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Abstract Although subglacial aquatic environments are widespread beneath the Antarctic ice sheet,
subglacial biogeochemistry is not well understood, and the contribution of subglacial water to coastal
ocean carbon and nutrient cycling remains poorly constrained. The Whillans Subglacial Lake (SLW)
ecosystem is upstream from West Antarctica's Gould-Siple Coast ~800 m beneath the surface of the Whillans
Ice Stream. SLW hosts an active microbial ecosystem and is part of an active hydrological system that
drains into the marine cavity beneath the adjacent Ross Ice Shelf. Here we examine sources and sinks for
organic matter in the lake and estimate the freshwater carbon and nutrient delivery from discharges into the
coastal embayment. Fluorescence-based characterization of dissolved organic matter revealed microbially
driven differences between sediment pore waters and lake water, with an increasing contribution from
relict humic-like dissolved organic matter with sediment depth. Mass balance calculations indicated that the
pool of dissolved organic carbon in the SLW water column could be produced in 4.8 to 11.9 yr, which is a
time frame similar to that of the lakes’ fill-drain cycle. Based on these estimates, subglacial lake water
discharged at the Siple Coast could supply an average of 5,400% more than the heterotrophic carbon demand
within Siple Coast embayments (6.5% for the entire Ross Ice Shelf cavity). Our results suggest that subglacial
discharge represents a heretofore unappreciated source of microbially processed dissolved organic carbon
and other nutrients to the Southern Ocean.

Plain Language Summary Antarctica's thick ice sheets cover a continent rich with liquid water.
These subglacial aquatic environments are home to microbial ecosystems that process organic matter and
nutrients important for all life. At the same time, subglacial water in Antarctica actively flows between
basins and from subglacial basins to the edge of the continent where it mixes with seawater in coastal areas
covered by ice shelves. The waters under these ice shelves are cold, dark, and contain low concentrations
of organic carbon and nutrients. We used data from Whillans Subglacial Lake, which lies 800 m beneath the
ice of West Antarctica, to understand the sources, sinks, and accumulation of organic matter in Antarctic
subglacial aquatic environments. We then combined data from the same lake with data on subglacial
hydrology in the region to determine whether inputs of subglacial organic matter and nutrients could be
important in supporting life in the dark waters beneath the adjacent ice shelf. We found that the input of
fresh water from the Antarctic continent to the surrounding ocean can meet the microbial demand for
organic carbon and nutrients under the ice shelf. This work has implications for our understanding of
Antarctica's influence on biology in the Southern Ocean.
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1. Introduction

The transport of terrestrially derived carbon to coastal environments is a major pathway in the global carbon
cycle (Bauer et al., 2013). Riverine fluxes have long been recognized as an important source of carbon and
nutrients to the oceans (Meybeck, 1982), with high fluxes of dissolved organic carbon (DOC) occurring at
low latitudes (0-30°; 62% of total known global inputs) and northern high latitudes (60-90°; 19%) (Dai
etal., 2012). Polar ice sheets and glaciers, which store ~70% of the Earth's fresh water have only recently been
identified as important repositories of organic matter (Hood et al., 2015; Lawson et al., 2014; Santibafiez
et al., 2018) and biologically important nutrients (Bhatia et al., 2013; Dubnick et al., 2017; Hawkings
et al., 2016; Wadham et al., 2016) that can be exported to marine environments. The Greenland Ice Sheet
is thought to dominate the fluxes from large ice sheets due to its high rate of glacier mass turnover via surface
(supraglacial) melt and iceberg calving (Hood et al., 2015); however, the absence of data from the Antarctic
ice sheet (AIS) has prevented meaningful comparison between the worlds' major ice sheets.

The beds of the Greenland Ice Sheet and AIS store large quantities of liquid water (e.g., Palmer et al., 2013;
Siegert et al., 2016) in saturated sediments and sediment cavities. In Greenland, basal melt combined with
supraglacial water that is directly transported to the bed (Das et al., 2008; Willis et al., 2015) cause subglacial
“ponding” in areas where the ice is not frozen to the bed (Oswald et al., 2018). There are at least 400 subgla-
cial lakes (Siegert et al., 2016) and extensive groundwater at the base of the AIS (Priscu et al., 2008) that are
isolated from the surface by the ~1 to 4 km of ice. In contrast to the Greenland Ice Sheet, there is no evidence
for the direct transfer of surface flow to the bed, with basal melt serving as the main source of subglacial
water (i.e., Beem et al., 2010). The estimated volume of water (~10,000 km>) combined with biogeochemical
data from the ice implies that these environments are significant global reservoirs of organic C (~1,600 Tg C)
and microorganisms (~10%! microbial cells) (Priscu et al., 2008).

Sedimentary basins beneath the AIS are estimated to store 21,000 Pg of organic C (Wadham et al., 2012),
making Antarctic subglacial environments potentially important contributors to global C budgets.
However, quantification of Antarctic subglacial organic matter stores and their significance to regional
biogeochemical processes is limited by a paucity of data and direct observations. Whillans Subglacial
Lake (SLW) was the first Antarctic subglacial lake that was directly sampled using specialized clean
access technology (Priscu et al., 2013) and characterized through physical, chemical, and microbiological
investigations (Achberger et al., 2016; Christner et al., 2014; Hodson et al., 2016; Michaud et al., 2016;
Michaud et al.,, 2017; Mikucki et al., 2016; Purcell et al., 2014; Tulaczyk et al., 2014; Vick-Majors,
Mitchell et al., 2016). SLW is a relatively small body of fresh water (~0.13 km?; Christner et al., 2014;
Fricker & Scambos, 2009) located ~800 m beneath the West Antarctic Ice Sheet (Fricker et al., 2007).
The geothermal heat flux into SLW exceeds the continental average (Fisher et al., 2015) and produces
basal meltwater thought to release ice-entrained solutes, particulate matter, and atmospheric gases into
the lake. Its water column and sediments were shown to contain diverse communities of bacteria and
archaea that form a biogeochemically functional microbial ecosystem (Achberger et al., 2016; Christner
et al., 2014; Michaud et al., 2017; Mikucki et al., 2016; Purcell et al., 2014; Vick-Majors, Mitchell et al.,
2016). Because the thick ice cover isolates subglacial lakes from atmospheric exchange, solar radiation,
and surface-derived melt water inputs, the chemical energy and nutrients required to support biological
activity are derived from solutes, gases, minerals, and particulate matter released from basal melting
and those stored in the underlying sediments.

SLW is one of approximately 25% of Antarctic subglacial lakes that are considered hydrologically “active”
(Smith et al., 2009), meaning that water movement occurs between lakes and to the coastal ocean via sub-
glacial channels. Most of the active lakes are coastal (Fricker et al., 2007; Fricker & Scambos, 2009), have
fill-drain cycles of months to years (Siegfried & Fricker, 2018), and discharge water under the grounded
ice sheet into the sub-ice shelf ocean. There is also evidence for water flow from groundwater stored in
East Antarctica (Foley et al., 2019) and from lakes in the continental interior (Wright & Siegert, 2012), imply-
ing wide hydrological dispersal of subglacial materials across Antarctica to the coastal margin.

