2: 0.94270.043 nM, n¼13)
were well within the community consensus values (S1:
0.09770.043 nM DFe, n¼140 and D2: 0.9170.17 nM, n¼168,
Johnson et al., 2007).

In addition, unfiltered samples (19 profiles and 8 surface
stations) were acidified to pH¼1.8 and stored. The TDFe concen-
tration of each sample was measured (as described above for DFe)
at the NIOZ home laboratory after at least six months.

The Fe data can be found on the GEOTRACES website: http://
www.bodc.ac.uk/geotraces/. At the time of publication of this
paper, the website did not yet contain the data, therefore, the
following website was constructed to make the data available:
http://www.nioz.nl/public/ipy/polardata.php?crsid=181.

2.3. Chlorophyll a analysis

Chlorophyll a (Chl a) concentrations were measured using
standard JGOFS procedures (JGOFS, 1996). Chl a samples (0.05–1 L)
were filtered onto 25 mm GF/F filters (Whatman, nominal pore size
0.8 mm) at ambient seawater temperature under low vacuum
pressure. Filters were extracted in 5 ml of 90% acetone in the
dark at 4 1C for 20 h. The extracted fluorescence was determined
before and after acidification using a Turner Designs Model 10-AU
fluorometer.

2.4. Vertical eddy diffusivity estimates using CTD-data

Vertical turbulent eddy diffusivity (Kz) was estimated by calcu-
lating the Thorpe scale using 1-m binned CTD data. The Thorpe scale
is a vertical length scale of turbulent mixing in a stratified flow
(Thorpe, 1977). It is obtained after rearranging an observed potential
density profile, which may contain inversions associated with
turbulent overturns, into a stable profile without inversions. The
method of overturn displacements provides a reasonably adequate
estimate of vertical turbulent eddy diffusivity and dissipation rate to
within a factor of two, as has been established after comparison
with free-falling microstructure data (e.g., Hosegood et al., 2005).

The vertical displacement necessary for generating the stable
profile is the Thorpe displacement. Then, defining dT as the root
mean square of the Thorpe displacements within each overturn,
the eddy diffusivity (m2 s#1) is defined as,

Kz ¼ 0:128d2
T N ð1Þ

where N denotes the buoyancy frequency and the constant 0.128
was derived from an empirical relation with the Ozmidov scale
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Fig. 1. Map of the research area where the top 300 m of the water column of 41 stations were sampled for Fe analyses. The different colors of the station numbers
correspond to the different hydrographic environments. The rectangular section indicates the position of the section plots (Figs. 4 and 6). Black¼open ocean station
160 (outside the map at 1281W and 1671S), blue¼ ice covered stations, green¼polynyas—Pine Island Polynya (PIP) and Amundsen Polynya (AP), yellow¼Pine Island Bay
(PIB), red¼adjacent to Pine Island Glacier (PIG), orange¼adjacent to other glaciers (Dotson, Crosson and Getz ice shelf). Dots without station numbers represent stations
where only surface waters were sampled (see Section 2).
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This station exhibited evidence of stratification (observed from
the Y–S plots), suggesting a reduction in the rate of upwelling
and mixing with meltwater that characterized the other glacier
stations (Fig. 3D), as described by Jacobs et al. (2011).

The TDFe concentrations of glacier stations exhibited consid-
erable spatial variation (Fig. 5), with st 16 on the southern end of
the PIG having an average concentration of 32.6 nM and st 55 on
the northern end of the PIG having an average concentration of
8.1 nM. Station 126, located close to the Crosson Ice Shelf, had a
subsurface maximum TDFe concentration of 43 nM at 100 m,
which declined to 31 nM near the surface and to 14 nM at 300 m.
TDFe concentrations at st 119, located near the Dotson Ice Shelf,
were approximately 25 nM near the surface but increased to
106 nM at 300 m, the highest concentration measured in this
study. In contrast, st 153 had the lowest TDFe concentrations of
all glacier sites, resembling those of the AP stations.

