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Key Points: 27 

• A mass balance shows that dissolved organic carbon accumulation in Whillans 28 
Subglacial Lake is under hydrological and biological control. 29 

• Differences between the character of water column and sediment porewater dissolved 30 
organic matter imply biological processing.  31 

• Subglacial outflows have the potential to subsidize biological activity under the world’s 32 
largest ice shelf. 33 

  34 
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Abstract 35 

Although subglacial aquatic environments are widespread beneath the Antarctic ice sheet, 36 
subglacial biogeochemistry is not well-understood and the contribution of subglacial water to 37 
coastal ocean carbon and nutrient cycling remains poorly constrained. The Whillans Subglacial 38 
Lake (SLW) ecosystem is upstream from West Antarctica’s Gould-Siple Coast ~800 m beneath 39 
the surface of the Whillans Ice Stream. SLW hosts an active microbial ecosystem and is part of 40 
an active hydrological system that drains into the marine cavity beneath the adjacent Ross Ice 41 
Shelf. Here we examine sources and sinks for organic matter in the lake and estimate the 42 
freshwater carbon and nutrient delivery from discharges into the coastal embayment. 43 
Fluorescence-based characterization of dissolved organic matter (DOM) revealed microbially-44 
driven differences between sediment pore waters and lake water, with an increasing contribution 45 
from relict humic-like DOM with sediment depth. Mass balance calculations indicated that the 46 
pool of dissolved organic carbon (DOC) in the SLW water column could be produced in 4.8 to 47 
11.9 years, which is a time frame similar to that of the lakes’ fill-drain cycle. Based on these 48 
estimates, subglacial lake water discharged at the Siple Coast could supply an average of 5,400% 49 
more than the heterotrophic demand within Siple Coast embayments (6.5% for the entire Ross 50 
Ice Shelf cavity). Our results suggest that subglacial discharge represents a heretofore 51 
unappreciated source of microbially-processed DOC and other nutrients to the Southern Ocean. 52 

Plain Language Summary 53 

Antarctica’s thick ice sheets cover a continent rich with liquid water. These subglacial aquatic 54 
environments are home to microbial ecosystems that process organic matter and nutrients 55 
important for all life. At the same time, subglacial water in Antarctica actively flows between 56 
basins and from subglacial basins to the edge of the continent where it mixes with seawater in 57 
coastal areas covered by ice shelves. The waters under these ice shelves are cold, dark, and 58 
contain low concentrations of organic carbon and nutrients. We used data from Whillans 59 
Subglacial Lake, which lies 800 m beneath the ice of West Antarctica, to understand the sources, 60 
sinks, and accumulation of organic matter in Antarctic subglacial aquatic environments. We then 61 
combined data from the same lake with data on subglacial hydrology in the region to determine 62 
whether inputs of subglacial organic matter and nutrients could be important in supporting life in 63 
the dark waters beneath the adjacent ice shelf. We found that the input of freshwater from the 64 
Antarctic continent to the surrounding ocean can meet the microbial demand for organic carbon 65 
and nutrients under the ice shelf. This work has implications for our understand of Antarctica’s 66 
influence on biology in the Southern Ocean.  67 

1 Introduction 68 

The transport of terrestrially-derived carbon to coastal environments is a major pathway 69 
in the global carbon cycle (Bauer et al., 2013). Riverine fluxes have long been recognized as an 70 
important source of carbon and nutrients to the oceans (Meybeck 1982), with high fluxes of 71 
dissolved organic carbon (DOC) occurring at low latitudes (0 – 30°; 62% of total known global 72 
inputs) and northern high latitudes (60 – 90°; 19%) (Dai et al., 2012). Polar ice sheets and 73 
glaciers, which store ~70% of the Earth’s freshwater have only recently been identified as 74 
important repositories of organic matter (Lawson et al., 2014; Hood et al., 2015; Santibáñez et 75 
al., 2018) and biologically important nutrients (Bhatia et al., 2013; Hawkings et al., 2016; 76 
Wadham et al., 2016, Dubnick et al., 2017) that can be exported to marine environments. The 77 
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Greenland Ice Sheet is thought to dominate the fluxes from large ice sheets due to its high rate of 78 
glacier mass turnover via surface (supraglacial) melt and iceberg calving (Hood et al., 2015); 79 
however, the absence of data from the Antarctic ice sheet (AIS) has prevented meaningful 80 
comparison between the worlds’ major ice sheets. 81 

 The beds of the Greenland Ice Sheet and AIS store large quantities of liquid water (e.g. 82 
Palmer et al., 2013; Siegert et al., 2016) in saturated sediments and sediment cavities. In 83 
Greenland, basal melt combined with supraglacial water that is directly transported to the bed 84 
(Das et al., 2008, Willis et al., 2015) cause subglacial “ponding” in areas where the ice is not 85 
frozen to the bed (Oswald et al., 2018). There are at least 400 subglacial lakes (Siegert et al., 86 
2016) and extensive groundwater at the base of the AIS (Priscu et al., 2008) that are isolated 87 
from the surface by the ~1 to 4 km of ice. In contrast to the Greenland Ice Sheet, there is no 88 
evidence for the direct transfer of surface flow to the bed, with basal melt serving as the main 89 
source of subglacial water (i.e. Beem et al., 2010). The estimated volume of water (~10,000 km3) 90 
combined with biogeochemical data from the ice implies that these environments are significant 91 
global reservoirs of organic C (~1600 Tg C) and microorganisms (~1021 microbial cells) (Priscu 92 
et al., 2008). 93 

 Sedimentary basins beneath the AIS are estimated to store 21,000 petagrams of organic C 94 
(Wadham et al., 2012), making Antarctic subglacial environments potentially important 95 
contributors to global C budgets. However, quantification of Antarctic subglacial organic matter 96 
stores and their significance to regional biogeochemical processes is limited by a paucity of data 97 
and direct observations. Whillans Subglacial Lake (SLW) was the first Antarctic subglacial lake 98 
that was directly sampled using specialized clean access technology (Priscu et al., 2013) and 99 
characterized through physical, chemical, and microbiological investigations (Christner et al., 100 
2014; Tulaczyk et al., 2014; Purcell et al., 2014; Achberger et al., 2016; Hodson et al., 2016; 101 
Michaud et al., 2016; Mikucki et al., 2016; Vick-Majors et al., 2016; Michaud et al., 2017). SLW 102 
is a relatively small body of fresh water (~0.13 km3; Christner et al., 2014; Fricker & Scambos 103 
2009) located ~800 m beneath the West Antarctic Ice Sheet (Fricker et al., 2007). The 104 
geothermal heat flux into SLW exceeds the continental average (Fisher et al., 2015) and 105 
produces basal meltwater thought to release ice-entrained solutes, particulate matter, and 106 
atmospheric gases into the lake. Its water column and sediments were shown to contain diverse 107 
communities of bacteria and archaea that form a biogeochemically functional microbial 108 
ecosystem (Christner et al., 2014; Purcell et al., 2014; Achberger et al., 2016; Mikucki et al., 109 
2016; Vick-Majors et. al. 2016; Michaud et al., 2017). Because the thick ice cover isolates 110 
subglacial lakes from atmospheric exchange, solar radiation, and surface-derived melt water 111 
inputs, the chemical energy and nutrients required to support biological activity are derived from 112 
solutes, gases, minerals and particulate matter released from basal melting and those stored in the 113 
underlying sediments.  114 

 SLW is one of approximately 25% of Antarctic subglacial lakes that are considered 115 
hydrologically “active” (Smith et al., 2009), meaning that water movement occurs between lakes 116 
and to the coastal ocean via subglacial channels. Most of the active lakes are coastal (Fricker et 117 
al., 2007; Fricker & Scambos 2009), have fill-drain cycles of months to years (Siegfried & 118 
Fricker 2018), and discharge water under the grounded ice sheet into the sub-ice shelf ocean. 119 
There is also evidence for water flow from groundwater stored in East Antarctica (Foley et al., 120 
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2019) and from lakes in the continental interior (Wright & Siegert 2012), implying wide 121 
hydrological dispersal of subglacial materials across Antarctica to the coastal margin.  122 