West Antarctica's Gould-Siple Coast (hereafter referred to as “Siple Coast”) is the location of one such active
subglacial water system (Fricker et al., 2007), which drains fresh water through coastal estuaries into marine
waters beneath the southern reaches of the Ross Ice Shelf (RIS) (Carter & Fricker, 2012; Horgan et al., 2013;
Muto et al., 2013). The outflows comprise a significant component of the overall freshwater budget of the
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coastal embayments, with episodic flow rates that can exceed 300 m® s~ during major flooding events and
generate variability in the RIS cavity freshwater budget (Carter & Fricker, 2012). Such subglacial outflows
have the potential to transport dissolved and particulate bioelements (e.g., C, N, P, and Fe) stored on the
Antarctic continent to the surrounding ocean (Statham et al., 2008; Wadham et al., 2013). These subglacially
derived solutes and particulate matter could be of particular biogeochemical importance in Antarctica's
coastal areas, 75% of which are covered by thick ice shelves (Rignot et al., 2013) that preclude photosynthetic
primary production and effectively limit atmospheric inputs of solutes and particulate matter.

In this study we (i) characterize the organic matter and nutrient pools in SLW, (ii) determine the most likely
sources of DOC to the lake water column, (iii) merge data from SLW with regional hydrological data (Carter
& Fricker, 2012) to estimate subglacial carbon and nutrient flows to the Siple Coast marine environment,
and (iv) evaluate the potential geochemical and biological effects of this input to the dark marine coastal eco-
system beneath the RIS.

2. Methods
2.1. Site Description

SLW lies beneath 800 m of ice on the Whillans Ice Stream (WIS; Christianson et al., 2012; Horgan et al.,
2012). SLW receives basal melt water from the overlying ice sheet (Fisher et al., 2015) and upstream subgla-
cial inflow (Carter & Fricker, 2012; Horgan et al., 2013); its outflow drains to an embayment at the WIS
grounding zone (GZ; sample location 84.3354 S, 163.6119 W) in the RIS cavity (Figure 1). The flow of water
through SLW was characterized by analyzing ice surface changes using data derived from IceSat and surface
GPS measurements (Siegfried et al., 2016), which revealed three fill and drain cycles between 2003 and 2015
(Siegfried et al., 2016). SLW was sampled in January 2013 when the lake was filling slowly after a drainage
event in 2009 (Siegfried et al., 2016; Tulaczyk et al., 2014). The GZ site was 4.8 km downstream from the phy-
sical grounding line of the WIS (Figure 1). The ice cover at the GZ was ~760 m thick, and the underlying mar-
ine water column was ~10 m deep (Begeman et al., 2018; Christianson et al., 2016).

2.2. Sample Collection

SLW water and sediments were collected through a ~0.6 m diameter borehole that was created with a micro-
biologically clean, hot water drilling system (Blythe et al., 2014; Burnett et al., 2014; Priscu et al., 2013; Rack
et al., 2014; Tulaczyk et al., 2014). Lake water samples were collected with a clean 10 L Niskin bottle and
sediments were recovered using a clean gravity multicorer (Uwitec). Full details of the clean access protocol,
results, drilling, and sample recovery are described elsewhere (Achberger et al., 2016, 2017; Christner et al.,
2014;Priscu et al., 2013 ; Tulaczyk et al., 2014). Briefly, three discrete 10 L water samples were collected at
middepth from the ~2.2 m water column between 28 and 30 January 2013 and returned to the surface for
processing. Seawater at the GZ was collected from eight discrete 10 L Niskin casts between 9 and 15
January 2015, using the same procedures described for SLW (Priscu et al., 2013; Tulaczyk et al., 2014).
Samples were collected at sub-ice water column depths between 5 and 8 m in the 10 m water column.

For biological assays, sample water was decanted into acid-washed (0.1 M hydrochloric acid leached fol-
lowed by five rinses with ultrapure water) and autoclaved opaque high-density polyethylene bottles. Acid-
washed low-density polyethylene bottles were used for nutrients (Fe and dissolved N and P), and either
acid-washed fluorinated high-density polyethylene bottles (Thermo Scientific, Nalgene, Waltham, MA) or
acid-washed and combusted glass bottles were used for particulate and dissolved organic matter (DOM).
Samples for Fe analysis were collected using trace-metal clean protocols following previously published
methods (Turetta et al., 2004).

SLW sediment pore water samples were extracted at 2 cm intervals for analysis of DOM using Rhizon pore
water samplers (Rhizosphere; Seeberg-Elverfeldt et al., 2005) from a sediment core collected on 30 January
2013 (see supporting information Table S1 for list of depths analyzed). The Rhizon samplers (0.2 yum filter
pore size) were soaked in ultrapure water before installation and then inserted through predrilled holes in
the sediment core liner. A 10 ml syringe was attached to the outlet, and the plunger was pulled and locked
to maintain vacuum. After 14 hr of extraction, the porewater was dispensed into 1 M HCI washed, ultrapure
water rinsed (six times), and combusted (4 hr at 450 °C) glass vials. Procedural blanks consisting of ultrapure
water were analyzed in parallel and used to correct for solute introduced by the Rhizon samplers.
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Figure 1. Map showing water flow paths from Siple coast subglacial lakes to the RIS cavity. Blue lines = water flow paths,
blue polygons = lakes, stars = subglacial access drilling sites: SLW = Whillans subglacial Lake drill site; GZ = grounding
zone drill site. The grounding line is plotted in white. The study area is shown by the dashed box in the inset. The map
was prepared using previously published data (Carter & Fricker, 2012; Fricker et al., 2007; Fricker & Scambos, 2009;
Smith et al., 2009).

2.3. Organic Matter and Nutrients

Samples for DOC concentration and three-dimensional spectrofluorometric characterization of DOM (exci-
tation-emission matrix spectroscopy, EEMS) in the SLW water column were filtered through acid-leached
and combusted (>4 hr at 450 °C) 25 mm glass fiber filters (effective retention size >0.7 um). Filters were
retained for particulate organic carbon (PC) and nitrogen analyses (PN) (Christner et al., 2014). The filtrate
was collected in acid-washed and combusted (>4 hr at 450 °C) 40 ml amber borosilicate glass bottles fitted
with polytetrafluoroethylene-lined caps and stored at 4 °C until analysis at McMurdo Station (DOC) or upon
return to Montana State University (EEMS). DOC and total dissolved N (TDN) concentrations were deter-
mined in water column and sediment porewater samples using a Shimadzu TOC-V Series TOC analyzer fol-
lowing acidification with hydrochloric acid to pH < 2 to remove inorganic carbon as CO,. Dissolved organic
nitrogen (DON) was determined by subtracting dissolved inorganic nitrogen (DIN) (DIN = NH,* +
NO,™ + NO;") from TDN. SLW water column DIN is from Christner et al. (2014); sediment porewater
NH," was determined spectrophotometrically according to Strickland and Parsons (1968), and NO;~ was
determined via ion chromatography as described by Michaud et al. (2017).