4. Discussion

4.1. Fe distributions

4.1.1. DFe
Low DFe concentrations, due to the lack of Fe sources, were

measured in the open ocean station, resembling those reported in
previous publications from the Southern Ocean (Measures and
Vink, 2001; De Baar and De Jong, 2001; Croot et al., 2004, Sedwick
et al., 2008; Klunder et al., 2011). DFe concentrations were low in
the subsurface (25–50 m depth) in almost all environments
except in the glacier stations (Figs. 5 and 6A). The lowest subsur-
face DFe concentrations (0.04–0.1 nM) were found in the PIP and
the AP associated with high phytoplankton biomass (up to 13.9
and 3–5 mg l!1 Chl a, respectively, Alderkamp et al., 2012),
suggesting that these low DFe concentrations were driven by
the uptake by phytoplankton (De Baar and De Jong, 2001;
Measures et al., 2008; Klunder et al., 2011). Higher surface

(10 m depth) DFe concentrations indicate input from melting
sea ice in the ice covered, polynya, and near glacier stations, as
has been seen in other Antarctic environments (Sedwick et al.,
2000; Measures and Vink, 2001; Lannuzel et al., 2008).

The increase in DFe between 100 and 300 m between the open
ocean and the glaciers coincides with the presence of MCDW.
Near the glaciers, DFe concentrations were relatively high and
spatially and temporally heterogeneous due to the different rates
of upwelling and subsequent mixing with the glacier melt water
(Jacobs et al., 2011; Fig. 5). At stations with a tight linear Y–S
relationship over the entire depth (suggesting vigorous vertical
mixing), the DFe concentrations were considerably higher (st 16
in front of the PIG see also Fig. 3D) than at stations with less
mixing (low DFe concentrations at st 153 in front of the Getz Ice
Shelf, Fig. 3D).

The concentrations of DFe in the glacier stations were gen-
erally in the range of 0.4–0.8 nM DFe, reaching 1.31 nM in the
surface layer at st 55. Thuróczy et al. (2012) found that dissolved
organic ligands were nearly saturated with Fe near
the PIG. Saturation of the ligands is an indication that the DFe
concentrations we observed were likely to be maximum values
beyond which DFe would precipitate.

4.1.2. TDFe
‘As shown for DFe, TDFe concentrations at 100–300 m increased

between the open ocean and the glaciers (Fig. 5). At this depth, TDFe
concentrations in the PIP were relatively high with a large standard
deviation (TDFe¼10.3710 nM, n¼16). Excluding the anomalously
high values at st 102 reduces the mean and standard deviation to
6.873 nM (n¼13),comparable to concentrations observed in the
Ross Sea (Sedwick et al., 2000). The concentrations near the glaciers
were extremely high, but also highly variable ([TDFe]¼20.37
13.1 nM, n¼12; [TDFe]¼28.3723.5 nM, n¼17, respectively). At
the surface, meltwater MDCW (meltwater-enriched MDCW) advects
northward in well-defined cores of outflow, separated by depth and
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Fig. 6. Vertical sections of dissolved Fe (DFe) (A) and total dissolvable Fe (TDFe) (B) along a transect northwestward from the PIG tongue, via Pine Island Bay into the Pine
Island Polynya (see Fig. 1 for the position of the section). The stations shown in (A) are similar to those shown in Fig. 4, in (B) also data from station 16 and 55 were used.
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from 5 day state estimates (Southern Ocean State Estimate, SOSE) [Mazloff et al., 2010] for the period 1 January
2008 to 31 December 2010.

Several improvements were made to the model since the study of St-Laurent et al. [2015]. The model
bathymetry and ice shelf draft were updated with the data sets of Millan et al. [2017] and Schaffer et al.
[2016]. The shape of the Thwaites Fast-ice Tongue (TFT, Figure 1) was revised to be closer to the configura-
tion visible in satellite images [Scambos et al., 2017] around December 2010 (i.e., the period of the ASPIRE
sampling). As in St-Laurent et al. [2015], the TFT is assumed static and has a fixed thickness (1 m) allowing
the ocean to circulate underneath it. The exceptionally large iceberg B-22, present in the Amundsen Sea
during the same period (Figure 1), was added as a static obstacle extending from the surface to the sea floor
(i.e., similar to an island). Finally, the effect of the numerous smaller icebergs grounded between Crosson
ice shelf and iceberg B-22 is acknowledged by simply prescribing static sea ice every other grid point along
a line between Bear Peninsula and the TFT (see Figure 1). This ‘‘permeable barrier’’ slows down the north-
ward flux of sea ice and produces sea ice distributions that are consistent with satellite images [Scambos
et al., 2017] without having to represent each small individual icebergs. As for the TFT, the barrier of static
sea ice has a fixed thickness (1 m) and the ocean is free to circulate underneath it.

