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Abstract

Submarine groundwater discharge (SGD) measurements have been limited
along the Antarctic coast, although groundwater discharge is becoming recog-
nized as an important process in the Antarctic. Quantifying this meltwater path-
way is important for hydrologic budgets, ice mass balances and solute delivery
to the coastal ocean. Here, we estimate the combined discharge of subglacial and
submarine groundwater to the Antarctic coastal ocean. SGD, including subgla-
cial and submarine groundwater, is quantified along the WAP at the Marr Gla-
cier terminus using the activities of naturally occurring radium isotopes (**’Ra,
22Ra). Estimated SGD fluxes from a ***Ra mass balance ranged from (0.41 +
0.14)x10* and (8.2 + 2.3)x10*m’ d™'. Using a salinity mass balance, we estimate
SGD contributes up to 32% of the total freshwater to the coastal environment
near Palmer Station. This study suggests that a large portion of the melting glacier
may be infiltrating into the bedrock and being discharged to coastal waters along
the WAP. Meltwater infiltrating as groundwater at glacier termini is an import-
ant solute delivery mechanism to the nearshore environment that can influence
biological productivity. More importantly, quantifying this meltwater pathway
may be worthy of attention when predicting future impacts of climate change on
retreat of tidewater glaciers.
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Introduction

Groundwater discharge has been recognized as an import-
ant process at the land—sea interface worldwide (Burnett
et al. 2006; Moore 2010; and references therein). This
process in coastal environments has been defined as SGD
and includes all water, terrestrially derived freshwater
and recirculated seawater crossing the sediment-water
interface regardless of driving mechanism (Burnett et al.
2003; Michael et al. 2005; Taniguchi et al. 2006). Subma-
rine groundwater can transport chemical constituents from
land and seafloor sediments to coastal waters and there-
fore plays an important role in coastal geochemical budgets
and ecosystem dynamics (e.g., Corbett et al. 1999; Slomp
& Van Cappellen 2004; Paytan et al. 2006; de Sieyes et
al. 2008; Knee et al. 2010; Beusen et al. 2013). SGD and
the associated chemical flux are spatially and temporally

variable, and consequently the impacts of SGD on water
quality and ecology are site-specific (Taniguchi et al. 2002;
Moore 2010).Groundwater discharge measurements, espe-
cially discharge to the ocean, have been limited along the
Antarctic coast, although groundwater is becoming rec-
ognized as an important process in the Antarctic (Lyons
et al. 2005; Uemura et al. 2011; Christoffersen et al. 2014;
Bartholomaus et al. 2015). Uemura et al. (2011)measured
direct rates of SGD using automated seepage meters in
Liitzow-Holm Bay, East Antarctica, that were greater than
those found at similar depths (60-665 m) in more tem-
perate environments. Those direct measurements of SGD
along the Antarctic continental shelf highlight a previously
unidentified flow path of meltwater to coastal waters and
highlight the need for further investigations to quantify
flow and nutrient contributions. Quantifying this meltwa-
ter pathway is important for hydrologic budgets, ice mass
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balances and understanding the impact of climate change
on glacier retreat and hydrologic processes.

A vast majority of marine glaciers (e.g., tidewater and
ice shelf glaciers) along the Antarctic Peninsula have been
rapidly retreating since their earliest known positions in
about 1953 (Cook et al. 2005; Rignot et al. 2005; Cook
et al. 2016). Many details of these retreating glaciers
remain to be studied, such as the mode of freshwater
delivery and associated solute fluxes, as well as impacts on
geochemical budgets within coastal ecosystems. Freshwa-
ter delivery from glaciers and ice shelves along the WAP
is important because it plays a role in water column strat-
ification (Dierssen et al. 2002). Moreover, salinity and
phytoplankton biomass display an inverse relationship
along the WAP (Dierssen et al. 2002), demonstrating the
importance of freshwater inputs to phytoplankton succes-
sion (Garibotti et al. 2003). The volume of SGD to the
Antarctic nearshore ecosystem is possibly less than other
freshwater inputs, such as glacier calving, but quantify-
ing discharge occurring along glacier termini can provide
valuable insight about hydrologic processes involving
total meltwater volume, subsurface flow paths and gla-
cier dynamics.