Total dissolved and particulate phosphorus (TDP and PP, respectively) were determined spectrophotometri-
cally (Solérzano & Sharp, 1980) on water column samples partitioned by glass fiber filters filtration as
described above. Soluble reactive phosphorus values (approximate PO,>~ from Christner et al., 2014) were
subtracted from TDP to approximate dissolved organic phosphorus (DOP) for SLW. Sediment porewater
PO,>~ was determined via ion chromatography as described by Michaud et al. (2017).

EEMs were captured with a Horiba Jobin Yvon Fluoromax-4 Spectrophotometer (Horiba, Ltd., Japan)
equipped with a Xe light source and a 1 cm path length quartz cuvette. Excitation wavelengths were mea-
sured every 10 nm from 240 to 450 nm, and emission wavelengths every 2 nm from 300 to 560 nm.
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Measurements were corrected for background (0.2 um filtered ultrapure water), Raman scattering, and
inner-filter effects using absorbance spectra collected between 190 and 1,100 nm with a Genesys 10 Series
Spectrophotometer (Thermo Scientific) (McKnight et al., 2001). Parallel factor analysis (PARAFAC) was
used to decompose the trilinear EEMS arrays (Stedmon et al., 2003) and derive a four-component model that
described the fluorescence characteristics of the pore water DOM using the drEEM toolbox (Version 0.2.0)
for Matlab (Murphy et al., 2013; see supporting information and Figures S1-S3 for further details). The fluor-
escence intensity at the maximum for each component (Fy,,x) was calculated with drEEM by multiplying the
maximum excitation loading and maximum emission loading for each component by its score. This
approach produces intensities in the same measurement scale as the original EEMS and allows comparisons
of maximum fluorescence between samples (Murphy et al., 2013). As an indicator of the relative contribu-
tion of fluorophores associated with labile organic moieties, the Freshness Index (FI) was determined at
the excitation wavelength of 310 nm and by dividing the emission intensity at 380 nm (less decomposed
DOM) by the maximum emission intensity between 420 and 436 nm (more decomposed DOM) by the
(Huguet et al., 2009; Parlanti et al., 2000; Wilson & Xenopoulos, 2009).

The stable isotopic compositions of water column PC and PN (§°C and §'°N) were determined on acid-
fumed samples (collected as described above) at the University of Washington IsoLab using a Costech ele-
mental analyzer coupled to a MAT253 isotope ratio mass spectrometer with a Conflo III interface.
Sediment samples were stored frozen, acid-fumed over 12 M HC], dried for 24 hr at 90 °C, and homogenized
before analysis (8"°C only) at the National Ocean Science Accelerator Mass Spectrometry facility. Samples
were blank corrected, and the isotope ratios are presented as per-mil deviations relative to Vienna Pee
Dee Belemnite (5*3C) or Air-N2 (5'°N) using standard delta notation.

Concentrations of Fe were determined on SLW water column samples that were filtered through 0.2 um pore
size filters (single-use syringe filter with polytetrafluoroethylene membrane 0.20 um, Sartorius Stedim
Biotech GmbH, Gottingen, Germany) and then acidified with HNO3 (Romil LTD—UPA grade) for >24 hr
(dissolved Fe, including colloidal material). Unfiltered samples that were acidified with HNO; for >24 hr
(total Fe) were also prepared. The samples were prepared in an Ultra-Clean Chemical Laboratory (UCCL)
at the University of Venice and were analyzed 24 hr later using an inductively coupled plasma sector field
mass spectrometry (Element2, Thermo Scientific, Bremen, Germany) coupled with a desolvation unit
(Aridus, Cetac Technologies, Omaha, NE, USA). The instrument was housed in a dedicated laboratory with
the sample introduction area protected by a laminar flow cabinet (Turetta et al., 2004). The quantification of
Fe was carried out by a matched calibration method (Turetta et al., 2004). A multielement standard solution
(0, 10, 50, 100, 200, 500, 800, 1,000, 2,500 pg ml ~ 1, from a 10 mg Lt inductively coupled plasma mass spec-
trometry calibration standard IMS102-Ultra Scientific (www.ultrasci.com) was added to nine aliquots of lake
water sample. The accuracy of the measurements was determined using a certified reference material (TM-
RAIN95). Particulate Fe was derived by subtracting the dissolved Fe from the total (unfiltered) Fe.

Fluxes of carbon and nutrients from the pore waters to the water column were calculated from 1 cm below
the surface of the sediments to the bottom of the water column (0 cm sediment depth) assuming a well-
mixed water column. The diffusion coefficient for DOC was the average diffusion coefficient determined
over a range of DOC molecular weights (16-200,000) at 3 °C (Burdige et al., 1992) and was also used for
DON. Diffusion coefficients associated with the lowest reported temperatures were used for NO;~, NH,*,
and PO, (Li & Gregory, 1974). Diffusion coefficients were corrected for tortuosity (Shen & Chen, 2007)
and used a sediment porosity of 0.59 (based on a sediment depth of 0 to 2 cm).

2.4. Heterotrophic Biomass Production

Heterotrophic carbon production in the GZ water column was determined via [*H]L-leucine incorporation
into acid-and-ethanol-insoluble macromolecules (Kirchman et al., 1985) in the same manner as for SLW
(Christner et al., 2014). Samples (1.5 ml; three live and three 5% final v/v trichloroacetic acid [TCA] killed)
were incubated with 20 nM radio-labeled leucine (specific activity 84 Ci mmol ™) at 3 °C in the dark for 24 to
117 hr. Separate experiments (supporting information Figure S4) showed linear incorporation over this time
period. Incubations were terminated by the addition of 100% cold TCA (5% v/v final TCA). Following cen-
trifugation, the residual pellet was washed with cold (4 °C) 5% TCA and cold (4 °C) 80% ethanol, and then
dried overnight at ~22 °C. One milliliter of Cytoscint ES scintillation cocktail was added to each vial, and the
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radioactivity was quantified with a calibrated scintillation counter. Leucine incorporation rates (nM Leu
day™) at the incubation temperature were converted to rates at in situ temperature (—1.9 °C) using an
energy of activation of 25,755 J mol™}, which was determined in separate experiments at SLW (Vick-
Majors, Mitchell et al., 2016). Temperature corrected rates were converted to heterotrophic bacterial biomass
production using published conversion factors of 1.42 x 10" cells mol™" leucine (Chin-Leo & Kirchman,
1988) and a cellular carbon content of 11 fg C cell ™" (Kepner et al., 1998). The rate of heterotrophic bacterial
carbon demand in SLW was determined as the sum of heterotrophic bacterial respiration (1.7 nmol C
Lt day_l) and incorporation of carbon (0.2 nmol C Lt day_l) reported by Christner et al. (2014) and
Vick-Majors, Mitchell et al. (2016).

The heterotrophic bacterial demand for C at the GZ was determined by summing the rates of carbon produc-
tion described above with an estimated rate of bacterial carbon respiration. Carbon respiration was esti-
mated by assuming a heterotrophic bacterial growth efficiency of 20% (average value determined from
experiments in the Ross Sea; Carlson et al., 1999). N, P, and Fe demands under the RIS at the GZ were cal-
culated from rates of heterotrophic biomass production for carbon assuming Redfield stoichiometry
(Redfield et al., 1963) and iron use in chemoorganotrophic growth (106:16:1:0.224; C:N:P:Fe, Raven, 1988).