The model biharmonic horizontal viscosity was replaced with a very low Laplacian viscosity (0.1 m2 s21). For
the tracers, the horizontal Laplacian diffusivity was decreased to 0.1 m2 s21. These viscosity/diffusivity coef-
ficients represent the lowest values that guarantee spatially smooth fields. The monthly surface air tempera-
ture from ERA-Interim [Dee et al., 2011] was replaced by monthly fields of higher spatial resolution from the
Antarctic Mesoscale Prediction System (AMPS) [Powers et al., 2012]. Finally, the sea ice concentration at the
model open boundaries is now from SSM/I [Comiso, 1999] and includes interannual variability for the entire
simulation period. As in St-Laurent et al. [2015], all model simulations cover the period 1 January 2006 to 31
December 2013.

2.2. Model-Data Comparisons
We present model-data comparisons for basal melt rates, salinity and temperature profiles, glacial meltwa-
ter, and sea ice concentration. The model generally reproduces the large differences in the basal melt rates
of the seven ice shelves in the Amundsen Sea (Figure 2). The model biases are lower than or comparable to
other models of this area [Jourdain et al., 2017, their Table B1]. The main discrepancy is a high bias for the

Figure 1. Model domain with the main ice shelves labeled. The model open boundaries correspond to the edges of the figure. Color shad-
ing represents isobaths every 75 m. DT is Dotson trough, CT is Central trough, ET is Eastern trough, BR is Bear Ridge, ASP is Amundsen Sea
Polynya (red contour line), GIS is Getz ice shelf, DIS is Dotson ice shelf, BP is Bear Peninsula, CIS is Crosson ice shelf, TGT is Thwaites Glacier
Tongue, TIS is Thwaites ice shelf, B22 is a large static iceberg, TFT is Thwaites Fast-ice Tongue, and PIG is Pine Island Glacier. The ASP repre-
sented is a climatological average for the month of January (years 2006–2011) [Cavalieri et al., 2014]. The green (yellow) line is the section
of Figure 9 (13).
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Bioactive trace metal dynamics in the Amundsen Sea Polynya, Antarctica
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Discussion
Trace metal sources to the ASP
Sources of dissolved iron to the Amundsen Sea Polynya
The high productivity of the Amundsen Sea relative to the open Southern Ocean (Arrigo et al., 2008; Yager 
et al., 2012) suggests that the polynya acts as a natural iron fertilization region (Blain et al., 2007), receiving 
Fe inputs that are not present in the open Southern Ocean. A qualitative assessment of potential inputs 
can be gleaned from dFe gradients along the Dotson Trough Section (T1; Figures 1 and 10) and from the 

Figure 10 
Vertical sections showing 2-D 
distributions of dissolved trace 
metals along Transect 1.
Color gradient shows 
concentrations (nmol kg−1) for 
(A) dFe, (B) dMn, (C) dZn, (D) 
dCu and (E) dNi along Transect 1 
(T1; Figure 1D). Station numbers 
shown on upper x-axes.
doi: 10.12952/journal.elementa.000071.f010

Sherrell et al., 2015
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Gerringa et al., 2012
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Subsequent modeling work by St. Laurent et al. (2017, 2019) has examined sources of  

dissolved Fe and impacts on surface waters in and around ASPIRE project domain

Model results suggest that glacial and benthic inputs dominate, and are facilitated by 

buoyancy- driven “meltwater pump” associated with melting ice shelves

Sherrell et al., 2015

St. Laurent et al. (2019)
Figures: Mike Dinniman
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Figure 3. Vertical distributions from the Dotson Ice Shelf to the shelf break (see Figure 1 for the location of the section,
green). (a) Dissolved iron (dFe), (b) biogenic particulate iron (bpFe), and (c) particulate organic nitrogen (PON).
Observations from Amundsen Sea Polynya International Research Expedition are represented by colored circles;
contoured values are modeled fields averaged between 15 December 2010 and 15 January 2011. Note the log scale in
(b) and (c).

effectively removes dFe down to 160 m. All three fields show high-frequency variations (timescales of a few
days) associated with mesoscale activity and wind events. The model biases include an underestimation of
the mixed layer depth (≥20 m in the data) and an overestimation of dFe in the upper 20 m (0.15–0.3 nM in
the data, 0.35 nM in the model).