We examine SGD along the WAP at the Marr Glacier
terminus using the activities of naturally occurring radium
isotopes (**’Ra, ***Ra). Radium isotopes are recognized as
valuable geochemical tracers of SGD in coastal environ-
ments because they are considerably elevated in brackish
to saline groundwater compared to surface water (e.g.,
Moore 1996, 2010; Charetteet al. 2001; Burnett & Dulaiova
2003). Here, the introduction of SGD in the Antarctic also
includes subglacial discharge occurring at a tidewater gla-
cier terminus. Subglacial meltwater between the glacier
and bedrock has been found to have significant water—
rock interaction and solute acquisition and therefore can
be similar to groundwater composition (Brown et al. 1996;
Hodgkins et al. 1997; Hodson et al. 2010). For this study,
we assume that SGD and subglacial discharge have similar
chemical composition at our study site and that SGD can-
not be discerned independently from subglacial discharge.
Therefore, SGD includes subglacial discharge occurring at
the base of the glacier, diffuse surface runoff in contact
with rock, fresh groundwater and recirculated seawater.
We further calculate the recirculated seawater portion of
SGD to account for only freshwater SGD.

Methods

Study site and sampling

Field studies during the 2012/13 and 2013/14 austral sum-
mers were conducted at the terminus of the Marr Glacier
at two different locations near Palmer Station, AH, and P8
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(Fig. 1). The Marr Glacier on Anvers Island has retreated
by approximately 300 m in the last five decades, and
new land is exposed annually (Rejcek 2014), indicating
an increase in meltwater delivery to the coastal ocean. A
preliminary tracer survey was conducted during the aus-
tral summer of 2012/13, with more intensive sampling
nearshore during 2013/14. Each nearshore sampling
event consisted of a total of 9-12 discrete surface (ca. 1 m
below surface) and subsurface samples (ca. 1 m above
bottom) from three or four sites across the nearshore
zone (extending up to 100 m offshore). Water depth
changed from ca. 1.5 m depth near shore to ca. 32 m
depth at AH and 18 m depth at P8. Groundwater samples
were collected from two locations using a custom drive-
point piezometer lined with Teflon tubing and peristaltic
pump. Marine water and groundwater samples from all

Fig. 1 (a) Sampling locations along Anvers Island during austral summers
2012/13 and 2013/14. AH and P8 were the focus sampling sites during
2014. Black triangles indicate surface samples in AH, and white triangles

represent surface samples at P8. White circles are groundwater-fed stream
samples. Grey circles are groundwater samples. The plus symbol is the ice
sample location. White squares represent samples outside the coastal box.
The size of the coastal box for the mass balance model is demonstrated by
the highlighted line along the coastline and encompassing the farthest sur-
face samples as the outer edge of the box. Inset shows location along WAP.
(b) Photograph of AH, the terminating glacier face and the steep, rocky
terrain from the retreated glacier terminus. (c) Photograph of P8 showing
lower sloping terrain to the coastal ocean.
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sites were measured for conductivity, salinity (calculated
from conductivity), temperature (YSI 85 multi-probe;
Yellow Springs Instruments) and short-lived radium iso-
topes (***Ra, ***Ra). Nearshore water samples were col-
lected approximately weekly over eight weeks and across
arange of tidal cycles at each site, with groundwater sam-
ples collected up to three times at each site during the
field campaign. Large-volume ice samples were collected
in the field and transported to the station for melting
under controlled conditions before Ra measurements.

Groundwater, ice and nearshore surface water samples
(20 L for groundwater, 50 L for melted ice and 150 L each
nearshore sample) were collected using pumps (except
ice) and passed through MnO,-coated acrylic fibre at a
flow rate <2 L min™" to quantitatively scavenge dissolved
Ra isotopes (Moore & Reid 1973). Plain acrylic fibre was
placed before the MnO,-coated fibre in the cartridge to act
as a prefilter. The fibres were analysed immediately after
collection for **Ra and ***Ra activities using a RaDeCC
(Moore & Arnold 1996) and counted for 8-10 hr on
average. The sample fibres were analysed a second time
more than four weeks after collection to measure #**Th
and correct for supported #**Ra (Moore & Arnold 1996).
The detectors were calibrated to community-distributed
Mn-fibre standards prepared from National Institute of
Standards and Technology standards for the GEOTRACES
programme. The analytical error based on counting sta-
tistics of the samples analysed via the RaDeCC system
averaged 7% and 27% for #*Ra and **’Ra, respectively,
following calculations from Garcia-Solsona et al. (2008).
The MDA was derived using the blank count rate, detec-
tor efficiency, count time and the sample volume (Currie
1968; Garcia-Solsona et al. 2008; Peterson et al. 2009).
All samples, 2?Ra and ***Ra activities, propagated uncer-
tainties and MDAs are provided in the Supplementary
Material. We followed the standard practice of applying
values of half the MDA to all values below the MDA
as opposed to applying zero or the MDA value (Gilbert
1987; Helsel 1990; US EPA 2000). Reported ***Ra values
have been adjusted for decay between sample time and
analysis, efficiency of each RaDeCC system, background
measurements and *#*Th activities (Knoll 2010). Note
that ?**Ra activities are reported as excess ***Ra values
hereafter.