2.5. SLW Carbon Balance
The carbon balance for SLW was determined assuming steady state with respect to water:

dH,0
de

0 (@)

where

dH,0
dt

= Iinﬂow + Iicemelt_Ioutﬂow (2)

Iinsiow is equal to the rate at which water entered the lake during the preceding fill cycle (0.007 km®yr ~ 1,

Siegfried et al., 2016) and Icepmer; is described as
Ticemert = MRice*ASLW (3)

where Agrw is the previously determined lake surface area (~59 km?; Fricker & Scambos, 2009) and MR;,
(rate of ice melt over the lake) was determined previously (Fisher et al., 2015) and corrected for the relation-
ship between the volume of ice and the volume of water contained in the ice (Vyater = 0.918 * Vice).

The annual change in water column DOC was calculated as

dDocC
dt

= Jinﬂow + Jicemett + Jseds + Jprod_JBCD_Joutﬂow (4)

where Jingows Jicemelt> Jseds» aNd Jproq are sources and Jpep and Jou 0w are sinks and,
]inﬂow = Iinﬂow*[DOC} (5)

where [DOC] is Cpociake et to 50% of SLW [DOC] and bounded by 100% of SLW [DOC] (Christner et al.,
2014) and the average [DOC] of AIS ice (Cpocice; Hood et al., 2015),

Jicemelr = Iicemelt*CDOCice (6)
Jsed = Astw™*Fpocsed @)

where Fpocseq (flux of DOC from the sediment porewaters) is calculated as described in section 2.3),
J prod — VSLW*RDOCprod (8)

where Rpocproa is the volumetric rate of chemoautotrophic organic carbon production determined pre-
viously (Christner et al., 2014),
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Jeep = Vistw*Rpocdem ©

where the volumetric heterotrophic bacterial organic carbon demand (Rpocden) Was determined previously
as the sum of organic carbon incorporated into biomass and respired to CO, (Vick-Majors, Mitchell et al.,
2016),

Joutﬂow = Ioutﬂow*CDOClake (10)
The DOC accumulation time (Tpociake) for the lake water column was determined as,

Tpoclake = d%giga/k;t (1)
The uncertainty in Tpocjake Calculations was estimated as follows: For parameters published elsewhere, the
published uncertainty was used; for Rpocdem and Rpocprod> the propagated standard deviations of 3 replicate
experiments were used; for Cpocice, the range of values reported for AIS DOC concentrations (Hood et al.,
2015) was used; for Ji,q0w, the concentration of DOC in the inflowing water was varied between that of
SLW at the time of sampling (221 uM) and the average concentration of Cpocice; Sediment pore water to
water column fluxes (Fpocseq) Were varied based on the range of possible DOC diffusion coefficients
(Burdige et al., 1992). The upper bound for the annual DOC surplus was determined by subtracting the low-
est Jgep and Joum0w from the highest summed sources, and the lower bound for the annual surplus was
determined by subtracting the highest Jpcp and Jou 0w from the lowest summed sources. All definitions
are also provided with the mass balance in Table 2.

2.6. Bioelement Export to the RIS Cavity

To estimate the potential subsidies of organic carbon and inorganic nutrients (N, P, and Fe) from the Siple
Coast to the sub-RIS cavity, the concentration of each bioelement in SLW water was multiplied by the volu-
metric flow rate of water from the Siple Coast to the sub-RIS cavity (0.82 to 15.8 km® yr ~ !, average, 1.9 km*-
yr_l; Carter & Fricker, 2012). The impacts of subglacial flows of continental organic C and nutrients are
likely greatest in coastal embayments (Carter & Fricker, 2012), rather than being diluted into the entire
volume of the RIS cavity (~125,000 km?; Smethie & Jacobs, 2005). The volume of the GZ embayments is
not well constrained, but water column thickness is typically <50 m, and the embayment that receives out-
flow from SLW is ~500 km? in area (Carter & Fricker, 2012; Muto et al., 2013). Assuming a water column
thickness of 50 m, an embayment volume of 25 km? was used for the calculations. There are six embayments
associated with ice stream outflows along the Siple Coast (Carter & Fricker, 2012), which if similar in
volume, would total 150 km>. The contribution of organic C and nutrients per unit volume of water was cal-
culated for coastal embayments under the RIS (150 km?®) as well as the contribution if diluted into the entire
volume of the RIS cavity by dividing the total moles of each bioelement in the outflow on an annual basis by
volume. To determine the potential biological subsidy from subglacial outflow, we compared the embay-
ment contribution estimates to bacterial demand for organic C and nutrients at the GZ (section 2.4).

3. Results and Discussion

The primary source of SLW water is glacial meltwater from the West Antarctic Ice Sheet, with a minor con-
tribution (~6%) from relict seawater in the deepest sediment pore waters (Christner et al., 2014; Michaud
et al., 2016). Information on carbon and nutrient concentrations from polar ice sheets is limited, but avail-
able data show low concentrations relative to many temperate systems (DOC ~12.5 umol C L™, Hood et al.,
2015; NH,* ~0.05 umol N L NO;™ ~0.6 umol N L™, Wolff, 2013; PO43_ ~0.2 umol P L~ for the Greenland
ice sheet, Kjaer et al., 2011, no P data are available from the AIS). By contrast, the SLW water column had
relatively high concentrations of organic matter and inorganic nutrients (Table 1 and Figure 2; Christner
et al., 2014), suggesting sedimentary sources and/or production in situ.

3.1. Organic Matter and Inorganic Nutrients in the SLW Water Column and Sediments

The PC concentration in the SLW water column was 78.5 umol C L~! (Christner et al., 2014). Given the
microbial cell density in the lake water (1.3 x 10™® cells L™, Christner et al., 2014), and a cellular carbon
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Table 1
Dissolved and Particulate Matter Concentrations (Standard Deviation) and Bulk Molar Quantity or “Pool Size” in the SLW Water Column
Parameter poc*  PC? DON PN? DIN® DOP PP SRP? DFe PFe sBc 8N
Concentrationb 221 78.5 2.35 1.20 3.29 6.07 1.54 3.10 0.03 1.40 —26.2 9.9
(55) (7.4) (0.80) (0.40) (0.79) (0.63) (0.57) (0.70) (0.02) (0.44) (0.8) —
Pool size 290 100 3.2 1.6 4.4 8.1 2.0 4.1 0.04 1.9 — —
(><105 mol)

Note. DOC = dissolved organic carbon; PC = particulate organic carbon; DON = dissolved organic nitrogen; PN = particulate nitrogen; DIN = dissolved inor-

ganic nitrogen; DOP = dissolved organic phosphorus (difference between TDP and SRP); PP = particulate phosphorus; SRP = soluble reactive phosphorus

