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Abstract Projections of Antarctica's contribution to future sea level rise are associated with significant
uncertainty, in part because the observational record is too short to capture long-term processes necessary

to estimate ice mass changes over societally relevant timescales. Records of grounding line retreat from the
geologic past offer an opportunity to extend our observations of these processes beyond the modern record and
to gain a more comprehensive understanding of ice-sheet change. Here, we present constraints on the timing
and inland extent of deglacial grounding line retreat in the southern Ross Sea, Antarctica, obtained via direct
sampling of a subglacial lake located 150 km inland from the modern grounding line and beneath >1 km of ice.
Isotopic measurements of water and sediment from the lake enabled us to evaluate how the subglacial microbial
community accessed radiocarbon-bearing organic carbon for energy, as well as where it transferred carbon
metabolically. Using radiocarbon as a natural tracer, we found that sedimentary organic carbon was microbially
translocated to dissolved carbon pools in the subglacial hydrologic system during the 4.5-year period of water
accumulation prior to our sampling. This finding indicates that the grounding line along the Siple Coast of West
Antarctica retreated more than 250 km inland during the mid-Holocene (6.3 + 1.0 ka), prior to re-advancing to
its modern position.

Plain Language Summary Our continuous observations of the Antarctic Ice Sheet cover only

the last three decades, so we must employ the geologic record to contextualize our ongoing observations and
improve models that predict Antarctica's future contributions to sea level rise. In this study, we melted through
over 1 km of ice to collect sediment and water from a freshwater lake at the base of the West Antarctic Ice
Sheet. We found that this region, now 150 km from the modern ocean, was part of the marine environment
only a few thousand years ago. That past connection to the ocean is powering today's population of microbial
life, which moves carbon from the sediment to the water column in the lake and is eventually flushed into the
Southern Ocean. We calculated the rates of carbon transfer and found that ice retreat following the Last Glacial
Maximum did not stop at our study site but must have extended much farther inland. Our work highlights that
we have not yet sampled the maximum extent of the last deglaciation. Investigating the conditions that enabled
Antarctic ice to re-advance from this far inland position may help inform us about how the ice sheet may be
able to recover from the ongoing ice mass loss.

1. Introduction

The Antarctic Ice Sheet (ALS) has been losing mass over the past few decades because of ice dynamic processes
(Rignot et al., 2019; Smith et al., 2020) with the potential to trigger amplifying feedbacks in marine sectors (e.g.,
Mercer, 1978; Schoof, 2007; Weertman, 1974). However, our modern continuous observational record remains
too short to fully quantify processes governing mass loss or their full effect on coastal populations (Meredith
et al., 2019; Nicholls et al., 2021). As a result, uncertainty of our projections is dominated by the unknown
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strength of marine ice-sheet feedbacks and internal climate variability (Robel et al., 2019). Records of ice-sheet
change in the geologic past (i.e., paleoglaciological reconstructions) provide a pathway for constraining the limits
of ice-mass changes over societally relevant timescales (Jones et al., 2022; Kopp et al., 2016), and as a result, may
reduce the uncertainty envelope in projections of future sea level rise (e.g., DeConto et al., 2021).

Conventionally, we have reconstructed deglaciation from the Last Glacial Maximum (LGM) with a combina-
tion of: (a) cosmogenic nuclide exposure dating of bedrock and glacially transported erratics above the modern
ice surface and near glacier termini to provide constraints on past thinning (e.g., Stone et al., 2003); and (b) a
combination of geomorphic data and sediment cores obtained from outboard of modern ice margins to provide
constraints on the style and timing of past retreat (e.g., Prothro et al., 2018, 2020). These methods enable us
to reconstruct when ice retreated from a location; however, they likely do not provide a full picture of more
complicated ice histories (e.g., Greenwood et al., 2018). Emerging evidence from model simulations (Kingslake
et al., 2018), paleoglaciological reconstructions (Venturelli et al., 2020), gaps in the above-ice glacial-geologic
record (Johnson et al., 2022), and modern observations (King et al., 2022) indicates that grounding lines around
Antarctica likely retreated inland of present during deglaciation from the LGM and have recently readvanced to
the configuration we observe today. Such a retreat scenario implies that we do not yet know the southernmost
extent of deglacial grounding line retreat; therefore, we cannot fully assess the sensitivity of AIS to past drivers of
this most recent deglaciation or quantify the internal and external mechanisms that enabled readvance. Identify-
ing the timing and extent of inland grounding line retreat requires access to geologic archives beneath modern ice
cover (Johnson et al., 2022) which is limited due to logistical challenges of sampling the subglacial environment
(NRC, 2007).