Modelling SGD

Radium mass balance. Fluxes of SGD were evaluated
using Ra activities and a box model that constrained
all input and removal processes for these radionuclides
in a coastal water column. We were not able to collect
subglacial meltwater, so we assume it has similar tracer
composition as the groundwater (and therefore SGD
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end-member). Quantifying SGD via Ra isotopes inher-
ently includes a recirculated seawater component, so we
estimate the freshwater portion of SGD using analytical
calculations discussed in the Supplementary Material.
Submarine groundwater discharge is calculated based
on the Ra isotope activity via modifying existing mod-
els (Moore 1996). Surface ?**Ra activities and salinities
are significantly different than deeper activities; there-
fore,?*Ra activities were applied to a two-box mass
balance model (i.e., surface and subsurface),which are
summed to obtain one flux measurement at each site.
The following calculation is used to determine the SGD
balancing excess ?**Ra activity in the coastal box (e.g.,
Krest et al. 2000; Knee et al. 2008; Null et al. 2014):

Ra, = {[(A,,;Au) Viod /T + Admy, (1)
where

Adccay = [(A, -Aoul)vbox]7\' (2)

SGD =Ra_/A,, (3)

Excess Ra flux (Ra_; dpm d™') is calculated from the
average Ra activity in the box (A, ; dpm m~) not sup-
ported by offshore water ca. 1 km outside of the coastal
box (A ; dpm m~) and therefore supplied from SGD
(Eqn. 1). Vv,  is the volume of the box (m’). The box is
calculated based on a sloping bottom that creates a water
prism (de Sieyes et al. 2008). For P8 itis (1060 m x100 m
x30 m) + 2. The coastal box at P8 was designated based
on the topography, coastal bathymetry and the length
of the glacier terminus. Because AH is a bay with three
sides, it is based on a two-prism calculation from the cen-
tre to the sides, as follows: (975 m x 325 m x 32 m) + 2 x
2. Here, 1 is the water residence time (d; estimated based
on continental shelf current speeds and the box volume;
see following). Adecay is the decay of radium activity in
dpm d™!' in our coastal box and is calculated via Eqn. 2
using the ***Ra decay constant (A) of 0.191 d-!. Excess
radium flux is then divided by the measured groundwa-
ter **Ra activity end-member (A, ; dpm m~) using Eqn.
3 to obtain a discharge estimate (m?* d*!) required to sup-
ply the flux of excess ***Ra. The average of the two high-
est saline porewater samples was used in the calculation
to yield a conservative estimate of SGD. The error of SGD
estimates is propagated from the standard deviation of
the sample means for each radium source that included
the detector efficiency and background. We assume the
system is in steady state and that each box (surface and
subsurface) is well mixed. The two-box model is based on
CTD data, typically showing a gradual to strong halocline
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and thermocline <1-3 m depth. Unfortunately, the lim-
itations in the methodology of Ra sampling mean that
the resolution is not high enough to determine the depth
of the “surface box” with Ra activity. We used a surface
box of 1 m and everything deeper than 1 m as subsurface
to provide a more conservative estimate of SGD. Strong
storms may occur and mix the water column, but boat-
ing regulations prevented us from sampling during those
periods. Because the SGD calculation does not account
for desorption of ***Ra from particulates in the freshwa-
ter when mixed with seawater, our SGD estimate may
be greater than actual fluxes if large amounts of particu-
lates are discharged with groundwater. We assume most
particulates are filtered as the meltwater passes through
land. Furthermore, lower **¥Th was found offshore com-
pared to nearshore water, and therefore this calculation
further assumes that there is no production of ***Ra via
decay of particulate **Th in the water. Reported ***Ra
activities have been corrected for ?*Th supported ***Ra.
The uncertainty associated with SGD was estimated fol-
lowing the laws of propagating uncertainty (Taylor &
Kuyatt 1994; see Supplementary Material).