(~dlssolved inorganic P); DFe = dissolved Fe; PFe = particulate Fe. DOC, PC DON PN, DIN SRPn=3;TDPn=5PPn=4;8 ISN-PN n = 1;8 Beprcn=2
#Reported in Christner et al. (2014) bConcentratlons are given in pmol L™ L. 513C and 8*N values are in per mill

content estimate of 0.9 fmol C cell™" (Kepner et al., 1998), only ~ 0.1 umol PC L™" could be associated
with intact microbial biomass. This indicates that most of the water column PC was detrital.
Suspended particulate organic matter (POM) was N-poor relative to C and P (65 C:N; 0.78 N:P by
atoms), compared to atomic elemental ratios for freshwater bacteria in a range of lakes (C:N = 7.3; N:P
= 12; Cotner et al., 2010). The sediment C:N ratio, while lower than that of the water column, was, on
average, still a factor of 2 greater than that of that previously reported for freshwater bacteria (SLW
sediment C:N average = 15 + 1.2; Figure 2; PC and PN composition of sediment samples from 0-37
cm was reported previously (Christner et al., 2014; Michaud et al., 2017), and the profile is shown in
the results of this paper for ease of interpretation). The highest sediment PC:PN occurred in the top 2
cm of the sediment profile (PC:PN = 18) and may be explained by microbial utilization of POM
targeting N-rich compounds. A similar pattern was observed in the DOM pool in the SLW water
column, where the atomic C:N ratio of DOM (95) exceeded that of freshwater bacteria by a factor of
13. In contrast, the average for the sediment pore waters exceeded the C:N ratio of freshwater bacteria
by only a factor of ~3.5. (atomic DOM ratio = 18 C:N).

The DOM pool in the water column was also N-poor relative to P (DON:DOP = 0.38). The composition of the
TDN pool in the water column and sediment pore waters were similar, with DON accounting for 40% of

NH,*(umol L) NO, (umol L) DOC (mmol L) PO % (umol L DON (umol L") PC:PN (molar)
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Figure 2. SLW water column and sediment porewater chemical profiles of inorganic N, P, DOM (DOC and DON), and
PC:PN ratios. Note that PO4 was measured as soluble reactive phosphorus (SRP) in the water column and in ion
form in the sediment porewaters. The dashed line indicates the sediment-water interface. Water column samples were
collected from the middle of the 2.2 m deep water column. Water column values for DOC, NH4+, NO3 , and SRP and
sediment C:N were published previously (Christner et al., 2014; Michaud et al., 2017). Note the difference in units for
DOC. Sediment pore water sample depths are in supporting information table S1.
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water column TDN and 39% of average sediment pore water TDN. In both cases, the dissolved inorganic N
(DIN) pool was dominated by NH4* (73% in the water column, Christner et al., 2014; 86% in the sediment
pore waters on average, Figure 2). While runoff from the surrounding watershed and direct atmospheric
deposition are primary sources of DON in temperate freshwater environments (Berman & Bronk, 2003),
SLW's thick ice cover and relative isolation from exposed land surface and the low N concentrations in gla-
cial ice (Wolff, 2013) make these sources less likely to be of importance. Biological production, which is the
major source in open-ocean waters far from terrestrial inputs (Berman & Bronk, 2003) and DON released
from the sediments, which is common in shallow, freshwater environments (Zehr et al., 1988), are likely
sources. Based on PC:PN ratios, the SLW surface sediments and pore waters were rich in PON relative to
the water column (Figure 2). Porewater DON concentrations peaked in the surficial sediments, indicating
the pore waters were a source of DON to the water column. However, DON concentrations decreased with
depth along the sediment pore water profile, and thus, are not consistent with a source of DON from relict
organic matter or bedrock N at depth. These data imply that contemporary biological activity in the surface
sediments (0 to 2 cm) is likely the primary source of DON in SLW. The thick ice cover that overlies SLW pre-
cludes photochemical decomposition of DON, which is an additional sink in open water environments and
often results in the production of DIN (e.g., Porcal et al., 2014; Vidhitalo & Zepp, 2005). Thus, darkness in the
subglacial environment may contribute to an accumulation of recalcitrant DON and tight cycling of labile
DON (e.g., urea and amino acids).

3.2. Biogeochemical Characteristics of Particulate and Dissolved Organic Matter in SLW

The 8§'3C of PC from three sediment depths (0-2 cm, top; 20-22 cm, middle; and 32-34 cm, bottom) and from
suspended material in the water column was determined to further characterize the organic matter in SLW.
There was little variation in §"3*C-PC among sediment depths (average = —25.2%o + 0.3). The sediment and
water column 813C-PC (water column average = —26.2%o, range = —25.6 to —26.8%o; n = 2) were also simi-
lar. This similarity in 8"*C-PC between the water column and sediments, coupled with the fourfold increase
in PC:PN ratio between the sediments and water column (water = 65.4, surface sediments = 17.9), and high
8'°N value of PN (9.9%o) in the water column, further supports that the lake water contains relict detritus
from which N has been scavenged to support biological activity. The 8'*C and C:N ratios of SLW sediments
closely align with pre-Last Glacial Maximum sediments collected from former Subglacial Lake Hodgson
(8*3C ~ —25, C:N ~10-15), a recently exposed subglacial lake on the Antarctic Peninsula (Hodgson et al.,
2009). The 8§"3C is similar to the §'>C for the deep pelagic waters of stratified, permanently ice-covered lakes
in the Taylor Valley of East Antarctica (< —26%o; Lawson et al., 2004). These lakes are characterized by
strong chemoclines, with carbon cycling below the chemoclines heavily influenced by relict organic matter.

The DOC concentration in SLW (221 pmol C L™, Table 1; Christner et al., 2014) was an order of magnitude
higher than an average compiled for Antarctic glacial ice determined based on a range of ice sheet and valley
glacier sites (12.5 umol L™ Hood et al., 2015), but similar to that of the water columns of other ice-covered
Antarctic surface lakes (~200 umol L™*; Takacs et al., 2001), and of the same order of magnitude as more
concentrated subglacial groundwater systems (420 pumol L% Mikucki et al., 2009). Concentrations were also
similar to maximum estimates for the water column of Vostok Subglacial Lake, which indicated an advected
or internal biological source of DOC to the lake (250 pmol L™ Priscu et al., 1999, Christner et al., 2006).
Given that glacial meltwater that is less concentrated in carbon and nutrients comprises the major water
source to SLW (Christner et al., 2014; Michaud et al., 2016), we examined the composition and sources of
DOM using fluorescence spectroscopy to describe the composition of the SLW DOM pool and used a
mass-balance approach to quantify sources of organic C to the water column.

3.3. Fluorescence Characterization of Water Column and Sediment Porewater DOM

A fraction of DOM is fluorescent (FDOM), and its fluorescence excitation and emission properties provide
signatures of its chemical composition and sources (Romera-Castillo et al., 2011). Parallel factor analysis
(PARAFAC) of excitation/emission fluorescence of FDOM in SLW sediment porewaters (Figure 3 and
supporting information Figure S1) was used to characterize the FDOM in SLW. Our analysis revealed
the presence of four fluorophore components (C1-C4) (supporting information Figure S2), including
two that were amino acid-like (tyrosine-like and tryptophan-like, C3 and C4, respectively) and indicative
of microbial DOM production. C3 and C4 accounted for ~70% of total FDOM in the surface porewaters
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Figure 3. Fluorescence characteristics of SLW sediment pore water DOM. Components C1 and C2 (humic-like) and C3
and C4 (protein-like) shown as percent of total fluorescence. Fy,,x = maximum fluorescence calculated as described in
section 2. The freshness index was calculated for sediment pore waters and the water column, as described in section 2.

