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GLOSSARY AND NOMENCLATURE

Subglacial Lake Whillans – SLW
West Antarctic Ice Sheet – WAIS
Ross Ice Shelf – RIS
Whillans Ice Stream – WIS: The ice stream of focus in this dissertation.
Ice Stream: An ice stream is a type of fast flowing ice mass that moves at rates of several
hundred meters per year promoted by sliding over deformable, saturated, subglacial
till.
Grounding Zone – GZ: The point at which an ice sheet transitions from being a grounded
ice sheet to a floating ice shelf over a marine water cavity.
Subaerial: Literally meaning under the air, a description of features that are located on the
Earth’s land surface and exposed to the atmosphere.
McMurdo Station – MCM
McMurdo Dry Valleys – MDV
Lake Fryxell – FRX
Taylor Valley – TV
Non-Purgeable Organic Carbon – NPOC
Excitation Emission Spectroscopy – EEMS
Total Organic Carbon – TOC
Parallel Factor Analysis – PARAFAC
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ABSTRACT

Lakes are important sites for globally-relevant biogeochemical cycles mediated
by microorganisms. In the Arctic, seasonally ice covered thermokarst lakes are a large
component in Earth’s carbon cycle due to their methane emissions from organic carbon
degradation. In the Antarctic, over 400 unexplored lakes exist beneath the Antarctic ice
sheet with unknown biogeochemical contributions to the Earth system. This dissertation
seeks to investigate the biogeochemical role of microorganisms in the lake habitat and
how they interact with the seasonal and permanent ice covers of lakes in polar
environments. Microbiologically clean hot water drilling was used to access a subglacial
lake beneath Antarctica’s ice to collect, for the first time, intact sediment and water
samples. Laboratory experiments on Arctic and Antarctic, seasonally and perennially,
respectively, ice covered lakes were used to investigate the impact of lake ice freezing
regimes on microorganisms. My results show that subglacial lake sediments beneath the
West Antarctic Ice Sheet contain solute ratios that suggest relict marine sediments were
deposited during previous interglacial periods. Microbial activity overprints the marine
geochemical signature to produce fluxes of ions into the Subglacial Lake Whillans water
column, which ultimately drains to the Southern Ocean. Microbial activity in Subglacial
Lake Whillans is partially fueled by biologically-formed methane diffusing from below
our deepest collected (~38 cm) subglacial sediment samples. The ice above Subglacial
Lake Whillans appears to be an important source of molecular oxygen for
microorganisms to drive oxidative physiologies. My experimental evidence shows
microorganisms incorporate into lake ice cover to, potentially, avoid increasing stressors
from progressive lake ice freezing. Taken together, the results from this dissertation
reinforce the hypothesis that subglacial environments beneath the Antarctic ice sheet are
habitats for life. Further, the microorganisms in subglacial lakes participate in globallyrelevant biogeochemical cycles. Here, I extend the extent of the biosphere and show
sediments at the base of ice sheets are an active component of the Earth system.
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CHAPTER ONE

INTRODUCTION: SEDIMENT MICROBIAL PROCESSES
IN ICE-COVERED LAKES

Lakes and Their Interactions
with Ice: Global Importance

Approximately 2% of Earth’s land surface is covered by lakes (Downing &
Duarte 2006). Many of these lakes (15 – 40%) are located in Arctic and Subarctic regions
(Duguay et al. 2003). Arctic landscapes, such as those on the North Slope of Alaska, are
densely populated by shallow, methane-rich, thermokarst lakes (Matheus Carnevali et al.
2015; Hussey & Michelson 1966). These Arctic thermokarst lakes form and expand due
to thawing of permafrost (Sepulveda-Jauregui et al. 2015). At the opposite pole, over 400
subglacial lakes have been identified beneath the Antarctic ice sheet (Wright & Siegert
2012). Some of these Antarctic subglacial lakes rival the size and depth of the Laurentian
Great Lakes (e.g., Subglacial Lake Vostok). The ice-free regions of Antarctica, such as
the McMurdo Dry Valleys (MDV), are characterized by a mosaic of habitat types, with
perennial ice-covered lakes being a prominent feature (Spigel & Priscu 1998). The
Tibetan Plateau, sometimes referred to as Earth’s third pole, contains numerous glacially
fed and proglacial lakes (Zhang et al. 2011). The polar regions contain abundant lakes
that interact with ice, forming an important connection between the cryosphere and
aquatic ecosystems on Earth (Brown & Duguay 2010).
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Lakes are an important component of the landscape and seasonally ice covered
lakes will be altered the most by a changing climate (Williamson et al. 2009; Saros et al.
2012). Climate change and the associated warming due to increases in greenhouse gas
release will continue to alter the lake ice phenology. These changes to ice cover
phenology will alter ecosystem services (e.g., biodiversity, food, water quality) and
human recreation (e.g., ice fishing and ice hockey) provided by lakes with seasonal ice
cover (Schallenberg et al. 2013; Brammer et al. 2014).
Seasonal lake ice phenological changes will alter the chemical and physical nature
of the water column (See Figure 1 for the physical differences between summer and
winter conditions of a typical seasonally ice covered lake), likely causing impacts on
microbially mediated biogeochemical cycles (Bertilsson et al. 2013). For example, the
ecological association between photosynthetic diatoms and their symbiotic bacteria
Pseudomonas syringae. The ice nucleation active P. syringae catalyzes ice formation,
which carries the symbiotic couple up into the photic zone where the diatom can
photosynthesize and, presumably, P. syringae is provided organic carbon for
heterotrophic growth (D’souza et al. 2013). This relationship is an example of where the
carbon cycle and microbial interactions with ice on a seasonally ice covered lake are
linked (D’souza et al. 2013). Further studies show that progressive lake ice freezing
during the transition to winter decreases the abundance and diversity of planktonic
microorganisms in the water column of lakes (Bertilsson et al. 2013; Safi et al. 2012).
Additionally, lake sediment microbial activity is linked to primary productivity in the
water column, which is influenced by seasonal stratification and lake ice cover duration
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(Figure 1, Dean 1999; Jackson et al. 2007). The effects of climate change on lake ice
cover will impact elemental cycling carried out by lake microorganisms (Jackson et al.
2007; Schroth et al. 2015; Post et al. 2009; Williamson et al. 2009).
Similar to the seasonally ice covered Arctic, high mountain and temperate lakes,
perennially ice covered lakes are also impacted by changing climate (Fountain et al.
submitted). The perennially ice covered lakes of the McMurdo Dry Valleys (MDV)
region (Figure 1) are shown to be increasing in volume due to increased summer glacial
melt water inputs (Fountain et al. submitted). Sub-aerial lake ice cover is different than
the “ice cover” on a subglacial lake, as subglacial lakes are beneath much thicker ice
masses (Figure 1). Ice cover on subglacial lakes is also removed, but on a much longer
time scale than sub-aerial lakes. The West Antarctic Ice Sheet (WAIS) has experienced
periods of expansive areal extent during glacial periods and significant retreat during
interglacial periods (Oppenheimer 1998). The WAIS is a marine-based ice sheet and
mostly (>50%) grounded below sea level (Fretwell et al. 2013). During interglacial
periods, the WAIS showed significant retreat resulting in large regions of open ocean
conditions (Scherer et al. 1998). The subglacial lakes that are present beneath the ice
sheet now will be exposed to ocean sedimentation and inputs from primary productivity
in the water column during the next interglacial period. However, the persistence of a
subglacial lake is unknown during WAIS retreat due to the physical changes (e.g.
sediment movement, depositional environment) associated with deglaciation. This loss of
ice cover over a subglacial lake or disappearance of the lake altogether due to
deglaciation will drastically change the active microbial populations and biogeochemical
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functioning. Climate changes that regulate glacial-interglacial cycles, and thus ice mass
extent, impact subglacial lakes and their associated microbially-mediated biogeochemical
cycles, but on a much different timescale (thousands of years) compared to sub-aerial
lakes (annual).
Glacial runoff during the summer melt season impacts glacially fed lakes and
provides another example of how lakes interact with ice masses. Glaciers in Montana’s
high elevation environments provide lakes with a different nutrient regime compared to
lakes fed by snow packs (Slemmons & Saros 2012). As glaciers disappear from the
Montana landscape, the inputs to lake water column and lake sediment microbial
communities will be different, potentially changing the community function within the
lakes (Slemmons & Saros 2012). Glacially fed lakes on the Tibetan Plateau show an
influence of glacial runoff stream-sourced microorganisms on the lake water column, but
geochemistry and nitrogen availability is the strongest determinant of microbial
community composition (Liu et al. 2014). As the glacial inputs decrease, the
geochemistry of the lake may change and alter bacterial community composition and
function. The glacially-derived impacts on the lake are in addition to those imparted by
the seasonal ice cover that develops on high elevation lakes during the winter season. The
changes or loss of ice masses which interact with lakes may alter the microorganisms
inhabiting the lakes and their contribution to global elemental cycles.
Currently, lakes in North America are collectively sinks for carbon because burial
processes are greater than CO2 efflux (Butman et al. 2016). Ice covered conditions have a
primary control on the carbon remineralization pathways due to the physical changes to
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the lake (Bertilsson et al. 2013). The balance between carbon remineralization to CO2
and burial is determined in the lake sediments by microorganisms. How ice cover
changes impact the lake sediment microbial ecosystems and their role as a source or sink
of carbon to the atmosphere is unclear. It becomes important to understand how and if
water column and sediment microorganisms rely on, or interact with lake ice covers, as
microbial communities are the engines that cycle nutrients and elements within lakes
(Falkowski et al. 2008).