Assumptions and other sources of radium. Radium
tracers are typically used in marine systems to quan-
tify brackish and recirculated seawater discharge, but
here we identify that fresh groundwater (likely sub-
surface meltwater from the nearby glacier) is enriched
in Ra. Radium is typically adsorbed onto particles in
freshwater systems unless reducing or low pH condi-
tions exist (Lauria et al. 2004; Gonneea et al. 2008).
Oxidation-reduction potential and pH were not mea-
sured to identify elevated Ra concentrations in this
freshwater system, but it is reasonable to assume low
pH conditions may exist based on nearby studies iden-
tifying low pH effluents from groundwater along the
South Shetlands Islands (Dold et al. 2013). The desorb-
able fraction from freshwater suspended sediments was
also assumed to be a negligible source of Ra based on
previous studies (Hwang et al. 2005; Beck et al. 2007).
Diffusion from bottom sediments was not measured
and may also be a small source to subsurface waters. Pre-
vious studies have demonstrated that in deep water and
advective environments, diftusive flux is negligible (Rama
& Moore 1996; Charette et al. 2001; Beck et al. 2007).
Therefore, we assume bottom sediments contributed an
insignificant fraction of Ra to surface water because of
greater depths, steep density gradient and rocky bottom
along much of the shoreline. Other minor sources of Ra
may include icebergs and upwelling (Shaw et al. 2011;
Annett et al. 2013). These sources are extremely vari-
able and likely insignificant at our sampling sites during
the specified sampling period for the following reasons:
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no icebergs were present within our sample sites, and
upwelling likely occurs farther from the shoreline based
on the water column structure. We also assume insignif-
icant contributions from sea ice because sampling was
conducted during austral summer with little or no sea
ice present in the nearshore during sampling events. Fur-
thermore, glacier ice demonstrated Ra activities on the
order of nearshore surface waters and was significantly
lower than groundwater Ra activities. It is important to
note that the significance of icebergs and calving glacier
ice will likely be associated with the amount of particles
the iceberg contains, not the ice itself. This is difficult to
assess holistically and will be spatially and temporally
dependent. Research demonstrating the contribution of
short-lived Ra to surface water has been conducted on
large tabular icebergs (Shaw et al. 2011), and the signifi-
cance of calved glacier ice contributing short-lived Ra to
surface waters at tidewater glaciers remains elusive, espe-
cially on a spatial scale. Furthermore, the limited glacier
ice from calving often flowed out of our sampling area
quickly without complete melt, suggesting not complete
addition of radium to our study zone. Therefore, Ra from
ice melt is not included in the SGD calculation, but if sig-
nificant glacier ice melted within our coastal box contrib-
uting radium, then SGD would likely be lower than our
estimates.

Lastly, tides are known to influence SGD. We sample
across varying tidal stages, and by averaging the radium
activities we assume it accounts for the fluctuation of
SGD associated with different tidal cycles.

Residence time. Residence times are based on continen-
tal shelf surface current speeds of 0.05-0.17 m s™!' (Todo-
roff et al. 2015), as measured during the austral summer
of 2014/15 and presented as a range because exact cur-
rent speeds could not be monitored for each sample
collected in the nearshore during our project duration.
The surface current speeds were collected hourly for two
months using a high frequency radar network for proj-
ect CONVERGE (Kohut et al. 2016). We assume the cur-
rent velocity range accounts for some of the variability
we observe in tracer measurements. Current speeds were
converted to volumetric flow based on the length of flow
path out of the box, 650 m and 100 m for AH and PS8,
respectively, and 1m depth. We assume uniform current
speeds across the surface box, with all outflow occurring
at the surface of 1 m depth. Considering the water depth
at these locations is shallow, 30 m or less, we assumed
our minimum surface velocity would account for the
lower subsurface velocities as well. If we assume that
most of outflow occurs in the surface at 1-3 m (neglect-
ing tides), using a 3 m depth would decrease the t by 1/3
and increase SGD flux if all other variables were constant.
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Table 1 Average values and standard error for salinity, ?Ra, ?*Ra, and ?**Ra/?**Ra activity ratio at AH and P8. Averages do not include samples below
detection limit. n reflects the number of radium samples. Nearshore water column is the average for the entire water column and then divided into sur-
face (ca. 1 m depth) and subsurface water (>1 m depth) averages. “Offshore” refers to samples immediately outside our coastal box, and ice melt samples

include melted glacier ice samples and meltwater “waterfalls” occurring at the glacier terminus.