The few opportunities we have had to drill through AIS and recover sediments at its base have revealed that
subglacial sediments in some parts of West Antarctica contain radiocarbon (*#C) (Kingslake et al., 2018;
Venturelli et al., 2020). Because the modern subglacial environment in Antarctica is sealed by an ice sheet
that inhibits contemporary exchange of atmospheric or marine (i.e., *C-bearing) CO,, the existence of '“C in
subglacial carbon reservoirs indicates a past connection between the presently isolated subglacial environment
and the atmospherically connected marine environment within the last 50 kyr. Antarctica's grounding lines sepa-
rate marine from subglacial environments as they mark the transition from grounded ice sheet to floating ice
shelf. When the grounding line retreats, the grounded area of AIS decreases, and sediments that were previ-
ously subglacial become exposed to sub-ice-shelf conditions. This process introduces seawater, enabling produc-
tion of fresh, “C-bearing organic matter through dark carbon fixation metabolisms. When the grounding line
re-advances, “C-bearing organic matter becomes preserved in the subglacial sedimentary record together with
previously deposited ('*C-free) sediments. Thus far, subglacial '“C has been used to infer where (Kingslake
et al., 2018) and determine when (Venturelli et al., 2020) AIS grounding lines retreated inboard of present during
the last deglaciation, but how “C-bearing carbon is incorporated in the subglacial sedimentary environment
remains unknown.

It has been suggested that the 650 subglacial lakes present beneath AIS may contain understudied and valuable
sediment archives of ice-sheet history (Bentley et al., 2011; Livingstone et al., 2022; Siegfried et al., 2023; Yan
et al., 2022). Use of *C from these subglacial lake sediment archives as a chronometer of Holocene grounding
line retreat requires a full understanding of the source and cycling of carbon in the subglacial aquatic environment.
This is because knowledge of carbon incorporation pathways is imperative for determining the form of carbon
present, which impacts the validity of radiocarbon results (Libby, 1955). In this study, we sampled sediment and
water from a subglacial lake beneath the West Antarctic Ice Sheet (WAIS) to answer (a) when the grounding line
retreated inland of present during the last deglaciation (i.e., the timing of 'C input), and (b) how “C deposited
during this latest marine incursion is cycled through the subglacial hydrologic system. With a combination of
thermal decomposition and compound specific isotope analysis (CSIA) of acid insoluble organic matter (AIOM)
from these sediments, we determined that the grounding line retreated over our study site and caused a marine
incursion, filling the catchment with marine water 6.3 + 1.0 ka, during the mid-Holocene. With knowledge
of the precise timing of marine incursion to this area and inputs to the contemporary lake environment, we
used "*C measured in dissolved carbon reservoirs to assess microbial translocation of “C from sediment to water
within the subglacial environment. By combining these new data with measurements of contemporary microbial
metabolism, we conclude that the southernmost limit of grounding line retreat may have been more than 250 km
inboard of present during the last deglaciation. Our results highlight that we have not yet sampled the inland
extent of the last deglaciation in West Antarctica, and further subglacial drilling efforts will be required to do so.
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Draining

Figure 1. (a) Southern Ross Sea sector ice streams with previous subglacial core locations (Whillans Subglacial Lake (SLW;
Tulaczyk et al., 2014), Whillans Grounding Zone (WGZ; Venturelli et al., 2020), the upstream site at of Whillans Ice Stream
(UpB; Engelhardt & Kamb, 1997), and Crary Ice Rise (CIR; Bindschadler et al., 1988) marked with gray circles, Mercer
Subglacial Lake (SLM) indicated with a purple circle, and the lake directly upstream Conway Subglacial Lake (SLC) labeled.
Ice velocity (Mouginot et al., 2019) is overlain on an imagery mosaic (Scambos et al., 2007), with active subglacial lake areas
(blue polygons; Siegfried & Fricker, 2018), hydropotential flow paths (blue lines; Siegfried & Fricker, 2018), and grounding
line (black; Depoorter et al., 2013) indicated. (b) Volume changes in Mercer Subglacial Lake inferred from CryoSat-2 radar
altimetry (Siegfried et al., 2023) with a yellow star marking the timing of sampling.

2. Materials and Methods
2.1. Site Description and Sample Collection

During the 2018-2019 austral summer, the Subglacial Antarctic Lakes Scientific Access (SALSA) Science Team
used a clean-access (Michaud et al., 2020; Priscu et al., 2013), hot-water drill (Priscu et al., 2021; Rack, 2016)
to melt a 0.4 m diameter borehole through 1,087 m of ice at the confluence of Whillans and Mercer ice streams
to access an active subglacial lake (Figure 1). Mercer Subglacial Lake is a freshwater lake sourced entirely by
basal melt of the overlying AIS—with a portion of its water sourced from the base of the East Antarctic Ice
Sheet (EAIS) (Carter & Fricker, 2012) and a portion of its water from the drainage of Conway Subglacial Lake
immediately upstream beneath WAIS (Siegfried et al., 2016). Once full, Mercer Subglacial Lake releases water
to downstream lakes and eventually across the grounding line into the Ross Sea (Carter et al., 2013). Nearly two
decades of satellite altimetry data illustrate that Mercer Subglacial Lake completes a fill-drain cycle every four to
6 years (Siegfried & Fricker, 2018; Siegfried et al., 2023), and at the time of sampling had just entered its draining
phase after accumulating water for 4.5 years (Figure 1b).