 West Antarctica’s Gould-Siple Coast (hereafter referred to as “Siple Coast”) is the 123 
location of one such active subglacial water system (Fricker et al., 2007), which drains fresh 124 
water through coastal estuaries into marine waters beneath the southern reaches of the Ross Ice 125 
Shelf (RIS) (Carter & Fricker 2012; Horgan et al., 2013; Muto et al., 2013). The outflows 126 
comprise a significant component of the overall freshwater budget of the coastal embayments, 127 
with episodic flow rates that can exceed 300 m3 s-1 during major flooding events and generate 128 
variability in the RIS cavity freshwater budget (Carter & Fricker 2012). Such subglacial outflows 129 
have the potential to transport dissolved and particulate bioelements (e.g. C, N, P, Fe) stored on 130 
the Antarctic continent to the surrounding ocean (Statham et al., 2008; Wadham et al., 2013). 131 
These subglacially derived solutes and particulate matter could be of particular biogeochemical 132 
importance in Antarctica’s coastal areas, 75% of which are covered by thick ice shelves (Rignot 133 
et al., 2013) that preclude photosynthetic primary production and effectively limit atmospheric 134 
inputs of solutes and particulate matter.   135 

 In this study we (i) characterize the organic matter and nutrient pools in SLW, (ii) 136 
determine the most likely sources of dissolved organic carbon to the lake water column, (iii) 137 
merge data from SLW with regional hydrological data (Carter & Fricker 2012) to estimate 138 
subglacial carbon and nutrient flows to the Siple Coast marine environment, and (iv) evaluate the 139 
potential geochemical and biological effects of this input to the dark marine coastal ecosystem 140 
beneath the RIS. 141 

2 Methods 142 

2.1 Site description 143 

Whillans Subglacial Lake (SLW) lies beneath 800 m of ice on the Whillans Ice Stream 144 
(WIS; Christianson et al., 2012; Horgan et al., 2012). SLW receives basal melt water from the 145 
overlying ice sheet (Fisher et al., 2015) and upstream subglacial inflow (Carter & Fricker 2012; 146 
Horgan et al., 2013); its outflow drains to an embayment at the WIS grounding zone (GZ; sample 147 
location 84.3354 S, 163.6119 W) in the RIS cavity (Figure 1). The flow of water through SLW 148 
was characterized by analyzing ice surface changes using data derived from IceSat and surface 149 
GPS measurements (Siegfried et al., 2016), which revealed three fill and drain cycles between 150 
2003 and 2015 (Siegfried et al., 2016). SLW was sampled in January 2013 when the lake was 151 
filling slowly after a drainage event in 2009 (Tulaczyk et al., 2014; Siegfried et al., 2016). The 152 
GZ site was 4.8 km downstream from the physical grounding line of the WIS (Figure 1). The ice 153 
cover at the GZ was ~760 m thick, and the underlying marine water column was ~10 m deep 154 
(Christianson et al., 2016; Begeman et al., 2018).  155 

 156 
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 157 

Figure 1. Map showing water flow paths from Siple Coast subglacial lakes to the RIS 158 
cavity. Blue lines = water flow paths, blue polygons = lakes, stars = subglacial access 159 
drilling sites: SLW = Whillans Subglacial Lake drill site, GZ = Grounding zone drill site. 160 
The grounding line is plotted in white. The study area is shown by the dashed box in the 161 
inset. The map was prepared using previously published data (Fricker et al., 2007; Smith 162 
et al., 2009; Fricker & Scambos 2009; Carter & Fricker 2012).  163 

2.2 Sample collection 164 

SLW water and sediments were collected through a ~0.6 m diameter borehole that was 165 
created with a microbiologically-clean, hot water drilling system (Priscu et al., 2013; Blythe et 166 
al., 2014; Burnett et al., 2014; Rack et al., 2014; Tulaczyk et al., 2014). Lake water samples were 167 
collected with a clean 10 L Niskin bottle and sediments were recovered using a clean gravity 168 
multicorer (Uwitec). Full details of the clean access protocol, results, drilling, and sample 169 
recovery are described elsewhere (Priscu et al., 2013; Christner et al., 2014; Tulaczyk et al., 170 
2014; Achberger et al., 2016; 2017). Briefly, three discrete 10 L water samples were collected at 171 
mid-depth from the ~2.2 m water column between 28 and 30 January 2013 and returned to the 172 
surface for processing. Seawater at the GZ was collected from eight discrete 10 L Niskin casts 173 
between 9 January and 15 January 2015, using the same procedures described for SLW (Priscu et 174 
al., 2013; Tulaczyk et al., 2014). Samples were collected at sub-ice water column depths between 175 
5 and 8 m in the 10 m water column.  176 

 For biological assays, sample water was decanted into acid-washed (0.1 M hydrochloric 177 
acid leached followed by 5 rinses with ultra-pure water) and autoclaved opaque high density 178 
polyethylene (HDPE) bottles. Acid-washed low density polyethylene (LDPE) bottles were used 179 
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for nutrients (Fe and dissolved N and P), and either acid-washed fluorinated HDPE bottles 180 
(Thermo Scientific, Nalgene, Waltham, MA) or acid-washed and combusted glass bottles were 181 
used for particulate and dissolved organic matter. Samples for Fe analysis were collected using 182 
trace-metal clean protocols following previously published methods (Turetta et al., 2004). 183 

 SLW sediment pore water samples were extracted at 2 cm intervals for analysis of 184 
dissolved organic matter using Rhizon pore water samplers (Rhizosphere; Seeberg-Elverfeldt et 185 
al., 2005) from a sediment core collected on 30 January 2013 (see Supplementary Table 1 for list 186 
of depths analyzed). The Rhizon samplers (0.2 µm filter pore size) were soaked in ultra-pure 187 
water before installation, and then inserted through pre-drilled holes in the sediment core liner. A 188 
10 mL syringe was attached to the outlet, and the plunger was pulled and locked to maintain 189 
vacuum. After 14 h of extraction, the porewater was dispensed into 1M HCl washed, ultra-pure 190 
water rinsed (6X), and combusted (4 hr at 450 oC) glass vials. Procedural blanks consisting of 191 
ultra-pure water were analyzed in parallel and used to correct for solute introduced by the Rhizon 192 
samplers.  193 

2.3 Organic matter and nutrients 194 

Samples for DOC concentration and three-dimensional spectrofluorometric 195 
characterization of dissolved organic matter (excitation-emission matrix spectroscopy; EEMS) in 196 
the SLW water column were filtered through acid-leached and combusted (>4 h at 450 °C) 25 197 
mm glass fiber filters (GF/F, effective retention size >0.7 µm). Filters were retained for 198 
particulate organic carbon (PC) and nitrogen analyses (PN) (Christner et al., 2014). The filtrate 199 
was collected in acid washed and combusted (>4 h at 450 °C) 40 mL amber borosilicate glass 200 
bottles fitted with polytetrafluoroethylene (PTFE) lined caps and stored at 4 °C until analysis at 201 
McMurdo Station (DOC) or upon return to Montana State University (EEMS). DOC and total 202 
dissolved N (TDN) concentrations were determined in water column and sediment porewater 203 
samples using a Shimadzu TOC-V Series TOC analyzer following acidification with 204 
hydrochloric acid to pH ≤ 2 to remove inorganic carbon as CO2. Dissolved organic nitrogen 205 
(DON) was determined by subtracting DIN (DIN = NH4+ + NO2- + NO3- ) from TDN. SLW 206 
water column DIN is from Christner et al., (2014); sediment porewater NH4+ was determined 207 
spectrophotometrically according to Strickland & Parsons (1968) and NO3- was determined via 208 
ion chromatography as described by Michaud et al., (2017).  209 