Site End-member n Salinity 22%Ra (dpm m-3) ?ZRa (dpm m-3) Activity ratio
AH Groundwater 4 0.010 58.9+29.9 3.4+19 31.6+41.0
Surface runoff 5 0 69.5 + 60.0 3.9+20 21.4+7.35
Nearshore 62 31.8+09 9.96 + 5.84 0.76 + 0.43 15.1 +10.2
Nearshore (surface) 40 313+07 10.9 + 6.28 0.81+0.48 163+115
Nearshore (subsurface) 22 33.0+05 8.14 + 453 0.69 + 0.30 12.8+7.01
P8 Groundwater 35 1.20+0.1 81.1+135 24+43 38.9+27.7
Surface runoff 0 - - - -
Nearshore 60 33.0+0.1 6.92 + 4.66 0.64 + 0.39 13.2+10.6
Nearshore (surface) 49 33.0+0.2 7.56 + 4.89 0.67 + 0.39 143 +11.1
Nearshore (subsurface) 11 33.8+05 4.02+1.98 0.52+0.22 8.78 + 6.53
Other Offshore 6 34.38 + 0.04 3.30+0.85 0.56 +0.17 6.30 +2.11
Ice melt 4 0 8.51 +9.50 0.71 £ 0.60 11.0 +5.60
Therefore, we find it appropriate to use a more conserva- 700
tive estimate of 1. Our assumption is further supported :ﬁroun:water
by previous research documenting high outflow occur- 600 cht:ars ere
ring within the top 10% of the water column at glacier . i ® Offshore
termini in the Arctic (Rignot et al. 2010). Here, the total ‘2:_ 36—
volume of the box is divided by the volumetric flow in £ 400 %0 | osubsurtace ¢
m® d!, providing an estimate of residence time for the g ¢ gz: * Offshore <§g
model ranging from 1.1 to 3.7 d. For comparison, water K sa0 %15 g
age (T), representing the time that has passed since Ra A 200 £ . Q‘}
departed the source, is also calculated independently 05 Z 2
using average activity ratios (AR) of ***Ra and ?*’Ra fol- 100 0 1 2 30 40
lowing Moore (2000): " ? ° . . %;z;é&’
0 10 20 30 40
T = {In(AR,)-In(AR )}/ (**A-2}) (4) Salinity

This calculation assumes Ra flux is localized from the
coastline.

Results

The parameters used in the model can be distinguished
based on salinity and Ra activities (Table 1, Fig. 2). The
nearshore water column showed significant differences
in surface and subsurface water for salinity and Ra. Salin-
ity was significantly lower in surface water than sub-
surface water at both sites (p = 0.0071 and p = 0.0095,
respectively). Surface water salinity ranged from 16.8
to 34.5, with averages of 31.3 + 0.7 and 33.0 + 0.2 at
AH and P8, respectively, and subsurface water salinity
averages were 33.0 = 0.5 and 33.8 + 0.5 at AH and P8,
respectively. Groundwater (ca. 1.5 m depth) was fresh
with an average salinity of 0.0 and 1.20 + 0.1 at AH and
P8, respectively. The highest salinity in groundwater
measured at P8 was 9.20 during a high tide. The average

Citation: Polar Research 2019, 38, 3497, http://dx.doi.org/10.33265/polar.v38.3497

Fig. 2 ??Ra versus salinity of different source waters including all sam-
ples from AH and P8. Inset shows Salinity-?*/Ra of offshore and nearshore
samples (subdivided into surface and subsurface) on a smaller scale. Error
bars represent propagated uncertainties associated with each sample
measurement.

salinity of waters offshore (outside of our coastal box)
was significantly different than nearshore salinities,
with an average of 34.4 + 0.0 (p < 0.0001).