The Lacustrine Sedimentary Environment

Lake sediments are excellent records of change during the transition from a
glacial to an interglacial period (Krause & Whitlock 2013). Not only do lake sediments
record change, but they are also biogeochemically active sites, where microbial activity
participates in the global carbon, nitrogen and metal cycles (Deutzmann et al. 2011;
Vitousek et al. 1997; Schroth et al. 2015) and actively exchange these metabolic products
and reactants with the lake water column (Figure 1). Some lakes are growing in size and
volume, such as in the McMurdo Dry Valleys, due to increased melt, and in the Arctic,
due to permafrost collapse (Sepulveda-Jauregui et al. 2015; Fountain et al. Submitted). A
lake’s expansion increases its lake water column interaction with new sediments which
provides more energy sources and carbon substrates for microorganisms in the lake water
column (Sepulveda-Jauregui et al. 2015).
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Figure 1. Overview of the three types of lakes studied in this dissertation (not drawn to
scale). The three lakes all have different ice cover regimes that exchange gases, ions,
nutrients and microorganisms (represented by the double reaction arrows, except in SLW
where it is thought that high geothermal heat flux results in net melting at the base of the
ice sheet, thus the flux of material is only out of the ice sheet) with the water column. All
lakes are shown interacting with the sediments to emphasize the importance of lake
sediment fluxes and exchanges of gases, ions, nutrients and microorganisms (double
reaction arrow). SLW has 800 m of ice sheet overlying ~2.2 m of water column, which
was accessed by clean, hot water drilling (Chapter 2, Appendix 1). SLW lake sediments
contain metabolically active microorganisms that influence the flux of ions (Chapter 3)
and gases (Chapter 4) to the water column. The MDV lakes have variable ice and water
column thicknesses. The MDV lake of interest, Lake Fryxell, has ~4 m of ice cover
overlying a ~18 m water column. The Arctic and temperate lake columns represent lakes
near Barrow, AK and Montana, highlighting the winter and summer ice cover regimes
(Chapter 5).
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Table 1. Physical properties and surface area to volume ratio for lakes studied in this
dissertation (bold) and other major lakes around the world.
Location

Lake
Subglacial Lake Whillans
Ikroavik
Emakisoun
Lake N1
Dailey
Great Salt Lake
Toolik Lake
Mono
Erie
Subglacial Lake Ellsworth
Huron
Great Slave Lake
Michigan
Titicaca
Superior
Subglacial Lake Vostok
Baikal

West Antarctica
Arctic
Arctic
Arctic
USA
USA
Arctic
USA
N. America
West Antarctica
N. America
Canada
N. America
S. America
N. America
East Antarctica
Russia

Surface area

Volume

(km2 )
60
7.4
2.2
0.05
0.88
3750
1.5
175
25700
28.9
59600
27000
57800
8400
82100
15690
31500

(km3 )
0.12
0.015
0.0048
0.00017
0.0035
19
0.01
2.8
484
1.37
3540
2088
4920
932
12100
5400
23600

SA:vol ratio

Citation

500
493
458
294
251
197
150
63
53
21
17
13
12
9
7
3
1

Siegfried et al 2014
Hussey and Michelson 1966
Hussey and Michelson 1966
Toolik Lake LTER
fwp.mt.gov
worldlakes.org
Toolik Lake LTER
worldlakes.org
worldlakes.org
Ross et al., 2011
worldlakes.org
worldlakes.org
worldlakes.org
worldlakes.org
worldlakes.org
Rogers et al., 2013
worldlakes.org