 Total dissolved and particulate phosphorus (TDP and PP, respectively) were determined 210 
spectrophotometrically (Solórzano & Sharp 1980) on water column samples partitioned by GF/F 211 
filtration as described above. Soluble reactive phosphorus values (approximate PO43- from 212 
Christner et al., 2014) were subtracted from TDP to approximate dissolved organic phosphorus 213 
(DOP) for SLW. Sediment porewater PO43- was determined via ion chromatography as described 214 
by Michaud et al., (2017). 215 

EEMs were captured with a Horiba Jobin Yvon Fluoromax-4 Spectrophotometer (Horiba, 216 
Ltd., Japan) equipped with a Xe light source and a 1 cm path length quartz cuvette. Excitation 217 
wavelengths were measured every 10 nm from 240 nm to 450 nm, and emission wavelengths 218 
every 2 nm from 300 nm to 560 nm. Measurements were corrected for background (0.2 µm 219 
filtered ultra-pure water), Raman scattering, and inner-filter effects using absorbance spectra 220 
collected between 190 nm and 1100 nm with a Genesys 10 Series Spectrophotometer (Thermo 221 
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Scientific) (McKnight et al., 2001). Parallel factor analysis (PARAFAC) was used to decompose 222 
the trilinear EEMS arrays (Stedmon et al., 2003) and derive a four-component model that 223 
described the fluorescence characteristics of the pore water DOM using the drEEM toolbox 224 
(version 0.2.0) for Matlab (Murphy et al., 2013; see Supplemental Information and Supplemental 225 
Figures 1 - 3 for further details).  The fluorescence intensity at the maximum for each component 226 
(Fmax) was calculated with drEEM by multiplying the maximum excitation loading and 227 
maximum emission loading for each component by its score. This approach produces intensities 228 
in the same measurement scale as the original EEMS and allows comparisons of maximum 229 
fluorescence between samples (Murphy et al., 2013). As an indicator of the relative contribution 230 
of fluorophores associated with labile organic moieties, the Freshness Index (FI) was determined 231 
at the excitation wavelength of 310 nm and by dividing the emission intensity at 380 nm (less 232 
decomposed DOM) by the maximum emission intensity between 420 nm and 436 nm (more 233 
decomposed DOM) by the (Parlanti et al., 2000; Huguet et al., 2009; Wilson & Xenopoulos 234 
2009). 235 

The stable isotopic compositions of water column particulate organic carbon and nitrogen 236 
(d13C and d15N) were determined on acid-fumed samples (collected as described above) at the 237 
University of Washington IsoLab using a Costech elemental analyzer coupled to a MAT253 238 
isotope ratio mass spectrometer with a Conflo III interface. Sediment samples were stored 239 
frozen, acid-fumed over 12M HCl, dried for 24 h at 90°C, and homogenized before analysis 240 
(d13C only) at the National Ocean Science Accelerator Mass Spectrometry (NOSAMS) facility 241 
Samples were blank corrected and the isotope ratios are presented as per-mil deviations relative 242 
to Vienna Pee Dee Belemnite (d13C) or Air-N2 (d15N) using standard delta notation. 243 

Concentrations of Fe were determined on SLW water column samples that were filtered 244 
through 0.2 µm pore size filters (single-use syringe filter with PTFE membrane 0.20 μm, 245 
Sartorius Stedim Biotech GmbH, Göttingen, Germany) and then acidified with HNO3 (Romil 246 
LTD – UPA grade) for >24 hours (dissolved Fe, including colloidal material). Unfiltered 247 
samples that were acidified with HNO3 for >24 hours (total Fe) were also prepared.  The samples 248 
were prepared in an Ultra-Clean Chemical Laboratory (UCCL) at the University of Venice and 249 
were analyzed 24 hours later using an ICP-SFMS (Inductively Coupled Plasma Sector Field 250 
Mass Spectrometry - Element2, Thermo Scientific, Bremen, Germany) coupled with a 251 
desolvation unit (Aridus, Cetac Technologies, Omaha, NE, USA). The instrument was housed in 252 
a dedicated laboratory with the sample introduction area protected by a laminar flow cabinet 253 
(Turetta et al., 2004). The quantification of Fe was carried out by a matched calibration method 254 
(Turetta et al., 2004). A multi-element standard solution (0, 10, 50, 100, 200, 500, 800, 1000, 255 
2500 pg mL−1, from a 10 mg L−1 ICP-MS calibration standard IMS102-Ultra Scientific 256 
(www.ultrasci.com) was added to nine aliquots of lake water sample. The accuracy of the 257 
measurements was determined using a certified reference material (TM-RAIN95). Particulate Fe 258 
was derived by subtracting the dissolved Fe from the total (unfiltered) Fe. 259 

Fluxes of carbon and nutrients from the pore waters to the water column were calculated 260 
from 1 cm below the surface of the sediments to the bottom of the water column (0 cm sediment 261 
depth) assuming a well-mixed water column. The diffusion coefficient for DOC was the average 262 
diffusion coefficient determined over a range of DOC molecular weights (16 – 200,000) at 3 °C 263 
(Burdige et al., 1992) and was also used for DON. Diffusion coefficients associated with the 264 
lowest reported temperatures were used for NO3-, NH4+, and PO43- (Li & Gregory 1974). 265 
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Diffusion coefficients were corrected for tortuosity (Shen & Chen 2007) and used a sediment 266 
porosity of 0.59 (based on a sediment depth of 0 to 2 cm). 267 

2.4 Heterotrophic biomass production 268 

Heterotrophic carbon production in the GZ water column was determined via [3H]L-269 
leucine incorporation into acid-and-ethanol-insoluble macromolecules (Kirchman et al., 1985) in 270 
the same manner as for SLW (Christner et al., 2014). Samples (1.5 mL; three live and three 5% 271 
final v/v trichloroacetic acid [TCA] killed) were incubated with 20 nM radio-labeled leucine 272 
(specific activity 84 Ci mmol-1) at 3 °C in the dark for 24 to 117 h. Separate experiments 273 
(Supplementary Figure 4) showed linear incorporation over this time period. Incubations were 274 
terminated by the addition of 100% cold TCA (5% v/v final TCA). Following centrifugation, the 275 
residual pellet was washed with cold (4 °C) 5% TCA and cold (4 °C) 80% ethanol, and then 276 
dried overnight at ~22 oC. One mL of Cytoscint ES scintillation cocktail was added to each vial 277 
and the radioactivity was quantified with a calibrated scintillation counter. Leucine incorporation 278 
rates (nM Leu d-1) at the incubation temperature were converted to rates at in situ temperature (-279 
1.9 °C) using an energy of activation of 25,755 J mol-1, which was determined in separate 280 
experiments at SLW (Vick-Majors et al., 2016). Temperature corrected rates were converted to 281 
heterotrophic bacterial biomass production using published conversion factors of 1.42 x 1017 282 
cells mol-1 leucine (Chin-Leo & Kirchman 1988) and a cellular carbon content of 11 fg C cell-1 283 
(Kepner et al., 1998). The rate of heterotrophic bacterial carbon demand in SLW was determined 284 
as the sum of heterotrophic bacterial respiration (1.7 nmol C L-1 d-1) and incorporation of carbon 285 
(0.2 nmol C L-1 d-1) reported by Christner et al., (2014) and Vick-Majors et al., (2016). 286 