The water column was 15 m deep at the time of access, and over the 8.6 days of scientific operations, we collected
60 L of lake water from the middle (7.5 m depth) of the water column (Priscu et al., 2021). We deployed a Uwitec
multicoring device to retrieve 10 multicores (0.32-0.49 m) and a newly developed borehole gravity coring device
to retrieve two free fall (gravity) cores (1.0 and 1.76 m) (Rosenheim et al., 2023). Our field operations followed a
strict '*C-clean protocol (detailed in Venturelli et al., 2021) to separate discrete aliquots of lake water for isotopic
analysis. We decanted water collected for isotopic analysis of dissolved organic carbon (DOC) from a clean Niskin
bottle into a pre-combusted (525°C; 4 hr) 1 L amber glass bottle and immediately froze the samples. We decanted
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Table 1
Sample Intervals for Each Mercer Subglacial Lake Sediment Core Used for Geochemical Analysis
Core name Core type Core length (cm) EA-IRMS sample interval RPO !“C sample interval
01UW-A Multicore 49 Top and bottom of each lithologic unit 4-6 cm, 16-18 cm, 44-46 cm
01UW-C Multicore 44 Every 2 cm None
01FF Gravity core 100 Every 4 cm 45-50 cm, 57-58 cm, 65-66 cm,
7374 cm, 80-85 cm
02FF Gravity core 176 Top and bottom of each lithologic unit 5-7 cm, 148-50 cm, 168-170 cm

Note. We sampled evenly throughout the 2.06 m composite section for EA-IRMS analyses and focused sampling the boundaries of each lithologic unit for RPO '“C.

water collected for isotopic analysis of dissolved inorganic carbon (DIC) into pre-combusted (525°C; 4 hr) 500 mL
glass bottle pre-loaded with 20 pL of a saturated HgCl, solution. We shipped all water samples directly from
the field to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) Facility. Sediment cores
included in this study were capped immediately upon recovery from the borehole and stored upright during ship-
ment and storage at 4°C. We wrapped two cores from the first multicore cast (01UW-A and 01UW-C) and two free
fall cores (01FF and 02FF) intended for isotopic analyses with multiple layers of plastic wrapping for shipment
to the Oregon State University Marine and Geology Repository (OSU-MGR) to avoid any contamination in the
field, during packaging, and through shipment (see Venturelli et al., 2021). Similarities in magnetic susceptibility
and lithology allowed for the construction of a continuous 2.06 m composite section representing the transition
from sub-ice stream deposition at depth to lake deposition in core tops (Figure S1 in Supporting Information S1).

2.2. Isotopic Analyses of Subglacial Lake Water

At NOSAMS, we filtered (Pall Life Sciences, 2.5 cm diameter, PALL number 7200) 1 L of subglacial lake water
prior to preparation for isotopic analyses (§'3C; A'*C) of DOC. We acidified (IN HCI), rinsed (deionized water),
and dried the filtered residue to isotopically characterize particulate organic carbon (POC) in the Mercer Subgla-
cial Lake water column. Once dry, we packed the entire filter into a pre-combusted (900°C, 4 hr) quartz ampoule
with copper oxide and silver wire, combusted the closed ampoule (900°C, 4 hr), and cryogenically purified the
CO, evolved from POC. To prepare the filtered 1 L water sample for isotopic analyses of DOC, we followed the
methods of Xu et al. (2021). To prepare samples for isotopic analyses of DIC, we followed the methods described
in McNichol et al. (1994). We converted all CO, samples evolved from POC, DOC, and DIC sample preparations
to graphite by reduction on an iron catalyst using the closed-tube, zinc catalyst method (Walker & Xu, 2019)
before determination of *C/!2C ratios and §'*C at NOSAMS.

2.3. Isotopic Analyses of Subglacial Lake Sediment
2.3.1. Bulk Sediment Geochemistry

Multicores 01UW-A and 01UW-C consist of two lithologic units, with 12 cm of laminated mud interpreted as deposi-
tion within the modern Mercer Subglacial Lake setting (Siegfried et al., 2023) underlain by a massive clast-rich muddy
diamict unit, interpreted as sub-ice-stream sedimentation (e.g., Kamb, 2001), that persists also in gravity cores O1FF
and 02FF (Figure S1 in Supporting Information S1). We removed 1-3 g (wet) samples for analysis with EA-IRMS to
have even sample coverage throughout the 2.06 m composite section and 5-10 g (wet) samples for ramped pyrolysis
and oxidation (Ramped PyrOx or RPO) to measure “C at the top and bottom of depositional units (Table 1).

We dried, homogenized, and acid rinsed each sample with 1N HCI to remove carbonate minerals. Following
decarbonation, we removed residual acid with a series of deionized water rinses until the supernatant asymptot-
ically approached a pH near neutrality (pH = 6—7). Remaining AIOM was dried and stored in pre-combusted
(525°C; 4 hr) glass scintillation vials until analysis. During the first round of decarbonation of these samples, we
noticed effervescence substantial enough, if CO,, to be conducive to isotope analysis. We thus reserved a subset
of samples (N = 6) to remain untreated for analysis of the carbonate mineral component.