Sediment associated processes such as diffusion, resuspension, and bioturbation
all have marked influences on lake processes and the strength of these factors on the
water column is determined by lake morphology (Figure 1, Carpenter 1983). The ratio of
lake surface area to volume approximates the importance or influence sediments will
have on the biogeochemistry of the lake (Table 1). A high surface area to volume ratio
indicates a strong sedimentary influence on the lake water column. The lakes I have
studied (Highlighted in bold in Table 1), have a large surface area to volume ratio
compared to many other lakes around the world. The high surface area to volume
relationship illustrates the importance of sedimentary microbial processes in the lakes I
have studied.
Microbial activity in sediments typically follows classical ecological nichepartitioning where thermodynamically favorable electron donors and acceptors are first
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utilized by the organisms with the greatest competitive advantage (Postma & Jakobsen
1996; Froelich et al. 1979). This competition between microorganisms creates zones
within the sediment profile and these zones are inhabited by distinct physiological guilds
of microorganisms. At the top of the sediment, if oxic, near the sediment-water interface,
microorganisms that utilize molecular oxygen as a terminal electron acceptor outcompete
other physiological guilds (Falkowski et al. 2008). As oxygen concentrations decrease
with depth, other less energetically-favorable terminal electron acceptors determine the
functional group of microorganisms present (Froelich et al. 1979). The distribution of
microbial populations change porewater concentrations of geochemical species directly
related to the physiological process (e.g., sulfate reduction generates sulfide and depletes
the sulfate pool, Jørgensen 1982). These physiological processes of microbial metabolism
are coupled to water column processes and ice cover (Ellis-Evans 1984).

Subglacial Sediments

The subglacial environment has only recently been recognized as a habitat for
microorganisms (Sharp et al. 1999, Skidmore et al. 2000) and a diversity of active
physiological groups of microorganisms are present in subglacial habitats (i.e., Skidmore
et al. 2005; Christner et al. 2014; Foght et al. 2004). These subglacial habitats are
characterized by both aerobic and anaerobic niches, filled by functional groups of
microorganisms carrying out many different physiological processes. Mountain and
outlet glaciers harbor chemolithoautotrophic sulfide and iron oxidizing microorganisms
in their subglacial sediment (Lanoil et al. 2009; Mitchell et al. 2013). Heterotrophic
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microorganisms are also known to be present beneath the Antarctic Ice Sheet (Lanoil et
al. 2009; Christner et al. 2014). These particular physiologies require oxygen to be
present in the subglacial environment for both inorganic carbon fixation and organic
carbon oxidation. In subglacial habitats with oxygen delivery, aerobic microorganisms
are significant because their metabolisms have high free energy yields when coupling the
oxidation of organic carbon to the reduction of oxygen, allowing ample metabolic energy.
Despite being cold, dark and low-energy, deep biosphere environments, subglacial
sediments with oxygen delivery show a potential to have high energy oxidative
physiologies present (Falkowski et al. 2008; Christner et al 2014).
Oxic respiration by subglacial microorganisms can drive subglacial sediments to
anoxic conditions, but hydrological conditions which isolate parts of the glacial bed from
water flow will decrease oxygen supply and create zones of anoxia as well (Tranter et al.
2005). Once oxygen is depleted in the subglacial environment, anaerobic microorganisms
become prevalent. These anaerobic microorganisms are shown to be endogenous to the
subglacial environment (Hamilton et al. 2013). Most notably, methanogenic archaea have
been found in numerous subglacial environments (Boyd et al. 2010; Wadham et al. 2012;
Stibal et al. 2012; Dieser et al. 2014) and link the activity of subglacial microorganisms
with globally-relevant biogeochemical cycles.
Subglacial water transport through subglacial sediments is highly variable among
different glacier and ice sheet types. Although subglacial water transport is not the focus
of this introduction or dissertation, it exerts a first order control on the spatial distribution
of functional groups of microorganisms which persist depending on the dissolved
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constituents of the subglacial water (e.g., O2, NO3-) (Tranter et al. 2005). As subglacial
water is routed through distributed drainage channels (e.g., mountain glaciers), flow rate
decreases which allows microorganisms to consume the dissolved oxygen (Tranter et al.
2005). Water and dissolved oxygen are transported to the base of ice masses through a
variety of pathways, such as moulins in the Greenland Ice Sheet (GrIS), englacial
conduits in temperate glaciers, or lateral transport from melt-water streams along lateral
glacial margins (Benn & Evans 2010; Tranter 2004; Tranter et al. 2005). Transport of
gases, solutes, microorganisms or particulates to the base of the Antarctic Ice Sheet
occurs through the continual downward conveyor belt due to accumulation on top and
basal melt at the bottom, releasing what was once deposited at the surface. These
hydrologic and glacial dynamics control the distribution and activity of aerobic and
anaerobic microorganisms in subglacial sediments (Foght et al. 2004; Boyd et al. 2011;
Montross et al. 2013; Tranter et al. 2005).
Microorganisms in both oxic and anoxic subglacial environments are also known
to increase the rate of mineral weathering (Montross et al. 2013; Tranter et al. 2005).
Biotic weathering is a pervasive force in non-glaciated catchments, where plant roots,
fungi, and lichens physically and chemically weather rocks and thereby increase the
dissolved solute load of river systems draining to the ocean (Uroz et al. 2009).
Microorganisms actively weather rocks by removing electrons from the mineral (e.g.,
sulfide oxidation from pyrite) (Mitchell et al. 2013). Also, microorganisms will actively
colonize minerals that contain limiting nutrients such as phosphate contained within
apatite (Rogers et al. 1998; Rogers & Bennett 2004). However, microorganisms do not
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need to be in contact with a mineral surface to enhance mineral weathering (Hutchens et
al. 2006). One pathway of indirect microbial weathering involves byproducts of
microbial metabolism (e.g., fermentation produces organic acids). These byproducts
interact with the sedimentary matrix resulting in indirect weathering of minerals due to
the local decrease in pH caused by fermentative organisms (Uroz et al. 2009). Both direct
and indirect microbially-mediated weathering processes are present in the subglacial
environment and ultimately influence the dissolved load in the subglacial discharge
(Montross et al. 2013; Mitchell et al. 2013). The discovery of active microorganisms in
the subglacial environment shows that, despite being a permanently cold environment,
these microorganisms can contribute to the global weathering budget and match chemical
denundation rates of temperate catchments (Tranter 2004).

A Hybrid Environment: The Subglacial Lake

Subglacial lakes form beneath ice sheets where water collects in a hydropotential
low (e.g., Subglacial Lake Whillans) or geological features retain water (e.g., Subglacial
Lake Ellsworth and Vostok) (Fricker et al. 2011; Lukin & Bulat 2011; Ross et al. 2011).
Subglacial lakes also form below ice caps where active volcanism produces meltwater
and the caldera bounds the lake (e.g., Subglacial Lake Grímsvötn) (Marteinsson et al.
2013; Gaidos et al. 2009). Subglacial lakes possess some similar features to subaerial
lakes such as the interaction between the water column and sediments. On the other hand,
subglacial lakes are exposed to glacial activity which shears and carries new sediment
into the lake basin (Powell & Hodson 2014). The glacial activity can also divert water
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flow away from the lake or promote new drainage paths into the lake (Carter et al. 2013).
These physical processes create a dynamic lake state in contrast to the stability of
permanently ice-covered lakes of the McMurdo Dry Valleys (Figure 1).