The seasonal evolution of the simulated bloom is qualitatively similar at the other stations (see supporting
information) with the southern stations being the most affected by the surface overestimation of dFe. For
example, Station 48 exhibits inputs of dFe in the upper 60 m in August–November (Figures 4d–4f), which are
associated with the buoyant outflow from the ice shelves. As mentioned in St-Laurent et al. (2017), the model
most likely overestimates the buoyancy of this outflow because of the lack of tidal mixing within the cavities
(e.g., Jourdain et al., 2019), which would contribute to the surface overestimation of dFe. Additional iron
data covering multiple seasons would be necessary to test hypothetical mechanisms for these model-data
discrepancies.

The simulated vertical carbon flux is compared against observations (described in section 2.5) in Figure 5.
The simulated vertical flux increases rapidly in early December and decreases gradually over the following
months. The maximum flux is concentrated between mid-December and late January at a depth of 60 m and
tends to occur later with increasing depth. Between April and September the simulated fluxes are compara-
ble in magnitude throughout the upper 300 m as wintertime mixing homogeneizes PON concentrations over
this depth interval. The model generally reproduces the order of magnitude of the flux at the depths sam-
pled. However, the flux at 300 and 350 m appears delayed compared to the trap data. The 350-m trap shows
values ∼1 mmol C·m−2·day−1 in late December, while the modeled flux at the same depth reaches compara-

ST-LAURENT ET AL. 1551
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Important implications of  modeling work by St. Laurent et al. (2019):

• westward transport of  dissolved Fe from ‘upstream’ (PIP) contributes to ASP bloom

• dissolved Fe and biogenic carbon flux are elevated over shelf  ‘downstream’ of  ASP
Journal of Geophysical Research: Oceans 10.1029/2018JC014773

Figure 2. Horizontal distribution of dissolved iron (dFe). Observations from Amundsen Sea Polynya International
Research Expedition are represented by colored circles; contoured values are modeled fields (averaged between 15
December 2010 and 15 January 2011) at depths of (a) 0, (b) 150, (c) 300, and (d) 500 m. Black contour lines represent
the grounding line and the 500- and 1,000-m isobaths. The gray contour line is the climatological extent of the polynya
in January.

vations (section 2.6) from two short-term (2–3 days) drifting traps released during ASPIRE at depths of 60,
150, and 300 m (Yager et al., 2016) and from a long-term moored trap at 350 m at Station 57 (Ducklow et al.,
2015).

2.6. Evaluation of the Model Results Against Observations
The simulated dFe inventory is compared to the ASPIRE data set in Figure 2. The figure represents an aver-
age of model output over the cruise period and shows all the data collected for each depth horizon. The
model captures the top-to-bottom variations as well as the enhanced concentrations at the ice shelf front
(150- and 300-m depths). Notable biases include an underestimation near the Getz Ice Shelf at 150-m depth
(Station 5; see Figure 1b for the location of the stations). The modeled distribution is also smoother than
observations at 500 m (a consequence of the simple parameterization of sediment sources; see St-Laurent
et al., 2017).

The dFe, bpFe, and PON concentrations are compared to the ASPIRE data set along a vertical section from
the Dotson ice shelf front to the shelf break, following the Dotson Trough (Figure 3; see Figure 1 for the
position of the transect). Again, the model captures the top-to-bottom variations of dFe as well as the higher
concentrations at the ice shelf front. Biogenic pFe shows highest concentrations in the surface layers and a
broader and weaker secondary maximum around 500 m (these vertical variations will be examined in more
detail in the next section). Finally, modeled PON exhibits highest concentrations in the surface layers and
a rapid decrease with depth. These variations are generally consistent with the data although the modeled
fields are smoother than the observations.