When considering all Ra activities regardless of site,
the *?*Ra and ??’Ra activities were significantly higher
in samples from groundwater compared to nearshore
surface water, with 79.5 and 2.48 dpm m™ for average
groundwater ***Ra and ?*’Ra, respectively, and average
nearshore ?**Ra and ?*’Ra activities of 8.46 and 0.70,
respectively (p < 0.0001). Radium-224 was significantly
higher in surface water compared to subsurface water at
both sites, supporting poor mixing of the water column
and the two-box model approach. However, **Ra was
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not significantly different between surface and subsurface
(Table 1). Groundwater ***Ra and **’Ra activities ranged
from 3.30 to 769 dpm m™ and below detection limit
24.2 dpm m™, respectively, with analytical uncertainties
of 0.19-3.3 dpm m~ for ***Ra and 0.78-23 dpm m™ for
224Ra. Radium-224 showed significantly higher activities
closer to shore (8.46 dpm m~) compared to offshore sam-
ples (3.30 dpm m~>; p = 0.0011), although there was not a
significant linear decrease with distance from shore within
the nearshore zone (<1 km), possibly from the dynamic
influence of the extensive meltwater plume. Radium-224
activities in subsurface waters were significantly lower
than surface water activities at both sites (Table 1; AH:
p =0.0051; P8: p = 0.0031). Mean ***Ra and ?*’Ra activ-
ities in surface waters differed between sampling sites,
with higher activities at AH (Table 1; p = 0.0002). The
activity ratio was also significantly different between the
sites (p = 0.0294) and between radium sources (Table 1).
Radium-224 activity in glacier ice samples ranged from
2.07 to 23.5 dpm m~ and possibly as high as 24.6 dpm
m~ when considering the analytical uncertainty.
Parameters used in the Ra-based SGD calculation
(Egns. 1-3) and the SGD results for each site are listed in
Table 2. Submarine groundwater discharge rate estimates
(xpropagated error) using ***Ra resulted in a combined
surface and subsurface discharge of (4.89 + 1.3)x10*-
(11.5 + 3.0)x10'm* d-!(median [8.20 + 2.2]x10°m* d-!)
at AH and (0.24 + 0.08)x10*-(0.57 + 0.19)x10* m?* d™
(median [0.41 + 0.14]x10*m?> d™') at P8. The reported
ranges of discharge estimates are based on the values cal-
culated from using the highest and lowest residence times
in the Ra mass balance model, and the error of each value
is propagated following the laws of propagating uncer-
tainty. The variability of residence time and variability
among samples produces a conservative range and error of
SGD. Again, the SGD term includes recirculated seawater,
subglacial discharge and surface runoff that has extensive
water-rock interaction, and results assume steady-state
conditions for the purpose of this study. Furthermore, we
completed the calculation by increasing the surface layer
depth and found that with a 2-m surface box the median

Table 2 Values used to calculate SGD to the coastal ocean: values for volume (V

K.A. Null et al.

SGD only increases from 8.2x10* to 8.4x10* at AH, well
within the error. The surface layer is variable, and our
approach of using the 1-m surface box based on CTD
deployments is a conservative approach because higher Ra
activities were found in the surface.

Discussion

Radium has been used as a valuable tracer along the
WAP to delineate water masses on the continental shelf
(Charette et al. 2007; Dulaiova et al. 2009; Annett et al.
2013; Corbett et al. 2017), and here we use it to trace
water from across the seafloor to the ocean and quan-
tify groundwater discharge. Enriched Ra activities in sur-
face water near Palmer Station are similar to Ra activities
found at other locations along the WAP (Table 3). Near-
shore ?**Ra has been found to be statistically higher than
more distant surface water at other glacier termini, such
as in Ryder Bay, and meltwater may be a source of radium
and micro- and macro-nutrients (Annett et al. 2013).
Dulaiova et al. (2009) and Charette et al. (2007) demon-
strated that rapid lateral transport (as opposed to vertical
flux) in the seaward direction from the continental shelf
and/or land is important for transferring dissolved iron
and other nutrients offshore. Surface runoff or sediments
from land was hypothesized as fuelling austral summer
phytoplankton blooms near the Crozet Islands (Charette
et al. 2007). These other studies suggest that enriched
radium nearshore likely originates from land, and here
we build on these previous hypotheses by quantifying the
meltwater pathway from land as SGD. Radium is elevated
in groundwater compared to surface waters near Palmer
Station, making it a valuable groundwater tracer in this
glacial setting. In addition, excess Ra in surface waters
near Palmer Station suggest SGD is occurring along the
WAP near glacier termini.

The estimates of SGD in this study represent dis-
charge during austral summer, likely at peak glacial
meltwater and discharge conditions. We do not extrap-
olate and compare to other annual freshwater fluxes
because our summer discharge applied annually would

o) and ??‘Ra activities for the nearshore coastal zone (A, ), groundwater

(A ,), outside the coastal box (A ). The residence time is represented by 1. The different residence times were used to calculate SGD, and therefore SGD

ow/
is presented as the median values for each box (surface and subsurface).