Significance of My Research

Permanently cold environments constitute 80% of Earth’s biosphere (Russell
1990) and microorganisms are the biological machines that drive Earth’s biogeochemical
cycles (Falkowski et al. 2008). Thus, microorganisms adapted for life in the cold are a
significant component of the biogeochemical cycles on Earth. My studies of microbial
processes in an Antarctic subglacial lake are changing the way the Antarctic continent is
viewed. Previous research demonstrated that microorganisms could exist beneath the
Antarctic Ice Sheet (e.g. Lanoil et al. 2009), but their abundance, activity and function
was largely unknown. Data collected for this dissertation contributed to the conclusion
that microorganisms are metabolically active and likely to be widespread beneath the
Antarctic Ice Sheet. This conclusion vastly expands Earth’s active biosphere. Antarctic
subglacial lakes, like the ice-covered lakes in Minnesota, Montana, the Arctic and the
Tibetan Plateau, are important contributors to global biogeochemical cycles. The extent
and significance of microorganisms in polar ice covered lakes and lake sediments drive
my research and the chapters of this dissertation.
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Hypotheses and Objectives

The following three hypotheses have driven my research on biogeochemistry of
polar ice covered lakes.
Hypothesis 1: Access to subglacial aquatic environments can be achieved through
microbiologically-clean hot water drilling.
Hypothesis 1 Objectives:
1. Develop a method to measure low-level concentrations of bacterial cell
biomarkers.
2. Determine the efficacy of the filtration system to remove microbial cells,
particulates and organic carbon.
3. Monitor the filtration system during drilling operations into subglacial aquatic
environments.
4. Characterize the borehole water prior to subglacial lake breakthrough.
Hypothesis 2: Subglacial lakes contain active microbial communities that modify the
geochemistry of their environment.
Hypothesis 2 Objectives:
1. Characterize the sources of geochemical species in the lake water column and
sediment porewater.
2. Analyze geochemical data for evidence of microbial activity.
3. Calculate fluxes of geochemical species to the water column to determine the
sediment microbial community impact on SLW water.
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Hypothesis 3: Ice supports microorganisms living in lakes and subglacial aquatic
environments.
Hypothesis 3 Objectives:
1. Determine distribution of microbial functional groups in the lake and
sediments.
2. Quantify the geochemical segregation between seasonal and perennial lake ice
covers using mesocosm experiments.
3. Quantify the bacterial segregation between seasonal and perennial lake ice
covers using mesocosm experiments.
4. Quantify the amount of oxygen delivered to and consumed in subglacial lakes.

Structure of this Dissertation

There are four chapters in this dissertation that are structured for submission or
are already submitted to peer-reviewed journals. The first paper (Chapter 2) describes the
results of our clean access monitoring during two field seasons and three hot water drill
boreholes. This paper represents a follow-up study to the laboratory-based study we
published in 2013, which is included in Appendix 1 of this dissertation. As the first paper
in the dissertation, it serves the role of reminding readers that first and foremost we
considered clean sampling a priority. The next paper (Chapter 3) is a description of the
solutes and an analysis of their sources in the Subglacial Lake Whillans water column
and sediments. This paper expands the dataset and geochemical discussion presented in
our initial report on a microbial ecosystem beneath the WAIS (Christner et al. 2014).
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Chapter four is the final Subglacial Lake Whillans paper in the dissertation and describes
the microbial methane transformations in Subglacial Lake Whillans. It is a geochemicalbased approach describing and quantifying the methane production and consumption in
SLW. Molecular microbiology data supports this primarily geochemical study showing
active methane oxidizers are abundant at the sediment-water interface. The final paper in
the dissertation (Chapter 5) shows that bacteria are incorporated into the ice cover of both
seasonally and perennially ice-covered lakes in Montana, Antarctica, and the Arctic. It
does demonstrate that a biological response to lake freezing is prevalent across lakes
from both poles. The final chapter (Chapter 6) is a summary of the conclusions of this
dissertation as well as the future directions for work in subglacial aquatic habitats. The
summary uses the theme “Biological benefits of ice” as a way to tie these first five
chapters together as well as the two appendices and other ice-related papers I have
published while a graduate student. Appendix two is a paper detailing the role of
biological ice nucleation in hailstone formation. It does not deal with a lake environment,
but does have a strong aspect of microbial interactions with ice, thus appropriate for this
dissertation. It also occupied a significant portion of my time in graduate school and the
dissertation would not seem complete without it. Lastly, I have been a part of several
other studies, including one in the Arctic (Matheus Carnevali et al. 2015) and several on
the Tibetan Plateau (Liu et al. 2014, Liu et al. 2015). These papers are not included in the
dissertation, but have been brought into the discussion of the global importance of lakes
and their interactions with ice to highlight the entire breadth and scope of the work I
completed while a graduate student.
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Abstract

Antarctic subglacial aquatic environments are an important component in the
Earth system with biological activity contributing to globally important biogeochemical
cycles. In order to access these environments cleanly, an internationally accepted drilling
strategy was developed. A hot water drill with a filtration system for decontaminating
snow melt was built and previously tested. Here we report the microbiological and
chemical results from the clean access samples collected during hot water drilling access
to three subglacial aquatic ecosystems, as recommended by the committee on Subglacial
Antarctic Lake Exploration. We show that Antarctic surface snow is an ideal starting
material for clean access to subglacial aquatic ecosystems and that hot water drilling and
the filtration system effectively remove microorganisms from the snow melt. Point
sources of contamination to the drill water were evaluated and shown to contribute
negligible amounts of carbon to the drill water. We provide recommendations for future
clean access subglacial lake research based on our data and experiences.