We determined total organic carbon (% TOC) and bulk stable isotope composition (§'*C) for all AIOM samples with
a Carlo-Erba NAN2500 Series-II Elemental Analyzer coupled to a continuous-flow Thermo-Finnigan Delta + XL
IRMS. We used NIST 8573 and NIST 8574 as calibration standards and a low carbon, bulk Antarctic sediment sample
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(JGC20C) as a working standard. Analytical uncertainty, expressed as +1 standard deviation of replicate measurements
of the working standard, was +0.02% for %TOC and 0.5%o for 8'*C during our analysis period. For analyses of the
carbonate mineral component, we hydrolyzed the subset (N = 6) of sediment samples that had not been decarbonated
with 85% phosphoric acid (H;PO,) under vacuum at NOSAMS. We cryogenically purified and flame sealed into
pre-combusted (525°C; 4 hr) borosilicate ampoules all CO, evolved from hydrolysis of carbonate minerals.

2.3.2. Ramped PyrOx *C

We applied RPO to separate the small amount of #C-bearing organic carbon from the abundance of pre-aged organic
carbon in AIOM samples from this subglacial mixture. Using RPO, we separated pyrolysates into three discrete CO,
aliquots for each sediment depth. We based sampling on the shape of thermographs (i.e., CO, evolved with tempera-
ture) in the RPO process (Figure S2 in Supporting Information S1), sampling the first aliquot of CO, at the top of the
first peak on each thermograph (~400°C), the second at the completion of the first peak (~700°C), and the third at the
completion of the pyrolysis reaction (at 1,000°C) following the methods of Rosenheim et al. (2008).

Subt et al. (2017) demonstrated that minimizing the size of low temperature RPO aliquots can limit the bias of
pre-aged, allochthonous carbon in Antarctic margin sediments. To approach a maximum radiocarbon concentration
present in Mercer Subglacial Lake sediments, we also applied a modified RPO method, wherein we repeatedly
combusted four 400 mg sediment samples from the same depth from a sampled interval to collect ultra-small (8 pmol
each), low-temperature aliquots (collected at ~270°C; Figure S2 in Supporting Information S1). We combined
these low temperature CO, aliquots for isotopic analysis as a single sample following the composite RPO technique
described in Subt et al. (2017). Samples dated with the composite RPO technique are referred to hereafter a “combo”
aliquots. All CO, aliquots produced with the preparatory techniques described above (RPO and carbonate hydroly-
sis) were analyzed at NOSAMS for '#C/'?C ratios and 8'*C. We blank-corrected all RPO data following the methods
described in Fernandez et al. (2014) with updated blank masses detailed in Venturelli et al. (2020).

2.3.3. Compound Specific Isotope Analysis

In addition to RPO of organic matter for isotopic analyses, we also performed chemical separation of a subset
of sediment aliquots from one core (01FF). We extracted freeze dried samples (~1 g from 45 to 50 cm and
80-85 cm) at 100°C for 20 min in a microwave accelerated reaction system in 15 mL of dichloromethane (DCM)
and methanol (9:1). We trimethylsilyl derivatized an aliquot of the total lipid extract (TLE) and screened it for
chemical compounds present using: (a) a Hewlett Packard 5890 gas chromatography-flame ionization detector
(GC-FID) with a Gerstel PTV injection system and separated with a VF-1MS capillary column; and (b) a Thermo
Scientific Trace 1310 GC analyzer coupled to an Thermo Scientific ISQ single quadrupole mass spectrometer
with an AI 1310 injection system and separated with a TG- SMS capillary column. We separated TLE by column
chromatography using 1 g of Supelclean amino-propyl silica gel (Supelco Analytical) using the following elution
scheme: 4 mL hexane (F1); 7 mL hexane and DCM (4:1, F2); 10 mL DCM and acetone (9:1, F3); 14 mL 2%
(w/w) formic acid in DCM (F4); 18 mL DCM and methanol (1:1, F5). For analysis of n-alkanoic acids, F4 was
methylated with acidified methanol of known isotopic composition and further separated by column chroma-
tography (French et al., 2018). We analyzed fractions on GC-FID, GC-MS and HPLC-MS (Agilent 1200 series
high-pressure liquid chromatography coupled to an Agilent LC/MSD SL quadrupole MS), as initially described
by Hopmans et al. (2016) to examine the chemical compounds present.

We determined the 8'3C values of butyl esters and methylated n-alkanoic acids using GC-IRMS at Woods Hole
Oceanographic Institution. We performed this analysis using a Hewlett Packard 6890 with a DB-1MS capillary
column coupled to a Thermo Delta V IRMS via a GC/C combustion interface modified for oxygen trickle flow
(Sessions, 2006). We measured all samples in triplicate, with the exception of C32 and C34 FAMES which were
sample-limited, and calibrated against pulses of CO, gas with a known §'*C value. Data are reported relative to
Pee-Dee Belemnite. Unfortunately, we did not have enough butyl esters or methylated n-alkanoic acids for “C
measurements.