The seasonal evolution of the bloom is compared to the ASPIRE data in Figures 4a–4c for a station repre-
sentative of the center of the polynya (Station 29; see Figure 1b for the location of stations). The figure is
limited to the upper 160 m to highlight the biological activity which appears to be captured reasonably well
by the model. Accumulation of PON and nutrient drawdown begin shortly after the opening of the polynya
(December) and continue until February/March. The DIN drawdown and PON are mainly concentrated in
a shallow mixed layer (∼15 m). Scavenging, driven by the production of biogenic particles (equation (2)),

ST-LAURENT ET AL. 1550
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Figure 12. Average vertical carbon flux at four depth horizons (100m, 300m, 500m and 700m; (a)-(d)). The fluxes are
are annually averaged over 2006–2013. Black contour lines represent the grounding line, ice shelf front, and 500- and
1,000-m isobaths. The gray contour line is the climatological extent of the polynya in January. Note the log scale used in
the figure.

vertically integrated to produce monthly horizontal distributions (Figure 11). The POC concentrations
increase rapidly in December with a horizontal distribution that reflects initially the surface biomass and
the sea ice concentration (cf. Figure 11c with Figure 6). However, over the following months the biomass
distribution becomes concentrated along the southern coast and extends itself westward beyond the area
of open sea ice (Figure 11). This westward progression of the biomass reflects the westward coastal current
that effectively “drains” the ASP (Figure 10b; Figure 8 of St-Laurent et al., 2017) by transporting surface and
subsurface POC away from the polynya.

The vertically integrated POC concentrations outside of the coastal current are considerably more diffuse
and decrease slowly after the summer bloom. This decrease occurs through remineralization (timescale of
3.3 months; see section 2) and also through sinking loss to the sediments. The latter process is examined
for four depth horizons in Figure 12. The distributions of vertical flux are generally biased toward the west
irrespective of the depth. This again reflects the westward coastal current and the westward expansion of
the polynya during summer (e.g., Figure 5 of St-Laurent et al., 2017). Overall, the simulated vertical flux is
maximum along the southern coast and west of the polynya. The flux decreases rapidly in magnitude with
depth (because of remineralization) but remains substantial (∼ 0.3 mmol C·m−2·day−1) down to 700 m in the
glacial troughs of the continental shelf (Figure 12d). As discussed in section 2.6, the bulk of the simulated
vertical flux occurs in February–June and is dominated by the large size fraction of detritus and its higher
sinking velocity.

The vertical flux of POC represents a small but nonnegligible fraction of the POC budget on the continental
shelf (Figure 13). POC exhibits a strong seasonality with a rapid increase between November and January
(due to biological production), a peak inventory in February, and a gradual decrease over the subsequent
months. The primary cause of this decrease is remineralization within the water column, which accounts
for the bulk of the changes in POC between March and October (Figure 13b). On an annual average, the
ratio between the losses due to vertical flux at the water-sediment interface (“sedimentation”) and reminer-
alization within the water column is ∼0.17. The residual of the budget shows an additional loss between
April and May (Figure 13b) that is unaccounted by remineralization or sedimentation. This additional loss

ST-LAURENT ET AL. 1560
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dissolved Fe carbon flux 
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Figure 2. Horizontal distribution of dissolved iron (dFe). Observations from Amundsen Sea Polynya International
Research Expedition are represented by colored circles; contoured values are modeled fields (averaged between 15
December 2010 and 15 January 2011) at depths of (a) 0, (b) 150, (c) 300, and (d) 500 m. Black contour lines represent
the grounding line and the 500- and 1,000-m isobaths. The gray contour line is the climatological extent of the polynya
in January.

vations (section 2.6) from two short-term (2–3 days) drifting traps released during ASPIRE at depths of 60,
150, and 300 m (Yager et al., 2016) and from a long-term moored trap at 350 m at Station 57 (Ducklow et al.,
2015).

2.6. Evaluation of the Model Results Against Observations
The simulated dFe inventory is compared to the ASPIRE data set in Figure 2. The figure represents an aver-
age of model output over the cruise period and shows all the data collected for each depth horizon. The
model captures the top-to-bottom variations as well as the enhanced concentrations at the ice shelf front
(150- and 300-m depths). Notable biases include an underestimation near the Getz Ice Shelf at 150-m depth
(Station 5; see Figure 1b for the location of the stations). The modeled distribution is also smoother than
observations at 500 m (a consequence of the simple parameterization of sediment sources; see St-Laurent
et al., 2017).

The dFe, bpFe, and PON concentrations are compared to the ASPIRE data set along a vertical section from
the Dotson ice shelf front to the shelf break, following the Dotson Trough (Figure 3; see Figure 1 for the
position of the transect). Again, the model captures the top-to-bottom variations of dFe as well as the higher
concentrations at the ice shelf front. Biogenic pFe shows highest concentrations in the surface layers and a
broader and weaker secondary maximum around 500 m (these vertical variations will be examined in more
detail in the next section). Finally, modeled PON exhibits highest concentrations in the surface layers and
a rapid decrease with depth. These variations are generally consistent with the data although the modeled
fields are smoother than the observations.