 The heterotrophic bacterial demand for C at the GZ was determined by summing the rates 287 
of carbon production described above with an estimated rate of bacterial carbon respiration. 288 
Carbon respiration was estimated by assuming a heterotrophic bacterial growth efficiency of 289 
20% (average value determined from experiments in the Ross Sea; Carlson et al., 1999). N, P 290 
and Fe demand under the RIS at the GZ were calculated from rates of heterotrophic biomass 291 
production for carbon assuming Redfield stoichiometry (Redfield et al., 1963) and iron use in 292 
chemoorganotrophic growth (106:16:1:0.224; C:N:P:Fe, Raven 1988). 293 

2.5 SLW carbon balance 294 

The carbon balance for SLW was determined assuming steady state with respect to water: 295 

!"#$
!%

= 0                                                               Eq.1 296 

where: 297 

!"#$
!%

= 𝐼)*+,-. + 𝐼)0121,% − 𝐼-4%+,-.                                      Eq. 2 298 

Iinflow is equal to the rate at which water entered the lake during the preceding fill cycle (0.007 299 
km3 a-1, Siegfried et al., 2016) and Iicemelt is described as:  300 

    𝐼)0121,% = 	𝑀𝑅)01 ∗ 	𝐴:;<	     Eq. 3 301 
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 302 

where ASLW   is the previously determined lake surface area (~59 km2; Fricker & Scambos 2009) 303 
and MRice (rate of ice melt over the lake) was determined previously (Fisher et al., 2015) and 304 
corrected for the relationship between the volume of ice and the volume of water contained in the 305 
ice (Vwater = 0.918*Vice).  306 

The annual change in water column DOC was calculated as: 307 

!=$>
!%

= 	 𝐽)*+,-. + 𝐽)0121,% + 𝐽@1!@ + 𝐽AB-! − 𝐽C>= − 𝐽-4%+,-.                Eq. 4 308 

where Jinflow, Jicemelt, Jseds, and Jprod are sources and JBCD and Joutflow are sinks and, 309 

   𝐽)*+,-. = 	 𝐼)*+,-. ∗ 	 [DOC]	      Eq. 5 310 

where [DOC] is CDOClake set to 50% of SLW [DOC] and bounded by 100% of SLW [DOC] 311 
(Christner et al., 2014) and the average [DOC] of AIS ice (CDOCice; Hood et al., 2015), 312 

   𝐽)0121,% = 	 𝐼)0121,% ∗ 	𝐶=$>)01	      Eq. 6 313 

   𝐽@1! = 	𝐴:;< ∗ 	𝐹=$>@1!	      Eq. 7 314 

where FDOCsed (flux of DOC from the sediment porewaters) is calculated as described in section 315 
2.3), 316 

   𝐽AB-! = 	𝑉:;< ∗ 	𝑅=$>AB-!	      Eq. 8 317 

where RDOCprod is the volumetric rate of chemoautotrophic organic carbon production determined 318 
previously (Christner et al., 2014), 319 

   𝐽C>= = 	𝑉:;< ∗ 	𝑅=$>!12	      Eq. 9 320 

where the volumetric heterotrophic bacterial organic carbon demand (RDOCdem) was determined 321 
previously as the sum of organic carbon incorporated into biomass and respired to CO2 (Vick-322 
Majors et al., 2016), 323 

   𝐽-4%+,-. = 	 𝐼-4%+,-. ∗ 	𝐶=$>,LM1	     Eq. 10 324 

The DOC accumulation time (TDOClake) for the lake water column was determined as, 325 

   𝑇=$>,LM1 = 	
>OPQRSTU
!=$> !%⁄ 	       Eq. 11 326 

 The uncertainty in TDOClake calculations was estimated as follows: for parameters 327 
published elsewhere, the published uncertainty was used, for RDOCdem and RDOCprod, the 328 
propagated standard deviations of 3 replicate experiments were used; for CDOCice, the range of 329 
values reported for AIS DOC concentrations (Hood et al., 2015) was used; for Jinflow, the 330 
concentration of DOC in the inflowing water was varied between that of SLW at the time of 331 
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sampling (221 µM) and the average concentration of CDOCice; sediment pore water to water 332 
column fluxes (FDOCsed) were varied based on the range of possible DOC diffusion coefficients 333 
(Burdige et al., 2012). The upper bound for the annual DOC surplus was determined by 334 
subtracting the lowest JBCD and Joutflow from the highest summed sources and the lower bound for 335 
the annual surplus was determined by subtracting the highest JBCD and Joutflow from the lowest 336 
summed sources. All definitions are also provided with the mass balance in Table 2. 337 

2.6 Bioelement export to the RIS cavity 338 

To estimate the potential subsidies of organic carbon and inorganic nutrients (N, P, and 339 
Fe) from the Siple Coast to the sub-RIS cavity, the concentration of each bioelement in SLW 340 
water was multiplied by the volumetric flow rate of water from the Siple Coast to the sub-RIS 341 
cavity (0.82 to 15.8 km3 a-1, average, 1.9 km3 a-1; Carter & Fricker 2012). The impacts of 342 
subglacial flows of continental organic C and nutrients are likely greatest in coastal embayments 343 
(Carter & Fricker 2012), rather than being diluted into the entire volume of the RIS cavity 344 
(~125,000 km3; Smethie & Jacobs 2005). The volume of the GZ embayments is not well 345 
constrained, but water column thickness is typically < 50 m, and the embayment that receives 346 
outflow from SLW is ~500 km2 in area (Carter & Fricker 2012; Muto et al., 2013). Assuming a 347 
water column thickness of 50 m, an embayment volume of 25 km3 was used for the calculations. 348 
There are six embayments associated with ice stream outflows along the Siple Coast (Carter & 349 
Fricker 2012), which if similar in volume, would total 150 km3. The contribution of organic C 350 
and nutrients per unit volume of water was calculated for coastal embayments under the RIS 351 
(150 km3) as well as the contribution if diluted into the entire volume of the RIS cavity by 352 
dividing the total moles of each bioelement in the outflow on an annual basis by volume. To 353 
determine the potential biological subsidy from subglacial outflow, we compared the embayment 354 
contribution estimates to bacterial demand for organic C and nutrients at the GZ (section 2.4). 355 

3 Results and discussion 356 

Table 1. Dissolved and particulate matter concentrations (standard deviation) and bulk molar quantity or “pool size” 357 
in the SLW water column.  358 
 359 

Parameter DOC* PC* DON PN* DIN* DOP PP SRP* DFe PFe d13C d15

N 

Concentration†  
 

221 
(55) 

78.5 
(7.4) 

2.35 
(0.80) 

1.20 
(0.40) 

3.29 
(0.79) 

6.07 
(0.63) 

1.54 
(0.57) 

3.10 
(0.70) 

0.03 
(0.02) 

1.40 
(0.44) 

-26.2  
(0.8) 

9.9 
- 

Pool Size  
(x 105 moles) 

290 100 3.2 1.6 4.4 8.1 2.0 4.1 0.04 1.9 - - 

DOC, dissolved organic carbon; PC, particulate organic carbon; DON, dissolved organic nitrogen; PN, particulate 360 
nitrogen; DIN, dissolved inorganic nitrogen; DOP, dissolved organic phosphorus (difference between TDP and 361 
SRP); PP, particulate phosphorus; SRP, soluble reactive phosphorus (~dissolved inorganic P); DFe, dissolved Fe; 362 
PFe, particulate Fe. DOC, PC, DON, PN, DIN, SRP n = 3; TDP n = 5; PP n = 4; d15N-PN n = 1; d13C-PC n = 2. 363 
 * reported in Christner et al., 2014. 364 
† Concentrations are given in µmol L-1; d13C and d15N values are in ‰ 365 
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The primary source of SLW water is glacial meltwater from the West Antarctic Ice Sheet, 366 
with a minor contribution (~6%) from relict seawater in the deepest sediment pore waters 367 
(Christner et al., 2014; Michaud et al., 2016). Information on carbon and nutrient concentrations 368 
from polar ice sheets are limited, but available data show low concentrations relative to many 369 
temperate systems (DOC ~12.5 µmol C L-1, Hood et al., 2015; NH4+ ~0.05 µmol N L-1, NO3- 370 
~0.6 µmol N L-1, Wolff 2013; PO43- ~0.2 µmol P L-1 for the Greenland ice sheet, Kjær et al., 371 
2011, no P data are available from the Antarctic ice sheet). By contrast, the SLW water column 372 
had relatively high concentrations of organic matter and inorganic nutrients (Table 1, Figure 2, 373 
Christner et al., 2014), suggesting sedimentary sources and/or production in situ.  374 