2.4. Microbial Respiration

To assess movement of carbon from Mercer Subglacial Lake sediments to DIC in the water column, we deter-
mined rates of microbial respiration at the sediment-water interface following methods described by Vick-Majors
et al. (2016). Briefly, we amended duplicate water samples (5 ml) and one killed (250 pl of cold trichloroacetic
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Table 2
Mercer Subglacial Lake Carbon Reservoirs and Results From Carbon Concentration Measurements, Carbon Stock
Assessment, and Radiocarbon Analysis

Reservoir Reservoir size® Carbon concentration ~ Carbon stock® ¢ Radiocarbon concentration (A “C)
Water column DOC 7.15x 10" L 5.1 x 10 mol L} 438x108gC —947%o
Water column DIC 7.15x 10" L 8.96 X 10~ mol L~! 7.69 x 10° g C —979%0
Water column POC 7.15x 10" L 0.4% TOC 572x10°¢C —923%0
Sediment OC¢ 2.94 x 10" cm3 0.15% TOC 8.69 x 10''gC =792%0

“Lake volume was determined using an average depth of 5 m inferred by area-averaged height anomaly (Siegfried &
Fricker, 2018) and the published lake area of 143 km? (Siegfried & Fricker, 2021). ®Carbon stocks in the water column were
determined by multiplying carbon concentrations by the total lake volume of 7.15 X 10'! L described in footnote 1. “Carbon
stocks in the sediment were determined by multiplying carbon concentrations by the full sediment depth (2.06 m) recovered
from Mercer Subglacial Lake. ‘Geophysical measurements 30 km downstream show that sediments underlying Mercer and
Whillans ice streams are 0.5-1.9 km thick (Gustafson et al., 2022). If this sediment package extends upstream to Mercer
Subglacial Lake, carbon stock listed here should be regarded as a minimum carbon stock for SOC in this system.

acid; TCA) control with uniformly labeled '“C-L-leucine (final concentration 60 nmol L~'; final *C activity
0.018 pCi ml~!) and incubated in autoclaved 25 ml glass side arm flasks. We sealed the flasks with butyl rubber
septa equipped with a basket containing a folded glass fiber filter suspended above the aqueous phase as a
CO, trap. Following incubation in the dark for 72 hr at 2-4°C, we terminated incubations by the addition of
cold 100% TCA, lowering the pH to ~2. We added B-phenylethylamine (100 pL; Sigma) to the glass fiber
filter to trap respired CO, from the headspace gas. We incubated killed and acidified samples at ~25°C for
24 hr with occasional gentle swirling to ensure the release of CO, from the aqueous phase. We then removed
the glass fiber filters from the basket, placed in 10 ml glass scintillation vials, and, following the addition of
10 ml of Cytoscint-ES'™ scintillation cocktail, determined C activity on a calibrated scintillation counter. We
converted “C-leucine respiration to units of carbon using the following conversion factors: 1.4 x 10'7 cells mol !
leucine (Chin-Leo & Kirchman, 1988) and 11 fg C cell~! (Kepner et al., 1998). We used respiration rates meas-
ured at the sediment-water interface to assess the translocation of '“C from sediments to the water column.

3. Results
3.1. Subglacial Lake Carbon Stock

We found that sediments are the dominant carbon reservoir in Mercer Subglacial Lake, with several orders of
magnitude more carbon than each of the water column carbon reservoirs (DIC, DOC, and POC; Table 2). The
sedimentary organic carbon (SOC) in Mercer Subglacial Lake contained “C throughout the entire recovered
sediment column, similar to previous work in this region (Kingslake et al., 2018; Venturelli et al., 2020); however,
our new results show that SOC contained more *C than any other reservoir in the subglacial system. The DOC
reservoir contained a higher *C concentration than what was present in the DIC reservoir. In the water column,
POC contained more '“C than either of the reservoirs of dissolved carbon (i.e., DIC, DOC). Carbon concentra-
tions and bulk isotopic composition of water column POC mirrored those of SOC, implying a similar source.

3.2. Age and Source of Organic Matter in Subglacial Lake Sediments

In addition to the presence of “C in Mercer Subglacial Lake sediments (Table 2), other chronologic constraints indi-
cated discrete intervals of marine sedimentation across the West Antarctic basin. Recovered sediments contain a wide
range of time-diagnostic microfossils and source specific biomarkers deposited in both marine (diatoms, silicoflag-
ellates, ebridians, sponge spicules, chrysophycean cysts) and terrestrial (pollen, lignin phenols) environments (See
Texts S1, S2, and S3 in Supporting Information S1). All microfossil age constraints predate the expansion of contem-
porary WAIS, with known biostratigraphic ranges indicating that they were eroded and transported from early Oligo-
cene and late Miocene source strata upstream of Mercer Subglacial Lake (Text S2 in Supporting Information S1).

Lignin is more resistant to microbial degradation than other components of plant material and is therefore one of
the most suitable preserved biomarkers of terrigenous input into aquatic environments (Hernes & Benner, 2006).
Lignin phenol concentrations were very low in all core sediments sampled. The mean X6, lignin phenols only
derived from terrestrial plant material (vanillyl and syringyl groups; Hernes et al., 2007), was 436 + 299 ng gdw ™!
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Figure 2. Distribution of isotopic data for all carbon reservoirs measured in Mercer Subglacial Lake. Here we demonstrate
the spectrum of isotopic data in sediment samples prepared with RPO and distinct differences in §'3C and A'*C values
between inorganic and organic carbon reservoirs. A full description of RPO aliquots can be found in Section 2.3.2. All

points are colored based on the depth from which they were collected in the lake where 0 represents the sediment-lake water
interface and we note that we observed no relationship with depth (i.e., downcore trends) in either §'*C or A'*C data. 26 error
bars are smaller than the size of individual data points.