The seasonal evolution of the bloom is compared to the ASPIRE data in Figures 4a–4c for a station repre-
sentative of the center of the polynya (Station 29; see Figure 1b for the location of stations). The figure is
limited to the upper 160 m to highlight the biological activity which appears to be captured reasonably well
by the model. Accumulation of PON and nutrient drawdown begin shortly after the opening of the polynya
(December) and continue until February/March. The DIN drawdown and PON are mainly concentrated in
a shallow mixed layer (∼15 m). Scavenging, driven by the production of biogenic particles (equation (2)),
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St. Laurent et al. (2019)

Limitations – No empirical constraints on: 

1) Fe supply (processes or rates) 

2) Fe loss (biological uptake, scavenging) 

3) Regeneration 

4) Cell stoichiometry 

5) Fe stress

6) Upstream boundary conditions 

Important implications of  modeling work by St. Laurent et al. (2019):

• westward transport of  dissolved Fe from ‘upstream’ (PIP) contributes to ASP bloom

• dissolved Fe and biogenic carbon flux are elevated over shelf  ‘downstream’ of  ASP
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Also, observations provide evidence of  volcanic He-3 inputs in association with glacial 

meltwater near Pine Island ice shelf, raising possibility of  hydrothermal TEI inputs 

Loose et al. (2018)

water with the marine-terminating margin of the glacier, and that
volcanic heat may be contributing to subglacial melt beneath the
Pine Island Glacier. Radar data show that ice sheets heave under
tidal influence43, suggesting that water could be exchanged past
the ice shelf grounding line. Stable isotopes from sediments
beneath the Whillans Ice Stream also indicate a small percentage
of seawater intrusion44. Whereas these are apparently the first
geochemical measurements from the Amundsen Sea demon-
strating the transport of sub-basal meltwater to adjacent coastal
seas, this process is well-documented in subterranean ground-
water discharge45 and there is evidence of similar discharge
beneath the Ross Ice Shelf, although helium isotopes suggest that
at this location the subglacial water interacted mainly with con-
tinental crust, rather than volcanic rocks46.

Considering the abundance of volcano-like features along the
WARS9, ice sheet contact with a volcanic heat source is the
mostly likely source of excess 3He. Volcanism in the WARS was
most active around 30Ma before present47, but there is evidence
of more recent eruptions48. The adjacent Thwaites glacier, which
drains to the Amundsen Sea, shows strong radar returns that
indicate subglacial meltwater, suggesting volcanism and high
localized heat flux8,15. However, the Thwaites drainage is isolated
from the Pine Island drainage, so meltwater from the Thwaites is
not a likely source for the mantle helium we observed. Instead,
the Pine Island ice stream funnels through a deeply scoured
subglacial trough49 that receives ice from tributaries to the east in
the Hudson Mountain range. Rocks from the exposed portion of
the Hudson Mountains, including Mt. Manthe date between 4.6
and 5.0 Ma before present, with some observations of presently
active fumaroles48. Within the Hudson Mountains, this network
of between 310 and 119 volcanic landforms lie upstream of glacial
Tributary 6 and of PIB. Evidence of subglacial volcanism is
present in the form of an ash deposit covering some 23,000 km2

near 500 m depth in the ice sheet48. This ash layer reveals an
eruption that dates to approximately 2.22 ± 0.240 ka before
present48. These subglacial volcanoes in the Hudson Mountain
range (Fig. 1) are the most plausible source of mantle helium to
the Pine Island subglacial drainage network.

Calculation of volcanic heat flux. The excess neon found in
samples with excess 3He reveals a connection between mantle
helium and glacial meltwater production, which is consistent

with the production of subglacial melt by volcanic heat beneath
the grounded Pine Island Glacier. We have estimated this vol-
canic heat content using the average of 17 reported estimates of
3He/heat ratio (HR) from subsea hydrothermal vents. Lupton
et al.50 provide a summary of the HR values, whereas Jenkins
et al.37 give a recent estimate for the Atlantic spreading center.
The mean and standard deviation of the literature values from
subsea floor vents yield a 3He/HR= 17 ± 6 × 1016 J per mol 3He
(Supplementary Table 2). We computed the 3He excess (3Heexc)
as the difference between the measured 3He and the 3He pre-
dicted by the linear mixing model (3HeOMP, see Methods). The
3Heexc, expressed in mol kg−1 of seawater divided by HR provides
an estimate of volcanic heat content in Joules per kilogram of
seawater (J kg−1).