Site Sample Vioox Vioox Ao Ao A A A A T Coastline SGD
Depth (m3) unc. (domm=3) Unc. (dpmm=) Unc. (dpm m=3) unc. (d) (m) (x10°m3d-")

AH Surface 316875 31687 10.9 6.29 558 135 2.48 0.85 1.1-3.6 2921 38+1.0
Subsurface 9823125 982312 8.14 4.53 558 135 2.48 0.85 1.1-3.6 2921 78 22

P8 Surface 106 000 10 600 8.29 491 558 135 2.48 0.85 1.1-3.7 1060 0.75+0.2
Subsurface 1537 000 153700 3.84 2.05 558 135 2.48 0.85 1.1-3.7 1060 3313
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Table 3 Comparison of Ra activities to other studies conducted in Antarctica. “Below the detection limit” is abbreviated to “bdl”.

Study Site Distance (km) 2%Ra (dpm m-3) 22Ra (dpm m-3)
Charette et al. 2007 Crozet Islands 0 47 5.2
1.3 21 1.16
14.7 0.34 bdl
Dulaiova et al. 2009 South Shetland Islands <0.1 8-17 NA
Shelf 2-4 NA
Annett et al. 2013 Marguerite Bay 0.1 14.6 0.64
0.1-1.0 1.12-2.95 0.039-0.25
>1.0 0.066-4.48 bdl-0.006
This study Anvers Island 0-0.1 8.06-31.43 bdl-2.68
>1.0 0.44-4.44 bdl-0.66
Shelf 0.11-9.68 bdl-0.66

likely overestimate an annual flux. However, our esti-
mates are comparable to East Antarctic SGD estimates in
Lutzow-Holm Bay. We applied the minimum and maxi-
mum SGD rates measured by Uemura et al. (2011) using
seepage meters in East Antarctica to our study areas for
comparison. Uemura et al. (2011) found SGD rates of
(0.73-8.3)x102 m d! in East Antarctica, which results
in a flux of (4.6-52)x10> m* d-! and (0.78-8.8)x10*> m’
d! when applied to the areas of AH and P8, respectively.
These ranges fall within our results of (48.9-112)x10° m?
d! and (2.4-5.6)x10> m*> d! at AH and P8, respectively.
Our results may have a slightly higher discharge, espe-
cially at AH, than Uemura et al. (2011), for the following
reasons: we consider a different location with different
glacier dynamics; we sample closer to shore; we include
subglacial discharge and diffuse runoff in our discharge
result; and/or our studies have inherent differences in
methodology. Uemura et al. (2011) conducted direct
SGD measurements using continuous-heat type seepage
meters at discrete points ranging from 12 m to 665 m
water depth, whereas we use groundwater tracers, which
integrate over space and time to estimate discharge rates.
Furthermore, to corroborate our ***Ra-based SGD results,
we find similar rates using *?*Ra-based calculations (Sup-
plementary Table S1). Both studies demonstrate that SGD
is occurring in Antarctica, so it is likely not a local phe-
nomenon, and that groundwater discharges occur near-
shore and also farther on the shelf in deeper water.

Our results match well with other studies conducted
in Antarctica; nevertheless certain assumptions, includ-
ing residence time and the aforementioned caveats, can
impact the SGD flux estimates. A simple sensitivity anal-
ysis showed that by increasing the radium activity by a
factor of two in surface waters, the SGD increases by an
order of magnitude. Furthermore, we used a conserva-
tive groundwater end-member value (558 dpm m™>; the
average of the two highest activities measured). By using
this end-member, we can demonstrate the potential
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significance of SGD. Any decrease in the activity of the
groundwater end-member would lead to an increase in
the calculated rate of discharge. For example, if we cal-
culate SGD based on the average groundwater activity
(74.5 dpm m~), SGD increases to (0.3-8.6 = 1.7)x10°m’
d™'. Furthermore, variable current speeds throughout
the water column could not be determined for every
sampling day at each site, and therefore we use a wide
range to encompass a variety of conditions. A reasonable
assumption is that the current speeds during our sam-
pling period were similar to the current speeds measured
during austral summer 2014. To determine if our assump-
tions are valid, we calculate the water age of the coastal
zone using radium isotopes (Eqn. 4). The water ages of
5.3 and 6.5 d for AH and P8, respectively, are similar to
our estimates of residence times for both sites, providing
additional confidence regarding our residence time calcu-
lation. The heterogeneity in groundwater measurements
and current speeds likely represents large uncertainties
in the estimates. This uncertainty in the results should be
considered in further studies.