(1SD), which is at the lowest end of literature values for sediments (North East Atlantic abyssal plain surficial
sediment minimum ~400 ng gdw~'; Gough et al., 1993). Carbon normalized lignin yields (A,) were 26 + 13 pg
100 mg OC~! (1SD). Comparable A, values in the literature are from abyssal plain sediments far from continental
inputs (24 + 27 pg 100 mg OC~'; Gough et al., 1993) where the predominant source of lignin is believe to be
aeolian deposition of lignin-rich material on the ocean surface (Eglinton et al., 2002; Hernes & Benner, 2006),
and continental shelf sediments that receive little terrestrial material and where marine-derived organic matter
predominates the organic carbon pool (40-170 pg 100 mg OC~!; Sun et al., 2017). Both the Z and A, in Mercer
Subglacial Lake sediments likely indicate little recent terrestrial influence in Antarctic subglacial lake systems and
suggest extensive microbially driven degradation of lignin over long time periods. This hypothesis is supported by
biostratigraphic ranges of terrestrial palynomorphs (Text S2, Figure S3 in Supporting Information S1).

Carbonate minerals throughout the entire sediment column were nearly devoid of '“C with an average A'*C value
of —989%o, decreasing by 1-2%o every 10 cm downcore (Figure 2). In contrast, SOC throughout the recovered
sediment column contained '“C (Figure 2). We separated '“C-bearing SOC from *C-free SOC with RPO. The
highest directly measured A'C values (—792%o), associated with the youngest age, were identified in diamict
below the modern lake facies (Siegfried et al., 2023; Figure 2).

A'C and 8'3C values for our RPO aliquots exhibited an inverse linear relationship, where lower §'3C values corre-
sponded to higher A'“C (Figures 2 and 3). Linear relationships such as this evolve from mixing between two end
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members with distinct isotopic compositions; in the case of Mercer Subglacial Lake, the “old carbon” end member
of this system is characterized by higher §'3C values (=25 to —20%o) and no detectable *C (A*C = —1000%o),
whereas the “new carbon” end member trends toward lower 8'3C values (<—30%o0) and has a *C concentration
that can be exploited to determine the timing of the latest marine incursion. If DIC from the Ross Sea (2%o;
Villinski et al., 2000) were used for bacterial lipid production during this marine incursion (Achberger, 2016;
Monson & Hayes, 1982), resultant organic matter could be characterized by a §'°C as low as —36%o, meaning
that our highest measured '“C concentrations in SOC likely still reflect the incomplete separation of old carbon
from new carbon incorporated during the most recent marine incursion (Rosenheim et al., 2008, 2013; Subt
et al., 2017). Therefore, defining the most depleted 8'*C value in Mercer Subglacial Lake SOC is necessary
to determine the A'C value of the “new” endmember and, hence, the age of marine incursion. CSIA of lipids
in the sediment display lower 8'*C values (n-alkanoic acid from fatty acids, minimum §'3C = —33.9%0) than
low-temperature RPO aliquots (RPO-1 and RPO-combo; minimum §'3C = —31.2 %), suggesting CSIA provides
a more useful §'3C value for the “new” endmember. Using the most §'*C-depleted compound measured as our
input, mean A'“C value for the “new” endmember by employing a Monte Carlo simulation to generate major axis
regressions through 90% subsets of our data (N = 32) a total of 10,000 times. With this Monte Carlo simulation,
we found the A'#C value associated with the new carbon endmember is —566 + 25%o (Figure 3).

We found that the latest marine incursion reached Mercer Subglacial Lake during the mid-Holocene (6.3 + 1.0
ka). This timing estimate reflects the median calibrated age and 2¢ uncertainty as determined by the distribution
of outcomes from our Monte Carlo simulation. To determine this result, we converted A'#C values to fraction
modern and calculated the age (in “C years) of the latest marine incursion with a local reservoir correction of
1,101 + 120 years following Venturelli et al. (2020). Finally, we calibrated this radiocarbon age ('*C years) to
calendar age (yr B.P.) using Calib version 8.1 and the Marine20 data set (Heaton et al., 2020). We note that this
estimate assumes biosynthetic isotope fractionation; the source of molecular compounds in subglacial sediments
should be tested in future studies, for instance using compound specific radiocarbon analysis on dedicated sedi-
ment cores sampled specifically to have enough material for such detailed analysis.