Based on the observed 3He excesses, the mantle-derived heat at
the front of the ice shelf cavity is 32 ± 12 J kg−1 of seawater. This
excess heat is small compared to the heat content of CDW20 (ca.
12 kJ kg−1), demonstrating that volcanic heat does not contribute
significantly to the glacial melt observed in the ocean at the front
of the ice shelf. This interpreation is consistent with our
understanding of melt dynamics beneath the Pine Island Ice
Shelf - that most of the basal melt occurs within the cavity, as a
result of ocean heat supply20. Yet, the relatively dilute volcanic
heat source may be much more concentrated at the time of
contact with the ice sheet, and the magnitude more significant
when compared to the background geothermal heat supply to the
grounded glacier. We infer the heat flux to the ice sheet using
observations of the cavity circulation at the ice shelf front (Eq. 3).

After accounting for uncertainty in the gridded interpolation of
3He data, temporal variability in strength of perpendicular
velocity, and uncertainty in the estimate of HR (see Methods),
the volcanic heat flux exiting the cavity beneath the Pine Island
Ice Shelf was Q= 2500 ± 1700MW in 2014, with peak flux
occurring between 50 and 250 m below the ocean surface (Fig. 4).
How does this heat source compare with present day active
volcanoes, hotspots or hydrothermal vents? Heat energy released
by volcanoes and hydrothermal vents suggests that the heat
source beneath the Pine Island Glacier is roughly 25 times greater
than the bulk heat flux from an individual dormant volcano. A
survey of 51 dormant or quiescent volcanoes indicates that they
release less than 500MW of heat energy, with an average of 97
MW51,52. These dormant volcanoes release the majority of their
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Rationale for GEOTRACES GP 17 Amundsen Sea Transect

Pan-Antarctic ROMS modeling indicates potential influence of ice shelf melt water 

(fresh water, Fe, other TEI’s): figures show conservative melt water tracer derived 

from Amundsen Sea sector in surface and bottom model layers after 7 years

Figures courtesy of Mike Dinniman (unpublished results)

surface bottom 



Rationale for GEOTRACES GP 17 Amundsen Sea Transect

To robustly address these questions, GEOTRACES would bring measurements of: 

1) noble gases (glacial ice melt sources) 

2)   multi tracers (sea ice melt sources) 

3)   d3He (hydrothermal sources) 

4)   Ra (sediment sources) 

5)   d56Fe (sediment source processes) 

6)   eNd (sediment source provenance) 

7)   Th (scavenging and export) 

8)   pFe + cell quotas (uptake, regeneration & scavenging) 

9)   dissolved Cd & Zn, AOU (regeneration) 

10) Fe speciation (bioavailability and scavenging behavior)

11) BioGEOTRACES (e.g., physiological status)



Additional information to be gained by combining results from Antarctic shelf  and 

offshore Southern Ocean waters: 

(1). Water mass end-member TEI composition:

• Essential boundary conditions for coastal models

• Use in optimum multiparameter water mass analysis (OMPA) of  sources and sinks

(2). Large-scale lateral concentration gradients:

• Needed to characterize continent as net source or sink of  TEIs for open-ocean

(3). Multi-tracer distributions (e.g., Ra isotopes, eNd, REE patterns, d3He, stable metal isotopes) 

• Needed to constrain sources and identify processes for those TEIs for which the

Antarctic continent serves as a net source to the open ocean

Rationale for GEOTRACES GP 17 Amundsen Sea Transect
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Captions for Presentation on Proposed Amundsen Sea GEOTRACES Cruise 
 
Slide 1.  With regard to the supply of trace elements to the ocean, the Amundsen Sea sector of 
Antarctica is of interest because it supplies ~50% of glacial meltwater to the Antarctic 
continental margin, sourced from 10 small, rapidly melting warm-cavity ice shelves (left).  This 
region is also among the most biologically productive areas in the Southern Ocean, with the 
Amundsen Sea polynya having the highest net primary production per unit area around the 
Antarctic continental shelf (right).  This may, in part, reflect supply of biologically available iron 
and other trace elements from (or associated with) the melting of glacial ice.  
 