Introduction

Antarctic subglacial aquatic environments (ASAE) are pristine habitats of great
scientific importance (Skidmore 2011). These aquatic habitats beneath the thick ice
sheets of Antarctica contain microbial ecosystems, which comprise a globally important
reservoir of microbial cells (Christner et al. 2014, Priscu et al. 2008). These
microorganisms contribute to global biogeochemical cycles of carbon, nitrogen, and other
elements. Subglacial environments also possess sedimentary packages of
paleoenvironmental and paleoclimatic importance (Bentley et al. 2013, Scherer et al.
1998). Further, the direct measurement of geothermal heat and basal sliding at the bed of
ice sheets greatly improves global models of ice sheet mass-balance (Fisher et al. 2015,
Engelhardt et al. 1990, Engelhardt & Kamb 1998). These globally-important datasets are
dependent on access to the subglacial environment.
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Subglacial aquatic environments can be accessed by mechanical drilling or
melting (Rack 2016, Bulat 2016); each approach has advantages and disadvantages.
Mechanical drilling is slow and requires drilling fluid to lubricate the drill bit and help
carry ice chips up and out of the borehole. Drilling fluids are usually high molecular
weight hydrocarbons (i.e., kerosene, foranes) and maintaining sterility is difficult (Bulat
2016). The drilling fluid keeps the borehole from refreezing; temperatures at the middepth of the ice sheet can reach ~-30 to -40°C and typically lead to fast borehole
refreezing rates (Bulat 2016, Makinson et al. 2016), limiting the ability to access aquatic
habitats at the bed of the ice sheet. Mechanical drilling has been used to access Subglacial
Lake Vostok (SLV) following the collection of ice cores. Mechanical drilling for ice
cores, while slow, can yield ice core records representing thousands of years of past
climate data (Buizert et al. 2015, Petit et al. 1999).The SLV lake water microbiology
results remain questionable due to contamination issues (Alekhina et al. 2007). Hot water
drilling has been used to access Subglacial Lake Whillans (SLW; Antarctica) and
Subglacial Lake Grímsvӧtn (Iceland) and was attempted at Subglacial Lake Ellsworth
(SLE; Antarctica) (Makinson et al. 2016, Rack 2016, Gaidos et al. 2009). Regardless of
the method used to sample ASAE, environmental stewardship and sample integrity must
guide scientific sampling plans.
The protection of and standards for responsible exploration of ASAE were
detailed in a report by the National Research Council (NRC, 2007). The NRC 2007 report
emphasized that while the further understanding of ASAE should proceed through direct
exploration and sampling of subglacial aquatic habitats, sampling and instrumentation of
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the subglacial environment must keep Antarctic stewardship at the forefront of planning
(NRC 2007). In addition, stewardship, sample and scientific integrity must drive
engineering and science plans for access to ASAE. Following the publication of the NRC
report, the Scientific Committee on Antarctic Research (SCAR), the international
governing body on scientific research in Antarctica, assembled a group of international
scientists to develop a Code of Conduct based on the NRC report (Doran & Vincent
2011). Concurrent with the SCAR Code of Conduct document and the NRC report, the
Whillans Ice Stream Subglacial Access Research Drilling (WISSARD) project developed
and tested a clean access filtration system to generate hot drill water for access to the
ASAE (Priscu et al. 2013). The WISSARD hot-water drill (Burnett et al. 2014, Rack et
al. 2014, Blythe et al. 2014) integrated mechanical filtration, ultraviolet (UV) lights, and
pasteurization components to maintain drill water cleanliness. This clean access filtration
system was tested in controlled laboratory experiments to better understand the efficacy
of each component of the filtration system (Priscu et al. 2013), before use on the West
Antarctic Ice Sheet. These laboratory tests provided evidence that the filtration system
would effectively clean the drill water of microorganisms and organic carbon to
internationally acceptable levels and protect forward contamination of the ASAE (Priscu
et al. 2013). Recommendation 13 of the NRC 2007 report and the SCAR Code of
Conduct document emphasize that methods should be developed for drilling and
sampling during access to the ASAE. Concurrent with this recommendation, the
WISSARD project implemented a clean access, filtration system sampling plan to
monitor the cleanliness of the drill water during subglacial access. The WISSARD
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project has now completed two field seasons in Antarctica. During these field sampling
campaigns, one subglacial lake and two sub-ice shelf, marine cavity habitats were
sampled. Here, we adhere to the SCAR Code of Conduct document (Doran & Vincent
2011) and the NRC 2007 report by presenting results from our field-based monitoring of
the clean access hot-water drill and potential point sources of contamination, as well as
discuss recommendations based on our experiences for future drilling projects to ASAE.

Methods

Drill System
The same drill system was used throughout our field campaigns, except that
consumables (filters) were replaced between uses. The WISSARD hot water drill uses
melted snow as a water source. Snow is melted in an open tank which includes a closed
loop of coils that recirculates glycol from the generators to harvest waste heat for snow
melting (Blythe et al. 2014). The melted snow is pumped into a large holding tank (Fig.
1, “Water Tank”). The water moved from the water tank to the filtration system, within
the shipping container (Fig. 1, “Filtration Unit”). A sampling port (port 1) was installed
immediately before the water entered the first filter unit (Fig. 1). Once in the filtration
unit, the water passed through 3 µm and 0.2 µm filters, and then separate 185 nm and 245
nm UV light banks. After the filtration unit, the water was heated by four Alkota model
12257K pressure washers (water heaters) to ~90°C (Fig. 1, “Water Heaters”; Rack et al.
2014). After heating, the water traveled to the reel container unit where it entered the
main drill hose and went down borehole to the drill head (Fig. 1). Two sampling ports
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were installed after the heating units. The first was immediately after the water left the
heaters (port 7) and the other just before the water entered the 1 km drill hose (Fig. 1,
“Port 8”). We sampled either port 7 or 8 during the different field seasons. Here, we
present and discuss port 7 and 8 as the same sample since the water has passed through
both the filtration system and heaters when sampled from these ports. The only difference
between port 7 and 8 is ~ 15 m of hose that carries water from port 7 to port 8. We label
and present port 7 and 8 only as port 8 throughout. Water flowed up the borehole after
being discharged from the drill head to a return water pump located ~100 m beneath the
surface. The return water pump brought water to the surface, where a sampling port was
installed (Fig. 1, “Port 9”), then the water traveled to the water tank for holding. The drill
was operated in a recirculating format when the drill water returned to water tank to be
refiltered and reheated. This set up was used at SLW and GZ field sites. At the MIS site,
the drill water was not returned to the water tank, and therefore this was considered a
non-recirculating system.

McMurdo Ice Shelf
During the 2012-2013 Antarctic field season we tested the drill and filtration
system near McMurdo Station. The drill site was on the McMurdo Ice Shelf (MIS)
(77.8902°S, 167.0083°E) approximately 8 km from the edge of the MIS, and another 40
km from the sea-ice to open water transition (Vick-Majors et al. 2015). Drilling
operations took place from 17 Dec 2012 to 18 Dec 2012. The ice was 56 m thick above
an 872 m water column. The drill was operated in a non-recirculating format to avoid
contamination of hoses and equipment with seawater prior to drilling at Subglacial Lake
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Whillans (SLW). We sampled the melted snow, before it entered the filtration system and
heaters (port 1) and before the heated drill water went down borehole (port 8; Figure 1) at
three time points which represented the beginning of drilling operations (drill at 0 m),
half-way through the ice (27 m), and just after breaking through the base of the ice shelf.
We collected samples for cellular adenosine-5'-triphosphate (ATP) and cell counts in
acid-washed, combusted (4 h, 450°C) glass bottles.