4. Discussion

4.1. Assessing Source of the Young Carbon Endmember

Constraining the age of the new carbon endmember allows for quantification of the abundance of '“C-bearing
carbon in Mercer Subglacial Lake sediments, and along with §'3C, allows us to elucidate the source and abun-
dance of '“C in this subglacial environment. Using the A'C value (=566 + 25%o) of the “new” end member in
a two-component mixing model, we determined the amount of Holocene-aged carbon in the SOC reservoir to be
3.1% of the total 10'! g C SOC pool. Based on measurements of dark carbon fixation in the sub-ice-shelf environ-
ment (Horrigan, 1981; Priscu et al., 1990), this mass estimate is within realistic bounds of carbon fixation through
chemolithoautotrophic production over the Mercer Subglacial Lake area during a short period (100s of years) of
exposure to the marine environment. We interpret the finding of highly isotopically depleted lipids dominated
by butyl esters to indicate high amounts of chemolithoautotrophic production at this site. When coupled with the
size of the “C-bearing organic carbon reservoir, high proportions of butyl esters in the SOC support the interpre-
tation that the new carbon endmember was produced by chemolithoautotrophic production of organic carbon in
a sub-ice-shelf environment during the mid-Holocene (Venturelli et al., 2020), rather than metabolic waste from
macrofauna which, despite being observed swimming in the sub-ice-shelf marine cavity (Kingslake et al., 2018;
Neuhaus et al., 2021), left no trace in deposits at the base of Mercer Subglacial Lake.

4.2. Relating Microbial Metabolism to Grounding Line Retreat Extent
4.2.1. How Is Carbon Cycled in Mercer Subglacial Lake?

We used '“C as a natural tracer of the subglacial carbon cycle in this low carbon environment, which is made possible
by constraining the timing over which *C was sequestered in sediments (Figure 4). Our observation of the sediments
being both the largest and youngest carbon reservoir indicates that subglacial sediments in contemporary Mercer
Subglacial Lake provide the source of “fresh” carbon to the microbial ecosystem (Davis et al., 2023). Upstream
sources of carbon dissolved in water and transported within subglacial sediments that fill Mercer Subglacial Lake
should be devoid of *C as basal ice in this region dates to 68 ka (Buizert et al., 2015). Subglacial hydrologic modeling
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Figure 3. (a) §'3C and A'“C for this study (pink) and other sediments [yellow (Venturelli et al., 2020), white (Kingslake
et al., 2018)] collected from the Siple Coast sub-ice-shelf and subglacial environment. All linear models from our Monte
Carlo sampling (N = 10,000; gray lines), as well as the mean linear model (black line) are shown. Box indicates the
interquartile range of simulated A'*C values estimated at §'*C = —33.9%o, highlighting the mean (orange line) and 95%
confidence interval (whiskers). (b) Histogram showing the distribution of A'“C values at the “new carbon” endmember
(83C = —33.9%0) from our Monte Carlo simulation.

supports this assertion by determining that 79% of the total 0.715 km?® water volume in the lake was derived from
basal melt of WAIS and 21% was derived from basal melt of EAIS (Text S4 in Supporting Information S1).

Using the output from our linear model (A'¥C = —566%o) as our estimate of “new” organic carbon in the sedi-
ment, and a “C-free input from the “old” reservoirs (—1,000%o0), we calculated the proportion of the DIC reser-
voir that originated in Mercer Subglacial Lake SOC (referred to as ppew):

p =1= ADIC—me;\sured - Anew — _979%0 + 566%0

— Z2D%e 1 566%0 _ g (49
Dot — Ao Z1000%0 + 566%, M

To determine the amount of new ('*C-bearing) carbon in the DIC reservoir, we multiplied p,ey by the size of the
reservoir (Table 2):

Prew X DICreservoir = 0.049 x 7.69 x 10°g C = 3.77 x 10® g'*C bearing DIC )

We determined a mass of 10% g of “new” carbon translocated from SOC to DIC. We invoke heterotrophic
respiration as the primary mechanism which moves carbon from the SOC to DIC pool following the find-
ings of Achberger (2016) and Vick-Majors et al. (2016). To determine the rate at which this remineralization

VENTURELLI ET AL.

9of 15

8SUBD1 SUOWILLIOD BAFeR1D) 3|ceddde 8u3 Aq pauRA0D 818 S3o1e YO ‘88N JO S3INJ 10} ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PUR-SLUBI WD A3 | 1M Afe.q1BU1|UO//SARY) SUORIPUOD PUe SLLB L 84} 88S *[£202/70/92] Uo ARIqITBUIIUO AB1IM ‘9¥8000AVZ20Z/620T OT/I0P/W00 A Im Are.q 1utjuo'sqndnBe//:sdny wo.y pepeojumod ‘g ‘€202 ‘Xy099.5¢



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances

10.1029/2022AV000846

Ice
1087 m

A

Meteoric Ice

Melt

-) Moves old C

Moves new C
[CJUnmeasured

-750

Basal Ice
=1

Dissolved
Inorganic
Carbon

—>

Subglacial
water inflow

(10°g C)

( Melt

Dissolved
Organic
Carbon

(10°)gc) /|

-800

I

A™C (%o)

- -850

Subglacial --900
lake

drainage L -950

-1000

Water column
15 m
N
Respiratio®
Sinking

-

ter diffusion = <

Microbial
Biomass
(10g C)

Particulate Organic
Carbon (10° g C)

-———

Porewater diffusion

&,

_ -
~ =~ Porewa
<?