Freshwater vs. recirculated seawater

Recirculated seawater fluxes are calculated using analyt-
ical calculations for wave and tidal pumping (Longuet-
Higgins et al. 1983; Li et al. 1999; de Sieyes et al. 2011;
Null et al. 2014) to estimate the fractions of fresh and
saline water components of SGD (see Supplementary
Material). Recirculated seawater is estimated to be (1.2—
4.2)x10° m* d™' for each site, accounting for variability in
tides (i.e., semi-diurnal and diurnal) and site (see Sup-
plementary Material). The average recirculated seawater
discharge at each site was subtracted from the total SGD
discharge to volumetrically estimate the freshwater por-
tion of SGD in m?® d™'. These calculations do not account
for density-driven circulation, which operates over larger
areas and longer timescales than this study (Robinson, Li
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& Barry 2007; Robinson, Li & Prommer 2007). The results
from calculating wave and tidal pumping suggest that
recirculated seawater comprises 3%-9% at AH and 20%-—
63% at P8; therefore, a vast majority of the SGD is fresh-
water. This is not surprising based on our observations of
the rapidly melting glacier during the summer. In some
environments, recirculated seawater may comprise 70%
or more of SGD (Li et al. 1999; Burnett et al. 2003; Smith
2004). P8 likely has more recirculated seawater because
of the bathymetry (more gradual slope) compared to the
steep cliffs at AH and the glacial topography (Shibuo et
al. 2006; Fig. 1b, c). Our study suggests that a signifi-
cant portion of meltwater infiltrates into the land and is
likely discharged to coastal waters along the WAP. This
study focused on discharge to the nearshore environment
within ca. 100 m of land and did not investigate discharge
occurring from deeper groundwater systems farther from
shore (DeFoor et al. 2011; Uemura et al. 2011).

The SGD results from this study using a Ra mass balance
are greater than many other SGD studies worldwide at the
local scale (ca. 1 km; 1-200 m®* m™" d™') and regional scale
(100-6000 m> m™! d°!; Charette et al. 2008; Moore 2010).
Our large discharge estimates with substantial portion of
freshwater indicate that groundwater and subglacial dis-
charge may play an important role in the total freshwater
delivery to the coastal ocean near glacier termini (Fig. 3).
The total freshwater flux (all freshwater regardless of
source including calving, etc.) to the nearshore coastal box
was calculated using the following equation:

— (Sﬂsbnx)vbox
FWo =50 (5)

S,is the average salinity outside the box (<1 km beyond
the coastal box towards offshore water). The average salin-
ity and volume of the coastal box are S, _and V, (m’),

300 20

M Total FW 18

- OSGDFW 16
o o
x O -

% 560 RSW > 14

2 12
- -

X 150 x 10

) ® g
© ©

£ 100 5 6
2 2
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Fig. 3 Flux of total freshwater based on salinity mass balance (Total FW),
freshwater portion of subglacial-submarine groundwater discharge
(SGD FW) and recirculated seawater (RSW) in m® d-' at AH and P8. Note
the scale differences for each graph.
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respectively. Salinity values used in the mass balance are
listed in Table 1. Conducting a simple salinity mass balance
using average salinity values and the same residence times
and volumes for each site as in the Ra mass balance model
demonstrates a large flux of freshwater to the nearshore
zone:ca. 2.5x10°m?* d™! of total freshwater contribution at
AH and ca. 0.17x10°m* d' at P8. This suggests that the
majority of SGD is freshwater and contributes up to 32% of
the total freshwater to the coastal environment near Palmer
Station (Fig. 3). Our visual observations of meltwater distri-
bution at the glacier terminus suggest a significant portion
of meltwater is infiltrated into the land and likely discharged
to the coastal ocean as groundwater. Clearly, future work is
needed to separate these hydrologic components.

Conclusion

Submarine groundwater discharge is a volumetrically sig-
nificant, previously unquantified hydrologic process occur-
ring in the nearshore environment along the WAP at a
tidewater glacier. This study identifies that SGD is occur-
ring and suggests that it can play a significant role in water
mass balance and geochemical budgets. Although glacial
discharge likely varies over time and space, our estimates
provide a first-order approximation of austral summer SGD
by averaging weekly Ra concentrations at two sites to pre-
sumably encompass the range in Ra flux and ultimately
SGD. It is important to consider SGD, delineated between
freshwater and seawater fluxes, to understand land-sea
interactions, water balance and chemical budgets in coastal
environments. This study provides the first SGD measure-
ment along the WAP and valuable insight about the poten-
tial flow paths of glacial meltwater. This knowledge can be
useful for determining water mass fluxes and highlights the
need to better understand the impact of climate change on
glacier retreat, subsurface hydrology and the impact on the
physical/chemical behaviours of the coastal ocean.
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