Figure 1. SLW hot water drill set up with sampling ports and drill system components
labeled. The red line indicates down borehole water in the direction of the arrowheads on
the line. The blue line indicates water coming up the borehole from the return water
pump in the direction of the arrowheads on the line. The inset map indicates the three
field sites where clean access samples were taken. Inset map by Brad Herried, Polar
Geospatial Center. Camp overview photo courtesy of JT Thomas.

Subglacial Lake Whillans
The drill system was traversed to the SLW drill site (84.240°S, 153.694°W),
where drilling operations were conducted from 27-30 January 2013 (Tulaczyk et al.
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2014). The filtration system was monitored using a similar sampling plan to the MIS test,
but the drill was run in re-circulating format with a return pump suspended ~100m below
the snow surface in the borehole. We sampled ports 1, 8 and cold drill water returning
from the borehole (port 9) at the beginning of drilling and prior to breakthrough to SLW.
The same set of samples (ATP and cell counts) collected during the MIS test was
collected at SLW.

Grounding Zone
The hot-water drill was used to access the sub-Ross Ice Shelf marine water cavity
during the 2014-2015 Antarctic field season. The drill site (-84.335° S, -163.613° W) was
approximately 13 km downstream from the Whillans Ice Stream grounded margin. The
drill and filtration system were set up in the same configuration as the SLW site. We
sampled the drill water at the beginning of drilling (0 m), ~50% through the ice shelf
(~350 m), and ~75% through the ice shelf (~600 m). Samples were collected at ports 1
and 8 for the same measurements as sampled at the MIS and SLW drill site.

Leaching Experiments
Sample sections of the WISSARD drill hose inner liner (Teflon) were tested for
chemical tolerance at simulated hot, drill water temperatures (~90°C). Prior to testing,
three 10 cm segments of hose liner were cut with a razor blade, cleaned with Alconox
soap and rinsed 6 times with Milli-Q water. Each hose segment was incubated in a
separate, pre-combusted (450° C for ~4 h), foil-covered bottle containing 500 mL of
Milli-Q water at 90°C (± 5°C) for 106.5 hours, along with triplicate control bottles
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containing no hose. Samples (~20 mL) were collected from each incubation bottle at
12.50, 24.25, 36.50, 59.50, 87.50, and 106.50 h by pouring water into pre-combusted 40
ml amber vials. Time zero samples were determined by decanting Milli-Q water directly
into sample vials.
A Niskin bottle (5 L) with a Teflon coated spring closing mechanism was rinsed
several times with MilliQ water, then filled with MilliQ water and closed. The water in
the Niskin bottle was sampled once a day for three days and samples were placed in acid
leached and furnaced amber glass vials and stored at 4°C until analysis.

Sample Analysis
Procedures for measuring the concentrations of cells in water from the field tests
followed the same protocols outlined by Priscu et al. 2013. Briefly, water collected for
direct cell counting was fixed with sodium-borate buffered formalin (5% final
concentration), 10 or 100 mL of sample was filtered onto 0.2 µm black polycarbonate
filters, stained with SYBR Gold (Molecular Probes, Inc.), and enumerated by counting 30
fields of view or 300 cells using an epifluorescence microscope (Zeiss, Akioskop 50).
SYBR Gold stains intracellular DNA and represents cells with intact cell membranes and
cellular DNA. The concentration of cellular ATP, a proxy for metabolically viable
microbial biomass, was measured using the luciferin/luciferase assay (Lundin 2000).
Extracellular, dissolved ATP was removed by filtration through a 0.2 µm syringe filter
(Pall Corp.). 100 mL of sample water was filtered, and cells trapped on the filter were
lysed by adding 200 µL of lysis reagent (Biothema Corp.). Measurements were made
with a 20/20n luminometer (Turner Bio Systems) after the addition of 50 µL of the
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luciferase/luciferin reagent. Light emission was integrated over a 10 s period for each
measurement.
Non-purgeable organic carbon (NPOC) samples from the hose leaching
experiments were analyzed with a Sievers Portable 900 TOC analyzer with an inorganic
carbon remover unit run in-line. NPOC samples from the Niskin bottle leaching tests
were measured on a Shimadzu TOC-V using the high-sensitivity oxidation catalyst after
acidification and sparging (Vick-Majors et al. 2015).

Results

Geochemistry
The pH of input snow and sampling ports at SLW and GZ field sites was slightly
acidic (~5). The conductivity of input snow and sampling ports was low (<6 µS cm-1;
Table 1).

Table 1. The pH and conductivity for sampled ports at SLW and GZ drill sites.

SLW

GZ

Sample
Input Snow
Port 1
Port 8
Port 9
Input Snow
Port 1
Port 8

pH
5.9
5.8
5.1
5.2
5.1
5.1
5.1

EC (25°C; µS cm-1 )
3.3
4.1
5.6
4.4
3.5
4.4
4.7
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ATP
Port 1 ATP levels were the highest at all time points and drill sites (Fig. 2). ATP
levels decreased to near background levels at port 8, after water passed through the
filtration and pasteurization components before going down the borehole. The blank ATP
concentrations are not significantly different from the port 8 ATP concentrations (p <
0.05) at the three drill sites. The return water coming up from the borehole was sampled
at port 9 only at SLW and the ATP concentration was within the same order of magnitude
as before going down borehole (Fig. 2). The T1 and T2 ATP levels at port 8 were less
than port 1 at all drill sites. Some sample sites at specific timepoints and ports do not
show bars indicating no samples for ATP analysis were collected (Fig. 2).

Cell Counts
Cell counts were highest in port 1 samples from all drill sites (Fig. 3). After
passing through the filtration system and pasteurization steps, cells decreased by 25-fold.
Cell concentrations decreased 5-fold from port 1 to port 8 at the SLW drill site T0
sampling (Fig. 3). The MIS site had cell count samples taken at all three time points
throughout the drilling process and showed that port 8 was always less than port 1. Some
sample sites at specific timepoints and ports do not show bars indicating no samples for
cell counts were collected (Fig. 2).
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Figure 2. ATP concentration from all three drill sites and time points throughout the
drilling process. Horizontal dashed line is average blank value from the three drill sites.
The red text indicates hot water, as in Figure 1, going down borehole and the blue
represents cold water returning from the borehole and going to the water tank.
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Figure 3. Cell concentrations from all three drill sites and time points throughout the
drilling process. Cell concentrations from all three drill sites and time points throughout
the drilling process. The red text indicates hot water, as in Figure 1, going down borehole
and the blue represents cold water returning from the borehole and going to the water
tank.
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Leaching Tests
The drill hose liner leached NPOC into the water compared to a control bottle
without a hose section. The NPOC leached rapidly from the liner, within the first 12
hours of incubation, but further NPOC accumulation was not observed over the next 100
hours (Fig. 4A). All measurements of NPOC from the Niskin bottle leaching tests were
below the methodological limit of detection of 100 ppb.