3.1 Organic matter and inorganic nutrients in the SLW water column and sediments 375 

 The PC concentration in the SLW water column was 78.5 µmol C L-1 (Christner et al., 376 
2014). Given the microbial cell density in the lake water (1.3 x 10-8- cells L-1, Christner et al., 377 
2014), and a cellular carbon content estimate of 0.9 fmol C cell—1- (Kepner et al., 1998), only ~ 378 
0.1 µmol PC L-1 could be associated with intact microbial biomass. This indicates that most of 379 
the water column PC was detrital. Suspended particulate organic matter (POM) was N-poor 380 
relative to C and P (65 C:N; 0.78 N:P by atoms), compared to atomic elemental ratios for 381 
freshwater bacteria in a range of lakes (C:N = 7.3; N:P = 12; Cotner et al., 2010). The sediment 382 
C:N ratio, while lower than that of the water column was, on average, still a factor of 2 greater 383 
than that of that previously reported for freshwater bacteria (SLW sediment C:N average = 15 ± 384 
1.2; Figure 2; PC and PN composition of sediment samples from 0 – 37 cm was reported 385 
previously [Christner et al., 2014; Michaud et al., 2017] and the profile is shown in the results of 386 
this paper for ease of interpretation). The highest sediment PC:PN occurred in the top 2 cm of the 387 
sediment profile (PC:PN = 18) and may be explained by microbial utilization of POM targeting 388 
N-rich compounds. A similar pattern was observed in the DOM pool in the SLW water column, 389 
where the atomic C:N ratio of DOM (95) exceeded that of freshwater bacteria by a factor of 13. 390 
In contrast, the average for the sediment pore waters exceeded the C:N ratio of freshwater 391 
bacteria by only a factor of ~3.5. (atomic DOM ratio = 18 C:N). 392 
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The DOM pool in the water column was also N-poor relative to P (DON:DOP = 393 
0.38).The composition of the total dissolved N pool in the water column and sediment pore 394 
waters were similar, with DON accounting for 40% of water column total dissolved N (TDN) 395 
and 39% of average sediment pore water TDN. In both cases, the dissolved inorganic N (DIN) 396 
pool was dominated by NH4+ (73% in the water column, Christner et al., 2014; 86% in the 397 
sediment pore waters on average, Figure 2). While runoff from the surrounding watershed and 398 
direct atmospheric deposition are primary sources of DON in temperate freshwater environments 399 
(Berman & Bronk 2003), SLW’s thick ice cover and relative isolation from exposed land surface 400 
and the low N concentrations in glacial ice (Wolff 2013) make these sources less likely to be of 401 
importance. Biological production, which is the major source in open-ocean waters far from 402 
terrestrial inputs (Berman & Bronk 2003) and DON released from the sediments, which is 403 
common in shallow, freshwater environments (Zehr et al., 1988), are likely sources. Based on 404 
PC:PN ratios, the SLW surface sediments and pore waters were rich in PON relative to the water 405 
column (Figure 2). Porewater DON concentrations peaked in the surficial sediments, indicating 406 
the pore waters were a source of DON to the water column. However, DON concentrations 407 
decreased with depth along the sediment pore water profile, and thus, are not consistent with a 408 
source of DON from relict organic matter or bedrock N at depth. These data imply that 409 
contemporary biological activity in the surface sediments (0 to 2 cm) is likely the primary source 410 
of DON in SLW. The thick ice-cover that overlies SLW precludes photochemical decomposition 411 
of DON, which is an additional sink in open water environments and often results in the 412 
production of DIN (e.g. Vähätalo & Zepp 2005; Porcal et al., 2014). Thus, darkness in the 413 
subglacial environment may contribute to an accumulation of recalcitrant DON and tight cycling 414 
of labile DON (e.g. urea, amino acids). 415 
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 416 
Figure 2. SLW water column and sediment porewater chemical profiles inorganic N, P, 417 
dissolved organic matter (DOC, DON), and PC:PN ratios.  Note that PO43- was measured 418 
as soluble reactive phosphorus (SRP) in the water column and in ion form in the sediment 419 
porewaters. The dashed line indicates the sediment-water interface. Water column samples 420 
were collected from the middle of the 2.2 m deep water column. Water column values for 421 
DOC, NH4+, NO3-, and SRP and sediment C:N were published previously (Christner et al., 422 
2014, Michaud et al., 2017). Note the difference in units for DOC. Sediment pore water 423 
sample depths are in Supplementary Table 1. 424 

3.2 Biogeochemical characteristics of particulate and dissolved organic matter in SLW 425 

The d13C of PC from three sediment depths (0-2 cm, top; 20-22 cm, middle; and 32-34 426 
cm, bottom) and from suspended material in the water column was determined to further 427 
characterize the organic matter in SLW. There was little variation in d13C-PC among sediment 428 
depths (average = -25.2 ‰ ± 0.3). The sediment and water column d13C-PC (water column 429 
average = -26.2 ‰, range =-25.6 to -26.8 ‰; n =2) were also similar. This similarity in d13C-PC 430 
between the water column and sediments, coupled with the 4-fold increase in PC:PN ratio 431 
between the sediments and water column (water = 65.4, surface sediments = 17.9), and high d15N 432 
value of PN (9.9 ‰) in the water column further supports that the lake water contains relict 433 
detritus from which N has been scavenged to support biological activity. The d13C and C:N ratios 434 
of SLW sediments closely align with pre-Last Glacial Maximum sediments collected from 435 
former Subglacial Lake Hodgson (d13C ~-25, C:N ~10-15), a recently-exposed subglacial lake on 436 
the Antarctic Peninsula (Hodgson et al., 2009). The d13C is similar to the d13C  for the deep 437 
pelagic waters of stratified, permanently ice-covered lakes in the Taylor Valley of East 438 
Antarctica (≤ -26 ‰; Lawson et al., 2004). These lakes are characterized by strong chemoclines, 439 
with carbon cycling below the chemoclines heavily influenced by relict organic matter. 440 
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The DOC concentration in SLW (221 µmol C L-1, Table 1; Christner et al., 2014) was an 441 
order of magnitude higher than an average compiled for Antarctic glacial ice determined based 442 
on a range of ice sheet and valley glacier sites (12.5 µmol L-1; Hood et al., 2015), but similar to 443 
that of the water columns of other ice-covered Antarctic surface lakes (~200 µmol L-1;  Takacs et 444 
al., 2001), and of the same order of magnitude as more concentrated subglacial groundwater 445 
systems (420 µmol L-1; Mikucki et al., 2009). Concentrations were also similar to maximum 446 
estimates for the water column of Vostok Subglacial Lake, which indicated an advected or 447 
internal biological source of DOC to the lake (250 µmol L-1; Priscu et al., 1999, Christner et al., 448 
2006). Given that glacial meltwater that is less concentrated in carbon and nutrients comprises 449 
the major water source to SLW (Christner et al., 2014; Michaud et al., 2016), we examined the 450 
composition and sources of DOM using fluorescence spectroscopy to describe the composition 451 
of the SLW DOM pool and used a mass-balance approach to quantify sources of organic C to the 452 
water column.  453 