%
(y
2

Sediment
Organic Carbon
(10"g C)

Sediment
Carbonate
(10°g C)

Sediment

Y

Figure 4. Conceptual model of subglacial carbon cycling in Mercer Subglacial Lake. Reservoir sizes and colors are based
upon carbon content and isotopic measurements of dissolved inorganic carbon (DIC), dissolved organic carbon (DOC),
particulate organic carbon (POC), sediment organic carbon (SOC), and sediment carbonate minerals. Carbon reservoirs
colored gray do not have associated isotopic measurements. We mark carbon transfer between reservoirs with arrows, but note
that the only biological process measured in this study was microbial respiration. Colored arrows show the inferred dominant
age being moved for each process with old (>50,000 year old) carbon (black) and new (<50,000 year old) carbon (purple).

of “C-bearing SOC occurred, we divide the “new” portion of DIC by the total number of days in the 4.5-year
fill-period prior to our sampling:

377x10%g

s = 229x10°gC/d ©)

4.2.2. The Inland Extent of Deglacial Grounding Line Retreat

We can use the rate of microbial translocation of carbon from young SOC to radiocarbon-free lake water to
constrain deglacial grounding line retreat extent. Our calculated rate of carbon transfer from SOC to DIC
(2.29 x 105 g C d71) is an order of magnitude higher than heterotrophic production rates (1.4 x 10* g C d71)
measured directly at the sediment-water interface at the time of sampling, assuming quantitative reminer-
alization to DIC after assimilation (i.e., a maximum estimate). The most parsimonious explanation for this
order-of-magnitude difference between measured and calculated remineralization rates is that '“C-bearing SOC
is being remineralized from sediment-floored subglacial channels that transport water into Mercer Subglacial
Lake, and the resulting “C-bearing DIC has been accumulating in the lake during the fill period prior to our
sampling. In other words, the area over which remineralization is occurring extends further inland than Mercer
Subglacial Lake itself.
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To close the carbon budget and explain our observation, we calculated how large an area over which observed
rates of remineralization would have to have been occurring as the lake filled with water during the 4.5 years
prior to our sampling:

(14x10*gCd™) x 1643.625d =23 x 10" g C “)

We then divided the resulting mass by the area of Mercer Subglacial Lake to determine how much carbon is
transferred from the sediment to the water column per square km.

23%x10"gC

ey =1.61x10°gCkm™ 5)
m

Finally, we divided the mass of *C-bearing DIC from Equation 2 by the value computed in Equation 5 and
removed the area of modern Mercer Subglacial Lake to find the area over which remineralization at the observed
rate would have had to occur to explain our measured DIC A'C values:

377x10°gC
1.61 x 10° gCkm™

=234 x 10 km® — 143 km* = 2200 km® 6)

The observed remineralization occurring in Mercer Subglacial Lake therefore extended upstream from the
lake over an area of 2,200 km? during the 4.5 years water accumulated prior to our sampling. If we assume
that grounding line retreat occurred through the deepest trough in the subglacial water catchment along
Mercer Ice Stream and a width of the subglacial water-flow path feeding Mercer Subglacial Lake of 20 km
(Carter et al., 2013), we conclude that sediments underlying the flow path contain '“C up to 110 km inland.
This means that southernmost extent of deglacial grounding line retreat would have reached a total of 260 km
inland from where we observe the Mercer Ice Stream grounding line today. This analysis suggests that there
exists an inland limit where '“C is no longer present in the subglacial sediment of AIS, and discovery of the
location of this limit would delineate the portion of AIS that remained grounded throughout the last degla-
ciation. Such a delineation is crucial to the full calculation of ice mass loss since the LGM for assessing
paleo-ice-sheet models.

Whereas past microbial activity can delineate past grounding line extent, contemporary microbial activity
demonstrates the importance of a 6.3 ka marine incursion to this previously unobserved microbial ecosystem.
Translocation of C from SOC to water column DIC takes place via respiratory hydrolysis of organic matter
by heterotrophic microorganisms. A significantly higher concentration of microbial biomass was present at
the sediment-water interface (0-2 cm) than at depth in Mercer Subglacial Lake sediment (Davis et al., 2023).
Thus, the growth and biogeochemical activities of heterotrophic bacteria and archaea in the surficial sedi-
ments provide the dominant mechanism by which organic matter oxidation transfers *C to the water column.
We measured higher A'“C values in the diamict SOC compared to the lake sediment SOC, which indicates that
heterotrophic microorganisms at the sediment-water interface preferentially transform '“C-bearing organic
matter. This preference implies that '*C-bearing organic matter may be more bioavailable than the '“C-free
carbon pool.

5. Conclusions

We cleanly accessed a subglacial lake beneath 1,087 m of ice to sample water and sediment. Sediment organic
matter allows us to constrain the most recent possible date of a marine incursion to 6.3 + 1.0 ka. Our carbon
isotopic analysis of water and sediment show that Holocene microbial activity delineates a grounding line
that was substantially farther (as much as 250 km) inland than the current position of Mercer Subglacial Lake
and that contemporary microbial metabolism is likely driven by assimilated marine carbon from this incur-
sion. Our interpretations illustrate a more dynamic WAIS than previous studies (e.g., Bentley et al., 2014;
Conway et al., 1999; Halberstadt et al., 2016) and outline clear subglacial targets for precise delineation of
paleo grounding lines, which will yield a markedly improved understanding of ice-sheet mass changes during
the Holocene.
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