Figure 4. Non-purgeable organic carbon leaching from the drill hose liner compared to
the control.

Discussion

Clean Access System
Performance in Antarctica
The observations and measurements made at our three drill sites show that the
clean-access, hot-water drill filtration system reduces cell concentration and viability of
microorganisms, effectively preventing contamination of the lake from exogenous
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microorganisms and organic carbon. The reduction in cell and ATP concentrations was at
least one order of magnitude, up to a 33-fold decrease (Fig. 3). The laboratory tests
revealed 4-order of magnitude reductions in ATP and cell concentrations when passed
through the filtration system (Priscu et al. 2013), but these laboratory experiments were
conducted with different source water, with much higher starting cell concentrations. The
starting material at all three field sites in Antarctic was surface snow, which contains a
low abundance of microbial cells (Pearce et al. 2009). South Pole snow is shown to
contain between 200 – 5000 cell mL-1 (average: 3140 ± 771 cell mL-1) of snowmelt
(Carpenter et al. 2000). The port 1 cell concentrations agree well with the results of
Carpenter et al., (2000) from South Pole snow and may represent the concentration of
cells in source snow. The melted source snow that enters the filtration system has low
microbial biomass (<104 cells mL-1) compared to marine and fresh water habitats on
Earth (~ 105 cells mL-1; Whitman et al. 1998). Input snow from the MIS test was 3 and
13 times higher in microbial cells than SLW and GZ input snow, respectively. The MIS
site is close (~48 km) to the open ocean (Vick-Majors et al. 2015) and airfield activities
of McMurdo station. The combined influence of anthropogenic activity and the nearby
open ocean may contribute to the higher port 1 cell concentrations. The MIS drill nonrecirculating format was similar to the single pass bead experiment conducted in Priscu et
al., 2013, in which a solution of microorganism-sized fluorescent beads (2 -5 µm
diameter) were passed through the filtration system and the outlet went to waste. The
MIS results and bead experiment show that the filtration system was effective in
removing cells even in a non-recirculating format.
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The Antarctic snow is also a good starting material for clean, hot water drilling
due to its low concentration of solutes (Table 1). The conductivity measurements show
that the starting snow was similar to distilled water in terms of ionic strength and the drill
hose and plumbing introduced less than ~2 µS cm-1 of ionic impurities. The MIS drill site
was run in a non-recirculating method to avoid sea water being taken into the drill
system. The conductivity measurements taken from SLW and GZ show that sea water
was not introduced into the drill at the MIS site. Our results show that the new drill hose
may leach NPOC into the drill water upon initial use, but that the NPOC is leached out
quickly and does not increase after the first 12 hours (Fig. 4). Therefore, the NPOC
would have leached during the initial drill test at MIS, with minimal potential for NPOC
additions at SLW or GZ. Our leaching experiments soaked the entire liner in the heated
incubation water, whereas only the smaller inner diameter of the liner would be in contact
with hot drill water during drilling, thus our estimates of leachable NPOC may be ~2-fold
higher than during initial drill use.
DNA sequence data from borehole water and SLW lake water shows the
assemblage of microorganisms present in these samples is significantly different
(Christner et al. 2014). The sequence results also show that drill water has a lower
diversity of species compared to the subglacial water and sediments. Further analysis of
DNA sequence data from the MIS and GZ drill site shows that drill waters, sampled at
port 8, are also significantly different from the DNA sequences found in the subglacial
water and sediment samples (Achberger et al. unpublished data). These results imply that
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the microorganisms found in the subglacial water and sediments were not from the drill
water.

Recommendations for
Future Drilling Projects
Our experience and observations from three drill sites has produced three
recommendations to minimize biological and chemical contamination of subglacial
aquatic habitats. We recommend that the drill hose should be flushed with hot water
before drilling begins toward the subglacial aquatic environment, camp layout should
consider prevailing weather conditions, samples should be collected from the drill system
and analyzed on site to monitor drill performance and subglacial aquatic environment
sampling should be done in an interdisciplinary way to incorporate geophysics datasets
on ice thickness and overburden pressures.
As shown by the leaching experiments, a new drill hose will contribute NPOC to
the drill water. The drill hose should be flushed with clean, hot water for several hours
prior to drilling into ASAE. Our results show the addition of NPOC to the drill water is
minimal, but this precaution will help prevent NPOC leaching into the drill water. This
water should be discarded and not used for return water pump hole or another hole that
may connect to the subglacial access borehole.
Plans for the deep field drill sites should incorporate prevailing weather
conditions, particularly prevailing wind direction, in planning the camp layout. Dieselpowered generators are required for electricity to power boiler units. Exhaust from
generators, camp equipment, and planes cannot be avoided, but camp layout planning can
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reduce exposure of hot-water drilling source water, borehole operations, and scientific
laboratories to the contamination potential of exhaust. At our GZ field site the ski-way
was set up near the source snow. The ski-way proximity to the source snow did not seem
to impact the cell concentrations of input snow at GZ, but tracked vehicle traffic was
greater around the GZ field site snow source and small rubber pieces from the tractor
tracks were observed on the snow surface. The influence of airfield operations at the MIS
site may have caused the increased cell counts. Engine exhaust is not the only
contaminating factor for source snow. Human and equipment travel (See darker colored
snow near large yellow tent in Fig. 1) in close proximity to source snow is also a source
of contamination that can be ameliorated by planning. Also at SLW we limited the area
around the yellow tractor (Fig. 1) to drill staff only, so we did not contaminate the source
snow area. Antarctic snow is a microbiologically and chemically clean source of water
(Table 1, Fig. 3), but can be contaminated by human activities in the field. Field camp
layout planning and meteorological data can keep the source snow clean and provide an
ideal drill-water source.
A final recommendation is the need to sample and process samples for clean
access evaluation in the field. A clean-access, hot-water drill should be engineered and
plumbed such that samples can be taken during drilling operations. Samples should be
collected, at a minimum, from ports installed before water enters the first stage of
cleaning, then after all cleaning steps, but before going down-borehole for drilling. We
were able to process our ATP and cell count data (Fig. 1, 2) immediately after collection
so we knew, on site, that the filtration system was operating properly. A similar strategy
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for other drilling systems, to our sampling port installation at ports 1 and 8 is
recommended. This sampling strategy provides data on the efficacy of the drill filtration
and cleaning system. This recommendation is a minimum requirement and is suggested
because it will not overburden field teams, but also provide a reliable, real-time clean
access dataset.
Finally, we recommend that subglacial aquatic access research projects
incorporate geophysics data as part of the clean access strategy. Data generated by
geophysicists on ice thickness and thus, overburden pressure on subglacial water is
integral to planning microbiologically clean access to subglacial habitats. One of the most
important clean access considerations is the fate of drill water after breakthrough.
Geophysical data can be used to develop a plan to reduce borehole hydrostatic head
pressure prior to breakthrough, creating a pressure differential that causes subglacial
water to rise into the borehole (Tulaczyk et al. 2014). We used this technique at the SLW
drill site following recommendation 4.6 of the “Drilling and SAE-entry” section from the
SCAR-SALE action group code of conduct report (Doran & Vincent 2011). Shallow
lakes or wetlands beneath the ice sheet can also be sampled through this method if
sampling tools do not fit into shallow lakes.
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Abstract