(0-2 cm), and decreased to ~50% at depths of 36-38 cm, while humic-like fluorophores (C1 and C2)
increased in relative abundance within the deeper sediments (Figure 3). C3 was the dominant
component in the top 15 cm of the porewater profile, accounting for between 31.9% and 41.6% of the
FDOM. This depth range is consistent with the oxygen penetration depth in the SLW sediments
(inferred from the profile of redox-sensitive vanadium in the sediment porewaters), which suggests
oxygen-consuming microbial activity occurs in the top 15 cm of sediment (Michaud et al., 2016).
Because the FI is thought to be related the degree of organic matter degradation or lability (Parlanti
et al.,, 2000; Wilson & Xenopoulos, 2009), we examined the FI (Figure 3) with this potential zone of
microbial activity in mind.

The FI showed little variation with depth in the sediment porewaters after decreasing from 1.28 to 1.11
between the water column and top 2 cm of sediment (sediment porewater slope = —0.0008; Figure 3).
None of the fluorophore components had strong explanatory power over FI in the sediment porewater pro-
file (C1, C2, C3, C4: R?=0.07,0.001, 0.23, and 0.07, respectively; slope = 0.0020, 0.0003, —0.0026, and 0.0020
FI units [component %] ", respectively). C3 explained the greatest amount of variation in FI and was the
only component negatively correlated with FI (albeit with marginal statistical significance; R*> = 0.23,
slope = —0.0026, P = 0.1). If the FI is indeed related to the degree of organic matter degradation in this sys-
tem, where higher FI is analogous to greater contributions from less degraded OM, the inverse relationship
between C3 and FI could indicate that C3 is a product of the microbial degradation of organic matter. That
the relative contribution of C3 decreased with depth also suggests that it may be related to microbial activity.

While the contributions from C3 and C4 did decrease with depth, the increase in humic-like fluorescence at
depth was not simply a result of decreasing fluorescence in the non-humic-like components, as demon-
strated by the maximum fluorescence intensity for each component (Fp,,x) through the pore water profile
(Figure 3). The Fyax for humic components C1 and C2 increased linearly with depth (slope = 0.002 fluores-
cence units cm Y, R = 0.9 and slope = 0.001 fluorescence units cm L, R?=0.9, respectively), while the F,,«
for amino acid-like components C3 and C4 remained constant (slope = —0.003 fluorescence units cm™,
R* = 0.05 and slope = 0.0004 fluorescence units cm™", R* = 0.04, respectively; Figure 3). The combination
of increased humic-like fluorescence and increasing DOC concentration at depth (slope = 0.03 uM cm™,
R* = 0.22) suggests that greater proportions of less labile and/or more heavily modified FDOM are stored

deeper in the sediments.

In contrast to the four components identified from the sediment pore waters, a fluorescent DOM peak with
modified tyrosine-like fluorescence was identified in the water column (excitation: 240 emission: 310;

VICK-MAJORS ET AL.

10 of 17



'AND SPACESCIENCE

Global Biogeochemical Cycles 10.1029/2019GB006446

supporting information Figure S3). The single identifiable water column peak was blue-shifted from the
tyrosine-like C3 observed in the pore waters (ex: 270 em: 300; supporting information Figure S2). The
peak was also similar to a fluorophore identified in ice samples from the West Antarctic Ice Sheet Divide
ice core (D'Andrilli et al., 2017). A blue shift may indicate a decrease in aromaticity or molecular mass
resulting from biological activity (Coble, 1996). Together with the above analysis indicating that C3 may
be associated with microbial activity, these results suggest that the water column FDOM composition is
influenced by water source and microbial processing of porewater DOM.

We compared our PARAFAC model results to published literature and other models in the OpenFluor data-
base (Murphy et al., 2014). The humic-like C2 identified in SLW matched components from other models in
the OpenFluor database (95% similarity cutoff): a component that was produced along a river-to-marine
transition in an Arctic river delta in Siberia (Goncalves-Araujo et al., 2015), a component that was linked
to microbial degradation of FDOM in five large Arctic rivers (Walker et al., 2013), and a component from
Belgian rivers, which was also linked to microbial activity (Lambert et al., 2017). SLW's C2 was similar, in
terms of its excitation/emission maxima, to the mixture of humic peaks commonly associated with coastal
environments (Coble, 1996), and microbial degradation and production of DOM in Antarctic surface lakes
(Cory & McKnight, 2005). The C1 humic-like fluorophore did not match components in the OpenFluor data-
base but was similar to a microbially derived component from a permanently ice-covered McMurdo Dry
Valley lake (Cory & McKnight, 2005), a typical marine humic component (Coble, 1996), and DOM asso-
ciated with microbial degradation of organic matter in Antarctic mountain glaciers (Barker et al., 2010).
While presumed to be biologically recalcitrant, some humic components can also be consumed by microor-
ganisms (Romera-Castillo et al., 2011), implying that the humic-like FDOM detected in SLW porewaters
may be a biologically useful energy source. Since FDOM in glacier ice is typically dominated by protein-like
fluorescence (e.g., Dubnick et al., 2010), the humic-like fluorescence in the porewaters is more likely a sig-
nature of microbial activity than of the ice-melt source-waters. The similarities between SLW humic com-
ponents and those matched in OpenFluor imply a common component of DOM from microbial activity in
ecological settings that share characteristics with SLW (i.e., cold and dark with microbially dominated
biogeochemical processes).

3.4. Sources of DOM and Nutrients to the SLW Water Column

The estimated residence time of glacial till pore water beneath the WIS (1,000-10,000 yr™ ') implies that sub-
glacial water in the region should be rich in accumulated solutes (Christoffersen et al., 2014). In contrast, the
bulk residence time for the water column in SLW is much shorter (years to decades) (Fricker et al., 2007;
Siegfried et al., 2014). Consequently, the solute pool in SLW likely results from a mixture of shorter-term
lake-basin and longer term till-porewater processes (Michaud et al., 2016). We calculated diffusive fluxes
from sediment pore waters to the water column for DOC, DON, SRP (PO,*), NO;™-N, and NH,"-N. The
highest contributions of biologically relevant solutes from the sediment pore waters were for DOC and
DON at 5.6 x 10° and 4.8 x 10° mol yr™ !, respectively. The inorganic nutrients, NH,*, NO;~, and PO,>~,
had significantly lower contributions from the sediments (0.82, 0.10, and 0.16 mol yr™*, respectively).