Slide 2.  Elevated dissolved iron has been documented adjacent to glacial ice shelves by NSF-
funded programs DynaLiFe (Pine Island Glacier; Gerringa et al., 2012, left panels) and ASPIRE 
(Dotson Ice Shelf; Sherrell et al., 2015, right panels).  From these and associated biological 
observations, it has been inferred that these iron sources fuel intense summer phytoplankton 
blooms in the Pine Island and Amundsen Sea polynyas, respectively (compare with Ross Sea, 
where glacial iron inputs are low and primary production is seasonally limited by iron supply; 
e.g., see McGillicuddy et al., 2015). 
 
Slide 3.  As follow-up to the ASPIRE project, studies by St. Laurent et al. (2017, 2019) simulate 
sources, transport and biological impacts of dissolved iron in Amundsen Sea region.  These 
model results (left panels) suggest that glacial melt and benthic sources dominate dissolved 
iron supply to surface waters in the region, facilitated by buoyancy-driven “meltwater pump” 
(physical circulation feature, right panels) that is associated with these rapidly melting ice 
shelves. 
 
Slide 4.  Two important implications of this modeling work is that the westward transport of 
dissolved iron from ‘upstream’ on the shelf (e.g., Thwaites and Pine Island glaciers) are 
significant contributors to the iron that supports the Amundsen Sea polynya bloom, and that 
both dissolved iron (left panel) and biogenic carbon flux (right panel) are elevated over areas of 
the shelf located ‘downstream’ (to the west) of the Amundsen Sea polynya. 
 
Slide 5.  However, these model results, and their broader biological and biogeochemical 
implications, are limited by a lack of observations from this region, including measurements or 
empirical estimates of iron supply (processes and rates); iron loss via biological uptake and 
scavenging, dissolved iron regeneration, cellular elemental stoichiometry, degree and impacts 
of physiological iron/irradiance stress, and ‘upstream’ boundary conditions for the system.  
Measurements that are routinely made as part of GEOTRACES program cruises would provide 
such data (see slide 8).  
 
Slide 6.  In addition to glacial and benthic sources of iron and other trace elements, a recent 
study by Loose et al. (2018) reveals elevated helium-3 isotopic abundance in the upper ocean 
adjacent to the Pine Island Glacier, suggesting volcanic inputs in association with glacial 
meltwater.  This raises the possibility of trace element inputs in the region via submarine 
hydrothermal emissions and/or discharge of subglacial meltwater (as distinct from glacial melt).  
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The latter has yet to be directly sampled entering the ocean on the Antarctic margins.  The 
GEOTRACES program would provide geochemical measurements that can uniquely identify and 
discriminate between these processes, in addition to glacial melt, sea melt, and sedimentary 
inputs.   
 
Slide 7.  Beyond the Amundsen Sea sector, high-resolution pan-Antarctic circulation models (M. 
Dinniman et al., in preparation) suggest that ice shelf meltwater and associated physical 
circulation processes may transport substantial fresh water, trace elements such as iron, and 
other dissolved species as far as the Ross Sea in the west and the Bellingshausen Sea/West 
Antarctic Peninsula in the east, over a timescale of years.  Such transport has important 
biogeochemical and physical implications (e.g., ocean uptake of atmospheric carbon dioxide, 
formation of Antarctic Bottom Water). 
 
Slide 8.  Shown here are measurements that are routinely made as part of GEOTRACES program 
cruises that would allow us to robustly address questions concerning the sources, transport and 
biogeochemical impact of trace elements in and beyond the Amundsen Sea sector of the 
Antarctic continental margin. 
 
Slide 9.  In addition, results of the GEOTRACES program have demonstrated the 
disproportionate influence of marginal seas and ocean boundaries on the trace element 
composition of open-ocean waters, including the potential for trace elements and isotopes to 
provide tracers of water mass transport and ocean processes.  For the Southern Ocean and 
beyond, GEOTRACES measurements from the Amundsen Sea sector would provide information 
on (1) water mass end member composition and evolution, including associated input and 
removal processes, (2) large scale concentration gradients that are needed to establish the role 
played by the Antarctic continent in oceanic trace element budgets, and (3) the combined 
distributions of multiple geochemical tracers that are required to identify the sources and 
processes that supply trace elements to the ocean. 
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