3.3 Fluorescence characterization of water column and sediment porewater DOM 454 

A fraction of DOM is fluorescent (FDOM) and its fluorescence excitation and emission 455 
properties provide signatures of its chemical composition and sources (Romera-Castillo et al., 456 
2011). Parallel factor analysis (PARAFAC) of excitation/emission fluorescence of FDOM in 457 
SLW sediment porewaters (Figure 3 and Supplementary Figure 1) was used to characterize the 458 
FDOM in SLW. Our analysis revealed the presence of four fluorophore components (C1-C4) 459 
(Supplementary Figure 2), including two that were amino acid-like (tyrosine-like and 460 
tryptophan-like, C3 and C4, respectively) and indicative of microbial DOM production. C3 and 461 
C4 accounted for ~70% of total FDOM in the surface porewaters (0-2 cm), and decreased to 462 
~50% at depths of 36-38 cm, while humic-like fluorophores (C1 and C2) increased in relative 463 
abundance within the deeper sediments (Figure 3). C3 was the dominant component in the top 15 464 
cm of the porewater profile, accounting for between 31.9% and 41.6% of the FDOM. This depth 465 
range is consistent with the oxygen penetration depth in the SLW sediments (inferred from the 466 
profile of redox-sensitive vanadium in the sediment porewaters), which suggests oxygen-467 
consuming microbial activity occurs in the top 15 cm of sediment (Michaud et al., 2016). 468 
Because the FI is thought to be related the degree of organic matter degradation or lability 469 
(Parlanti et al., 2000; Wilson & Xenopoulos 2009), we examined the FI (Figure 3) with this 470 
potential zone of microbial activity in mind. 471 

The FI showed little variation with depth in the sediment porewaters after decreasing 472 
from 1.28 to 1.11 between the water column and top 2 cm of sediment (sediment porewater slope  473 
= -0.0008; Figure 3). None of the fluorophore components had strong explanatory power over FI 474 
in the sediment porewater profile (C1, C2, C3, C4: R2 = 0.07, 0.001, 0.23, and 0.07, respectively; 475 
slope = 0.0020, 0.0003, -0.0026, and 0.0020 FI units [component %]-1, respectively). C3 476 
explained the greatest amount of variation in FI, and was the only component negatively 477 
correlated with FI (albeit with marginal statistical significance; R2 = 0.23, slope = -0.0026,  P = 478 
0.1). If the FI is indeed related to the degree of organic matter degradation in this system, where 479 
higher FI is analogous to greater contributions from less degraded OM, the inverse relationship 480 
between C3 and FI could indicate that C3 is a product of the microbial degradation of organic 481 
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matter. That the relative contribution of C3 decreased with depth also suggests that it may be 482 
related to microbial activity. 483 

  484 

Figure 3. Fluorescence characteristics of SLW sediment pore water DOM. Components 485 
C1 and C2 (humic-like) and C3 and C4 (protein-like) shown as % of total fluorescence. 486 
Fmax = maximum fluorescence calculated as described in the methods. The Freshness 487 
Index was calculated for sediment pore waters and the water column, as described in the 488 
methods. 489 

While the contributions from C3 and C4 did decrease with depth, the increase in humic-490 
like fluorescence at depth was not simply a result of decreasing fluorescence in the non-humic-491 
like components, as demonstrated by the maximum fluorescence intensity for each component 492 
(Fmax) through the pore water profile (Figure 3). The Fmax for humic components C1 and C2 493 
increased linearly with depth (slope = 0.002 fluorescence units cm-1, R2 = 0.9 and slope = 0.001 494 
fluorescence units cm-1, R2= 0.9, respectively), while the Fmax for amino-acid like components 495 
C3 and C4 remained constant (slope = -0.003 fluorescence units cm-1, R2 =0.05 and slope = 496 
0.0004 fluorescence units cm-1, R2 = 0.04, respectively; Figure 3). The combination of increased 497 
humic-like fluorescence and increasing DOC concentration at depth (slope = 0.03 µM cm-1, R2 = 498 
0.22) suggests that greater proportions of less labile and/or more heavily modified FDOM are 499 
stored deeper in the sediments.  500 

In contrast to the four components identified from the sediment pore waters, a fluorescent 501 
DOM peak with modified tyrosine-like fluorescence was identified in the water column, (ex: 240 502 
em: 310; Supplementary Figure 3). The single identifiable water column peak was blue-shifted 503 
from the tyrosine-like C3 observed in the pore waters (ex: 270 em: 300; Supplementary Figure 504 
2). The peak was also similar to a fluorophore identified in ice samples from the West Antarctic 505 
Ice Sheet Divide ice core (D'Andrilli et al., 2017). A blue shift may indicate a decrease in 506 
aromaticity or molecular mass resulting from biological activity (Coble 1996). Together with the 507 
above analysis indicating that C3 may be associated with microbial activity, these results suggest 508 
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that the water column FDOM composition is influenced by water source and microbial 509 
processing and of porewater DOM.    510 

We compared our PARAFAC model results to published literature and other models in 511 
the OpenFluor database (Murphy et al., 2014). The humic-like C2 identified in SLW matched 512 
components from other models in the OpenFluor database (95% similarity cutoff): component 513 
that was produced along a river-to-marine transition in an Arctic river delta in Siberia 514 
(Gonçalves-Araujo et al., 2015), a component that was linked to microbial degradation of FDOM 515 
in five large Arctic rivers (Walker et al., 2013), and a component from Belgian rivers, which was 516 
also linked to microbial activity (Lambert et al., 2017). SLW’s C2 was similar, in terms of its 517 
excitation/emission maxima, to the mixture of humic peaks commonly associated with coastal 518 
environments (Coble 1996), and microbial degradation and production of DOM in Antarctic 519 
surface lakes (Cory & McKnight 2005). The C1 humic-like fluorophore did not match 520 
components in the OpenFluor database, but was similar to a microbially-derived component 521 
from a permanently ice-covered McMurdo Dry Valley lake (Cory & McKnight 2005), a typical 522 
marine humic component (Coble 1996), and DOM associated with microbial degradation of 523 
organic matter in Antarctic mountain glaciers (Barker et al., 2010). While presumed to be 524 
biologically recalcitrant, some humic components can also be consumed by microorganisms 525 
(Romera-Castillo et al., 2011), implying that the humic-like FDOM detected in SLW porewaters 526 
may be a biologically useful energy source. Since FDOM in glacier ice is typically dominated by 527 
protein-like fluorescence (e.g. Dubnick et al., 2010), the humic-like fluorescence in the 528 
porewaters is more likely a signature of microbial activity than of the ice-melt source-waters and 529 
the similarities between SLW humic components and those matched in OpenFluor imply a 530 
common component of DOM from microbial activity in ecological settings that share 531 
characteristics with SLW (i.e., cold and dark with microbially dominated biogeochemical 532 
processes). 533 