The SLW FDOM data revealed that organic matter in the subglacial waters was derived from and/or altered
by microbial activity; however, contemporary microbial activity alone cannot account for the size of the
observed DOC pool (Table 2). In addition to chemoautotrophic C-fixation (Christner et al., 2014) and flux
from the sediment porewaters, sources of DOC to the SLW water column include water inflow from
upstream to the lake and ice melt above the lake, with the total input from all sources estimated at
6.4 x 10° mol C yr™! (Table 2). DOC input to the water column was dominated by DOC flux from the sedi-
ment pore waters (86% of total DOC inputs) followed by estimated inflow from upstream (12%), chemoau-
totrophic production (2.0%) and ice melt over the lake basin (0.2%).

Heterotrophic bacterial carbon demand (Tpocder) is the major biological DOC sink in SLW. The DOC sup-
ply estimated by our model exceeds this metabolic sink by a factor of 70. Therefore, most of the DOC input to
the SLW water column accrues to the DOC pool (Table 2). These calculations yield an accumulation time of
6.3 yr (range = 4.8-11.9) (Table 2), a timeframe similar to the variable fill-drain cycles of lakes in this region
(Siegfried et al., 2014). These estimates highlight the importance of sediment pore water interactions and
SLW watershed hydrological connectivity in accounting for the geochemical and biological processes occur-
ring in the lake.
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Table 2
Parameters and Values in the Subglacial Lake Whillans DOC Mass Balance
Parameter Symbol or derivation Value (range) Units References
Constants Ice melt rate MRjce 1.7x107° km liquid Fisher et al. (2015)
(1.2 x 107°-2.1 x 10_5) water yr_1
Lake surface area Asrw 59 (47-71) km? Fricker and Scambos (2009)
Water column depth D 0.0022 km Christner et al. (2014)
Volume of SLW VsLw = D X AsLw 0.13 (0.10-0.16) km® Christner et al. (2014),
. R Fricker and Scambos (2009)
SLW (DOC) CpocClake 2.2 X 10 mol km™ Christner et al. (2014),
(1.7 x 108—2.87>< 108) 5 Fricker and Scambos (2009)
Ice (DOC) Cpocice 1.36>< 10 mol km™ Hood et al. (2015)
(1.7 x 10°-2.7 x 107)
Areal flux from sediments Fpocsed 9.34>< 10* s mol km ™2 yr_1 This paper
(5.5 x 10%-1.3 X 10°)
olumetric C production DOCprod 0x10 mol km™ ~ yr— ristner et al.
Vol ic C producti Rpocp 107106 . 1km > yr* Ch 1. (2014)
(8.7%x10 '-1.1x10 ")
Volumetric C demand Rpocdem 6.7%107" mol km > yr_1 Vick-Majors, Mitchell et al.
(53%x1077-8.1x1077) (2016)
Water Water from ice melt Ticemelt = MRjce X Aspw 9.8 ff 104 s km® yr_1 Fisher et al. (2015),
(7.0x10 "-1.3x 10 ) Fricker and Scambos (2009)
. -3 3.1 .
Water from inflow I 7.0 X 10 km” yr Siegfried et al. (2016
inflow _3 3 b -1 & q ( )
Water outflow Ity = sgmat o8 St 7.9 >3< 10 s km” yr This paper
(7.7x10 °-8.3x 10 )
DOC Inflow Jinflow = Cpocilake X Linflow 7.7 % 10° mol yr_1 This paper
sources (9.3 x10*-1.9 x 10%)
Ice melt ragmati = gsmar X Coocie: 1.23>< 10* . mol yr_1 This paper
(1.7 x 10°-2.8 x 10")
Sediment porewater Jseds = Fpocsed X AsLw 5.6 % 10° (3.36>< 10°- mol yr_1 This paper
7.7 % 10°)
Chemoautotrophic Jprod = Rpocprod X VsLw 13 x 10° mol yr_1 This paper
production (1.1 X 10°-1.5 x 10°)
Sinks C demand JBcp = Rpocdem X VsLw 8.74>< 10* s mol yr_1 This paper
(6.8 x 107-1.0 x 10°)
DOC outflow Joutflow = loutflow X CDOClake 1.86>< 10° . mol yr_1 This paper
(1.3x10-2.3x10")
Balance Surplus dDOC/dt = Jinflow + Jicemelt 4.5 % 10° mol yrf1 This paper
+ Jseds + Jprod — Jecp — Joutflow (21 x 106_74 X 106)
Accumulation time Tpoclake = Cpocilake/ (ADOC/dL) 6.3 (4.8-11.9) yr This paper

According to our calculations, sediment pore water DOM was the largest contributor to the water column
DOC budget. However, the water column DOM fluorescence was dominated by a single amino acid-like
fluorophore characterized by a blue shift from the dominant porewater fluorophore, C3. The small number
of water column samples (n = 3) precluded the use of PARAFAC analysis and may have diminished our abil-
ity to distinguish the presence of other fluorophores. The differences between water column and sediment
porewater DOM character may be explained by the consumption of sediment-derived DOM in the water col-
umn or at the water-sediment interface. The DOC concentration decreased by a factor of 4.5 between the
surface sediment pore waters and the water column, or taking the average of the top ten centimeters of
the sediments, by a factor of 2.7, implying that sediment derived DOC was consumed in the water column
or at the interface. At the same time, the F,,, of the humic-like components, C1 and C2, decreased by
51% and 42%, respectively, in the surface sediments (0-2 cm) relative to the average for the rest of the sedi-
ment column (2-38 cm) (Figure 3). These results, together with the similarity between C1 and C2 and com-
ponents that were produced and consumed by microorganisms in similar environments (section 3.3),
suggest that sediment-derived DOM is transformed by microbial activity in the water column and/or at
the sediment-water interface, resulting in a water column dominated by microbially produced tyrosine-
like FDOM.
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3.5. Subglacial Bioelement Subsidies to the Siple Coast

The RIS covers ~500,000 km? of the Ross Sea (Rignot et al., 2013). At its southern extent, it adjoins the
Siple Coast where the ice shelf flows north toward the open Ross Sea (Figure 1). Biogeochemical data
on the waters from ~450 km from the edge of RIS were collected from under the RIS as part of the
Ross Ice Shelf Project at Station J9 (Clough & Hansen, 1979). The J9 sediment and water column studies
showed microbial communities capable of metabolizing organic carbon substrates and fixing inorganic C
in the dark (Horrigan, 1981), and a benthic community dominated by scavengers (Lipps et al., 1979). Data
from closer to the ice shelf margin (Vick-Majors, Achberger et al., 2016) revealed dark inorganic
C-fixation rates similar to those determined by Horrigan (1981; ~6 nmol C L™" day™") that were exceeded
by heterotrophic microbial carbon demand. These results imply that in situ carbon production is insuffi-
cient to sustain the carbon demand under the RIS and that other sources of DOC are required. DOC in
the RIS cavity source waters (mixtures of High and Low Salinity Shelf Water produced in the Ross
Sea) may supplement the reduced C source under the ice shelf. However, long residence times (~3.5 yr;
Smethie & Jacobs, 2005) provide time for drawdown of supplemental DOC under the ice during water
mass transport. Indeed, DOC concentrations in source waters beneath (Vick-Majors, Achberger et al.,
2016) or proximate to (Bercovici et al., 2017) the McMurdo Ice Shelf were approximately 40 wmol C L™*
(~37 umol C LY Vick-Majors, Achberger et al., 2016; ~47 pumol C L~! in Ross Sea Dense Shelf Water,
Bercovici et al., 2017), while average DOC concentrations in water collected at the GZ were approximately
twice these values (75 umol C L™"). Apparent DOC enrichment at the GZ raises the possibility that sub-
glacial outflows could be an important subsidy to coastal and estuarine biogeochemical processes under
the RIS.

Subglacial water from the Siple Coast ice streams enters the RIS cavity (Figure 1) both continuously and in
pulses during lake discharge events at rates of 0.82 to 15.8 km® yr™* (average, 1.9 km® yr™'; Carter &
Fricker, 2012). Based on measured values of DOM and POM in SLW (Table 1; this study and Christner et al.,
2014) and water discharge estimates (Carter & Fricker, 2012; Table 3), the average input of total organic
carbon to the RIS cavity is 5.7 x 10® mol C yr ~ '. Average inputs of inorganic N and P are 100-fold lower,
and dissolved Fe 10,000-fold lower (Table 3) than estimates for organic carbon. The organic carbon input to
coastal waters is similar in magnitude to that at an Arctic glacier catchment in Greenland (average
2.8 x 10® mol C yr™'; Lawson et al., 2014), where glacial runoff is an important source of organic C to
the ocean (Hood et al., 2015).

To determine the potential for subglacial outflows to subsidize biological activity beneath the RIS, we
estimated masses of organic C and inorganic N, P, and Fe required to support heterotrophic bacterial activity
at the GZ. The heterotrophic bacterial demand for organic C and nutrients under the RIS based on rates
of *H-leucine incorporation and estimated bacterial growth efficiency at the GZ was 0.19 nmol
C L™ day™; (S.D. = 0.1; n = 4). Extrapolating this demand to the estimated volume of the Siple Coast
embayments (150 km?) yields an organic C demand of 1.0 x 10’ mol C yr™*; using the entire volume of water
under the RIS (125,000 km?; Smethie et al., 2005) yields an organic C demand of 1.8 x 10° mol C yr_l. Based
on the Redfield ratio (106:16:1; C:N:P by atoms) extended to include the Fe demand for chemoorganotrophic
growth (Raven, 1988), the nutrient demands are 1 (N) to 3 (P and Fe) orders of magnitude lower than for
carbon (Table 3).

Based on our estimates, organic C supplied to the GZ coastal embayments by subglacial outflows can sup-
port, on average, 5,400% of heterotrophic microbial demand for organic C, 390% of inorganic N demand,
and 5,900% of inorganic P demand (Table 3). Subglacial outflow may also be a major source of particulate
Fe (pFe; Table 3), although the bioavailability of the pFe remains uncharacterized. Together, these calcula-
tions show that subglacial outflow may be of particular importance to coastal marine ecosystems beneath
the RIS, as the inferred affect is substantially reduced if well mixed with the entire volume of water under
the RIS (Table 3). The calculated outflows are also greater sources of C and P than N, a conclusion that is
consistent with those drawn from modeled estimates of nutrient outflows in meltwater from the
Greenland (Hawkings et al., 2016; Lawson et al., 2014) and Antarctic (Wadham et al., 2013) ice sheets.
Overall, our biogeochemical results and related calculations reveal that subglacial outflows may provide
coastal microbial communities on the Siple-Gould Coast with C and P at rates sufficient to support marine
biomass production.
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Table 3

Bioelemental Subglacial Flows to the Ross Ice Shelf (RIS) Cavity From the Siple Coast Compared to Estimated Bacterial Carbon and Nutrient Demand at the GZ

Element Demand (Mol yr_1 Outflow (Mol yr_l) % of demand met by outflow

Average Minimum Maximum Average Minimum Maximum
Organic C 1.0 % 107 5.7 x10° 25x10° 4.7 % 10° 5,400 (6.5) 2,400 (2.8) 45,000 (54)
DIN 1.6 x 10° 6.2 x 10° 2.7 x 10° 52 x 10’ 390 (0.47) 170 (0.21) 3,300 (4.0)
OrgN 4.6 x 10° 33 % 10° 21%10" 290 (0.35) 210 (0.25) 1,300 (1.6)
SRP 9.8 x 10* 59 x 10° 2.5%10° 49 %107 5,900 (7.2) 2,600 (3.1) 50,000 (60)
Org P 9.0 x 10° 7.3 x 10° 3.0 x 107 9,200 (11) 7,500 (8.9) 31,000 (37)
dFe 2.2 x 10* 6.1 x 10* 2.6 x 10* 51x10° 280 (0.33) 120 (0.14) 2,300 (2.8)
pFe 2.7 x 10° 1.2 x 10° 2.3 x 107 12,000 (15) 5,400 (6.4) 100,000 (120)

Note. Demand = bacterial elemental demand in Siple Coast embayments. Embayment volume estimated as described in section 2. DIN = dissolved inorganic
nitrogen; SRP = soluble reactive phosphorus; dFe = dissolved Fe; pFe = particulate Fe. Organic C, N, and P are the sum of dissolved and particulate fractlons
Percent of demand met by subglacial outflow assumes a 150 km~ embayment size; value in parentheses assumes volume of the entire RIS cavity (125,000 km® )
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4. Conclusions

Based on data from SLW, biologically relevant solutes accumulate within subglacial waters during the dec-
adal scale flushing time of the lake as a result of sediment pore water interactions, contemporary microbial
activity, and the lack of a photochemical sink for organic matter. Microbial processing of DOM resulted in a
downward sediment porewater to water column gradient in SLW DOC concentration with amino acid-like
fluorescence dominating the biologically active sediment layers and the water column. Our results show that
the subglacial DOM composition results not only from relict organic matter but also from microbial activity
under the West Antarctic Ice Sheet. The DOM and other solutes are likely to be released to the Siple Coast
during subglacial drainage events at rates significant for fertilizing coastal marine communities in the
expansive and dark RIS cavity. The effect of subglacial outflows on biogeochemical processes in coastal
Antarctica should not be restricted to the Siple Coast because active subglacial lakes have been cataloged
in other coastal regions of both East and West Antarctica (Siegfried & Fricker, 2018). An estimated 52.8 km®-
yr~! of subglacial meltwater drains to the Southern Ocean from Antarctica (Wadham et al., 2013), and extra-
polation of our solute flux data to this volume of water yields total subglacial drainage fluxes of
~1.6 x 10" mol of organic C yr~" associated with this subglacial drainage. This flux is similar to the predicted
contributions from Antarctic surface runoff (~2 x 10' mol C yr™*, Hood et al.,
2.1 x 10*° mol C yr™'; Wadham et al., 2013). Collectively, our results demonstrate that inputs of microbially
modified organic matter and nutrient flux from subglacial environments are of a significant magnitude to
affect neritic, and perhaps pelagic, productivity in the Southern Ocean and may be of particular relevance
to ecosystem productivity beneath ice shelves that lack direct photoautotrophic inputs of organic matter.
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