3.4 Sources of dissolved organic matter and nutrients to the SLW water column 534 

The estimated residence time of glacial till pore water beneath the Whillans Ice Stream 535 
(1000 - 10,000 a) implies that subglacial water in the region should be rich in accumulated 536 
solutes (Christoffersen et al., 2014). In contrast, the bulk residence time for the water column in 537 
SLW is much shorter (years to decades) (Fricker et al., 2007; Siegfried et al., 2014). 538 
Consequently, the solute pool in SLW likely results from a mixture of shorter-term lake-basin 539 
and longer term till-porewater processes (Michaud et al., 2016). We calculated diffusive fluxes 540 
from sediment pore waters to the water column for DOC, DON, SRP (PO43-), NO3--N, and NH4+-541 
N. The highest contributions of biologically relevant solutes from the sediment pore waters were 542 
for DOC and DON at 5.6 x 106 and 4.8 x 105 mol a-1, respectively. The inorganic nutrients, 543 
NH4+, NO3-, and PO43-, had significantly lower contributions from the sediments (0.82, 0.10, and 544 
0.16 mol a-1, respectively).  545 
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The SLW FDOM data revealed that organic matter in the subglacial waters was derived 546 
from and/or altered by microbial activity; however, contemporary microbial activity alone cannot 547 
account for the size of the observed DOC pool (Table 2). In addition to chemoautotrophic C-548 
fixation (Christner et al., 2014) and flux from the sediment porewaters, sources of DOC to the 549 
SLW water column include water inflow from upstream to the lake and ice melt above the lake, 550 
with the total input from all sources estimated at 6.4 x 106 mols C a-1 (Table 2). DOC input to the 551 
water column was dominated by DOC flux from the sediment pore waters (86% of total DOC 552 
inputs) followed by estimated inflow from upstream (12%), chemoautotrophic production (2.0%) 553 
and ice melt over the lake basin (0.2%).  554 

Heterotrophic bacterial carbon demand (TDOCdem) is the major biological DOC sink in 555 
SLW. The DOC supply estimated by our model exceeds this metabolic sink by a factor of 70. 556 
Therefore, most of the DOC input to the SLW water column accrues to the DOC pool (Table 2). 557 
These calculations yield an accumulation time of 6.3 years (range = 4.8 – 11.9) (Table 2), a 558 
timeframe similar to the variable fill-drain cycles of lakes in this region (Siegfried et al., 2014). 559 
These estimates highlight the importance of sediment pore water interactions and SLW 560 
watershed hydrological connectivity in accounting for the geochemical and biological processes 561 
occurring in the lake. 562 

According to our calculations, sediment pore water DOM was the largest contributor to 563 
the water column DOC budget. However, the water column DOM fluorescence was dominated 564 
by a single amino-acid-like fluorophore characterized by a blue shift from the dominant 565 
porewater fluorophore, C3. The small number of water column samples (n = 3) precluded the use 566 
of PARAFAC analysis and may have diminished our ability to distinguish the presence of other 567 
fluorophores. The differences between water column and sediment porewater DOM character 568 
may be explained by the consumption of sediment-derived DOM in the water column or at the 569 
water-sediment interface. The DOC concentration decreased by a factor of 4.5 between the 570 
surface sediment pore waters and the water column, or taking the average of the top ten 571 
centimeters of the sediments, by a factor of 2.7, implying that sediment derived DOC was 572 
consumed in the water column or at the interface. At the same time, the Fmax of the humic-like 573 
components, C1 and C2, decreased by 51% and 42%, respectively, in the surface sediments (0-2 574 
cm) relative to the average for the rest of the sediment column (2-38 cm) (Figure 3). These 575 
results, together with the similarity between C1 and C2 and components that were produced and 576 
consumed by microorganisms in similar environments (Section 3.3), suggest that sediment-577 
derived DOM is transformed by microbial activity in the water column and/or at the sediment-578 
water interface, resulting in a water column dominated by microbially produced tyrosine-like 579 
FDOM. 580 

  581 
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 582 

Table 2. Parameters and values in the Subglacial Lake Whillans DOC mass balance 583 
 Parameter Symbol or derivation Value (Range) Units References 

Constants Ice melt rate MRice 
1.7 x 10-5 

(1.2 x 10-5 – 2.1 x 10-5) 
km liquid 
water a-1 Fisher et al., 2015 

 Lake 
surface area ASLW 

59 
(47 – 71) km2 Fricker & 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) km3 

Christner et al., 
2014, Fricker & 
Scambos 2009 

 
SLW [DOC] CDOClake 

2.2 x 108 

(1.7 x 108 – 2.8 x 108) mol km-3 
Christner et al., 
2014, Fricker & 
Scambos 2009 

 Ice [DOC] CDOCice 
1.3 x 107 

(1.7 x 106 – 2.7 x 107) mol km-3 Hood et al., 2015 

 Areal flux from 
sediments FDOCsed 

9.3 x 104 

(5.5 x 104 – 1.3 x 105) mol km-2 a-1 This paper 

 Volumetric  
C production RDOCprod 

1.0 x 10-6 

(8.7 x 10-7 – 1.1 x 10-6) mol km-3 a-1 Christner et al., 
2014 

 Volumetric  
C demand RDOCdem 6.7 x 10-7 

(5.3 x 10-7 – 8.1 x 10-7) mol km-3 a-1 Vick-Majors et al., 
2016 

Water Water from  
ice melt Iicemelt = MRice x ASLW 9.8 x 10-4 

(7.0 x 10-4 – 1.3 x 10-3) km3 a-1 
Fisher et al., 2015, 
Fricker & Scambos 
2009 

 Water from  
inflow Iinflow 7.0 x 10-3 km3 a-1 Siegfried et al., 

2016 
 Water outflow Ioutflow = Iicemelt + Iinflow 7.9 x 10-3 

(7.7 x 10-3 – 8.3 x 10-3) km3 a-1 This paper 

DOC  Inflow Jinflow = CDOClake x Iinflow 7.7 x 105 

(9.3 x 104 – 1.9 x 106) mol a-1 This paper sources 

Ice melt Jicemelt = Iicemelt x CDOCice 1.2 x 104 

(1.7 x 103 – 2.8 x 104) mol a-1 This paper 

Sediment  
porewater Jseds = FDOCsed x ASLW 5.6 x 106 

(3.3 x 106 – 7.7 x106) mol a-1 This paper 

Chemoautotrophic 
production Jprod = RDOCprod x VSLW 1.3 x 105 

(1.1 x 105 – 1.5 x 105) mol a-1 This paper 

sinks C demand JBCD = RDOCdem x VSLW 8.7 x 104 

(6.8 x 104 – 1.0 x 105) mol a-1 This paper 

 DOC outflow Joutflow = Ioutflow x CDOClake 
1.8 x 106 

(1.3 x 106 – 2.3 x 106) mol a-1 This paper 

Balance 
Surplus dDOC/dt = Jinflow + Jicemelt + Jseds 

+ Jprod - JBCD - Joutflow 
4.5 x 106 

(2.1 x 106 – 7.4 x 106) mol a-1 This paper 

 Accumulation 
Time TDOClake = CDOClake / (dDOC/dt) 6.3 

(4.8 – 11.9) a This paper 

3.5 Subglacial bioelement subsidies to the Siple Coast 584 

The Ross Ice Shelf (RIS) covers ~500,000 km2 of the Ross Sea (Rignot et al., 2013). At 585 
its southern extent, it adjoins the Siple Coast where the ice shelf flows north towards the open 586 
Ross Sea (Figure 1). Biogeochemical data on the waters from ~450 km from the edge of RIS 587 
were collected from under the RIS as part of the Ross Ice Shelf Project at Station J9 (Clough & 588 
Hansen 1979). The J9 sediment and water column studies showed microbial communities 589 
capable of metabolizing organic carbon substrates and fixing inorganic C in the dark (Horrigan 590 
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1981), and a benthic community dominated by scavengers (Lipps et al., 1979). Data from closer 591 
to the ice shelf margin (Vick-Majors et al., 2015) revealed dark inorganic C-fixation rates similar 592 
to those determined by Horrigan (1981; ~6 nmol C L-1 d-1) that were exceeded by heterotrophic 593 
microbial carbon demand. These results imply that in situ carbon production is insufficient to 594 
sustain the carbon demand under the RIS and that other sources of DOC are required.  DOC in 595 
the RIS cavity source waters (mixtures of High and Low Salinity Shelf Water produced in the 596 
Ross Sea) may supplement the reduced C source under the ice shelf. However, long residence 597 
times (~3.5 years; Smethie et al., 2005) provide time for drawdown of supplemental DOC under 598 
the ice during water mass transport. Indeed, DOC concentrations in source waters beneath (Vick-599 
Majors et al., 2014) or proximate to (Bercovici et al., 2017) the McMurdo Ice Shelf were 600 
approximately 40 µmol C L-1 (~37 µmol C L-1, Vick-Majors et al., 2015; ~47 µmol C L-1 in Ross 601 
Sea Dense Shelf Water, Bercovici et al., 2017), while average DOC concentrations in water 602 
collected at the GZ were approximately twice these values (75 µmol C L-1). Apparent DOC 603 
enrichment at the GZ raises the possibility that subglacial outflows could be an important 604 
subsidy to coastal and estuarine biogeochemical processes under the RIS.  605 

Subglacial water from the Siple Coast ice streams enters the RIS cavity (Figure 1) both 606 
continuously and in pulses during lake discharge events at rates of 0.82 to 15.8 km3 a-1 (average, 607 
1.9 km3 a-1; Carter & Fricker 2012). Based on measured values of dissolved and particulate 608 
organic matter in SLW (Table 1; this study and Christner et al., 2014) and water discharge 609 
estimates (Carter & Fricker 2012; Table 3), the average input of total organic carbon to the RIS 610 
cavity is 5.7 x 108 mols C y-1. Average inputs of inorganic N and P are 100-fold lower, and 611 
dissolved Fe 10,000-fold lower (Table 3) than estimates for organic carbon. The organic carbon 612 
input to coastal waters is similar in magnitude to that at an Arctic glacier catchment in Greenland 613 
(average 2.8 x108 mols C a-1; Lawson et al., 2014), where glacial runoff is an important source of 614 
organic C to the ocean (Hood et al., 2015).  615 

To determine the potential for subglacial outflows to subsidize biological activity beneath 616 
the RIS, we estimated masses of organic C and inorganic N, P, and Fe required to support 617 
heterotrophic bacterial activity at the GZ. The heterotrophic bacterial demand for organic C and 618 
nutrients under the RIS based on rates of 3H-leucine incorporation and estimated bacterial 619 
growth efficiency at the GZ was 0.19 nmol C L-1 d-1; (S.D. = 0.1; n = 4). Extrapolating this 620 
demand to the estimated volume of the Siple Coast embayments (150 km3) yields an organic C 621 
demand of 1.0 x 107 mols C a-1; using the entire volume of water under the RIS (125,000 km3; 622 
Smethie et al., 2005) yields an organic C demand of 1.8 x 109 mols C a-1. Based on the Redfield 623 
ratio (106:16:1; C:N:P by atoms) extended to include the Fe demand for chemoorganotrophic 624 
growth (Raven 1988), the nutrient demands are one (N) to three (P and Fe) orders of magnitude 625 
lower than for carbon (Table 3).  626 

  627 
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Table 3. Bioelemental subglacial flows to the Ross Ice Shelf (RIS) cavity from the Siple Coast 628 
compared to estimated bacterial carbon and nutrient demand at the GZ.  629 

Element Demand 
(moles a-1) Outflow (moles a-1) % of demand met by outflow 

  Avg Min Max Avg Min Max 

Organic C 1.0 x 107 5.7 x 
108 2.5 x 108 4.7 x 109 5400 (6.5) 2400 (2.8) 45000 (54) 

DIN 
1.6 x 106 

6.2 x 
106 2.7 x 106 5.2 x 107 390 (0.47) 170 (0.21) 3300 (4.0) 

Org N 4.6 x 
106 3.3 x 106 2.1 x 107 290 (0.35) 210 (0.25) 1300 (1.6) 

SRP 
9.8 x 104 

5.9 x 
106 2.5 x 106 4.9 x 107 5900 (7.2) 2600 (3.1) 50000 (60) 

Org P 9.0 x 
106 7.3 x 106 3.0 x 107 9200 (11) 7500 (8.9) 31000 (37) 

dFe 
2.2 x 104 

6.1 x 
104 2.6 x 104 5.1 x 105 280 (0.33) 120 (0.14) 2300 (2.8) 

pFe 2.7 x 
106 1.2 x 106 2.3 x 107 12000 (15) 5400 (6.4) 100000 (120) 

Demand = bacterial elemental demand in Siple Coast embayments. Embayment volume estimated as 630 
described in Methods. DIN = dissolved inorganic nitrogen. SRP = soluble reactive phosphorus. dFe = 631 
dissolved Fe, pFe = particulate Fe. Organic C, N, and P are the sum of dissolved and particulate fractions. % 632 
of demand met by subglacial outflow assumes a 150 km3 embayment size; value in parentheses assumes 633 
volume of the entire RIS cavity (125,000 km3). 634 

Based on our estimates, organic C supplied to the GZ coastal embayments by subglacial 635 
outflows can support, on average, 5400% of heterotrophic microbial demand for organic C, 636 
390% of inorganic N demand, and 5900% of inorganic P demand (Table 3). Subglacial outflow 637 
may also be a major source of particulate Fe (pFe; Table 3), although the bioavailability of the 638 
pFe remains uncharacterized. Together, these calculations show that subglacial outflow may be 639 
of particular importance to coastal marine ecosystems beneath the RIS, as the inferred affect is 640 
substantially reduced if well mixed with the entire volume of water under the RIS (Table 3). The 641 
calculated outflows are also greater sources of C and P than N, a conclusion that is consistent 642 
with those drawn from modelled estimates of nutrient outflows in meltwater from the Greenland 643 
(Lawson et al., 2014; Hawkings et al., 2016) and Antarctic (Wadham et al., 2013) ice sheets. 644 
Overall, our biogeochemical results and related calculations reveal that subglacial outflows may 645 
provide coastal microbial communities on the Siple-Gould Coast with C and P at rates sufficient 646 
to support marine biomass production. 647 

4 Conclusions 648 

Based on data from SLW, biologically-relevant solutes accumulate within subglacial 649 
waters during the decadal scale flushing time of the lake as a result of sediment pore water 650 
interactions, contemporary microbial activity, and the lack of a photochemical sink for organic 651 
matter. Microbial processing of DOM resulted in a downward sediment porewater to water 652 
column gradient in SLW DOC concentration with amino-acid-like fluorescence dominating the 653 
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biologically active sediment layers and the water column. Our results show that the subglacial 654 
DOM composition results not only from relict organic matter, but also from microbial activity 655 
under the West Antarctic Ice Sheet. The DOM and other solutes are likely to be released to the 656 
Siple Coast during subglacial drainage events at rates significant for fertilizing coastal marine 657 
communities in the expansive and dark RIS cavity. The effect of subglacial outflows on 658 
biogeochemical processes in coastal Antarctica should not be restricted to the Siple Coast 659 
because active subglacial lakes have been cataloged in other coastal regions of both East and 660 
West Antarctica (Siegfried & Fricker 2018). An estimated 52.8 km3 a-1 of subglacial meltwater 661 
drains to the Southern Ocean from Antarctica (Wadham et al., 2013), and extrapolation of our 662 
solute flux data to this volume of water yields total subglacial drainage fluxes of ~1.6 x 1010 mol 663 
of organic C a-1 associated with this subglacial drainage. This flux is similar to the predicted 664 
contributions from Antarctic surface runoff (~2 x 1010 mol C a-1, Hood et al., 2015; maximum 665 
2.1 x 1010 mol C a-1; Wadham et al., 2013). Collectively, our results demonstrate that inputs of 666 
microbially-modified organic matter and nutrient flux from subglacial environments are of a 667 
significant magnitude to affect neritic, and perhaps pelagic, productivity in the Southern Ocean, 668 
and may be of particular relevance to ecosystem productivity beneath ice shelves that lack direct 669 
photoautotrophic inputs of organic matter.  670 
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