Subglacial Lake Whillans (SLW), West Antarctica, is an active component of the
subglacial hydrological network located beneath 800 m of ice. The fill and drain behavior
of SLW leads to long (years – decades) water residence times relative to mountain glacier
systems. Here, we present the aqueous geochemistry of the SLW water column and
porewaters from a 36 cm long sediment core. Stable isotopes indicate that the water is
primarily sourced from basal-ice melt with a minor contribution from seawater that
reaches a maximum of ~6% in porewater at the bottom of the sediment core. Silicate
weathering products dominate the crustal (non-seawater) component of lake and
porewater solutes, and there is evidence for cation exchange processes within the clayrich lake sediments. The crustal solute component ranges from 6 meq L-1 in lake waters
to 17 meq L-1 in the deepest porewaters. The porewater profiles of the major dissolved
ions indicate a more concentrated solute source at depth (>38 cm). The combination of
significant seawater and crustal components to SLW lake and sediment porewaters in
concert with ion-exchange processes result in a weathering regime that contrasts with
other subglacial systems. The results also indicate cycling of marine water sourced from
the sediments back to the ocean during lake drainage events.

Introduction

Research over the past two decades has demonstrated abundant water beneath the
Antarctic ice sheets, with subglacial water estimates of 104 – 105 km3 (Priscu et al.,
2008). Water-rock interactions in glaciated catchments provide abundant reaction sites
for chemical and biological weathering, which generates dissolved aqueous species
(Tranter, 2004). Water beneath the West Antarctic Ice Sheet (WAIS) resides and flows in
hydrologic networks of streams, lakes, and saturated sediment, leading to prolonged
water-rock interactions and solute generation, with the waters ultimately draining to the
ocean (Fricker et al., 2007; Skidmore et al., 2010; Carter and Fricker, 2012). These
subglacial aqueous environments represent a source of suspended and dissolved biotic
and abiotic components and fresh water to the Southern Ocean with potential impacts on
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ocean productivity, geochemistry, and circulation (Priscu et al., 2008; Statham et al.,
2008).
Active subglacial lakes, such as those along the Siple Coast of West Antarctica,
are an important component of the subglacial hydrologic system because they form
reservoirs along the hydraulic drainage path to the Ross Sea. Subglacial Lake Whillans
(SLW) and other lakes in the Siple Coast region are characterized as “active lakes”
(Smith et al., 2009). The filling phase of the lake hydrological cycle occurs over ~2-4
years, slowly increasing the depth and volume of the lake (Siegfried et al., 2014).
Drainage events punctuate the filling cycle, moving large (~0.15 km3, in the case of
SLW) volumes of water to the grounded margin of the Whillans Ice Stream and the Ross
Sea (Carter and Fricker, 2012). Sediment-water interaction times beneath the Whillans
Ice Stream are on the order of thousands of years (Christoffersen et al., 2014). This
contrasts with the hydrologic conditions beneath valley glaciers and marginal regions of
the Greenland Ice Sheet where chemical weathering processes have been more widely
studied (Tranter et al., 2002; Tranter, 2004; Wadham et al., 2010). In these (nonAntarctic) subglacial systems, the main water source is surficial meltwater and subglacial
water rock-contact times are typically much shorter, hours to months (Skidmore and
Sharp, 1999; Tranter et al., 2002; Wadham et al., 2010). Another important distinction
between the non-Antarctic subglacial systems and SLW is that during interglacial periods
portions of the WAIS basin, including the present-day location of SLW, were
periodically inundated by ocean water and marine sediments accumulated (Scherer et al.,
1998; Studinger et al., 2001). These deeper, relict marine sediment may have a
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biogeochemical legacy that has yet to be explored. Given their solute rich and likely
anoxic character, redox gradients may be maintained to perpetuate microbial metabolism
in the deep, cold biosphere beneath the WAIS. Here we present the first detailed
description of solute sources and geochemical processes for the water column and
sediment porewaters from an Antarctic subglacial lake.

Methods

Samples of water and sediment were collected from SLW, (84.240°S,
153.694°W) 801 m beneath the WAIS, which was accessed using a clean, hot water drill
(Priscu et al., 2013). Water samples were collected from the middle of the ~2.2 m water
column of SLW using a 10 L Niskin sampling bottle and a 36 cm sediment core was
retrieved with a multicorer (60 cm long x 6 cm diameter). Lake water samples for
dissolved major ions and trace elements were 0.4 µm polycarbonate filters and 0.2 µm
PTFE filters, respectively. Samples of sediment porewater were extracted at 2 cm
intervals using Rhizons, equipped with 0.2 µm pore size filters, and distributed into
cleaned vials. Samples for major ion and trace metal determinations were stored frozen
before analysis via ion chromatography and inductively coupled plasma sector field mass
spectrometry (ICP-SFMS), respectively (Turetta et al., 2004; Montross et al., 2013).
Stable isotopes (H and O) of the water were measured on unfrozen samples via cavity
ring-down spectrometry. Silica was determined colorimetrically (Iler 1979).
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Supplemental Methods

Field Sample Collection
Subglacial Lake Whillans (SLW) water and sediment were collected through a
~0.6 m diameter borehole which was created with a clean, hot water drilling system
(Priscu et al., 2013; Tulaczyk et al., 2014). Lake water samples were collected with a 10
L Niskin bottle and sediments were recovered using a gravity multicorer (Uwitec). Full
details of clean access system and the drilling and sample recovery are described in
Priscu et al., (2013) and Tulaczyk et al., (2014).

Sample Processing
SLW sediment porewater samples were collected from multicore 3B (MC-3B)
using a Rhizon porewater sampler (Rhizosphere). Rhizon porewater samplers were
prepared by soaking in MilliQ (18.2 MΩ) water prior to installation through a pre-drilled
hole in the sediment core liner. A 10 mL syringe was attached to the outlet and the
plunger locked to maintain a vacuum (Seeberg-Elverfeldt et al., 2005). After 14 h of
porewater extraction through the 0.2 µm filter on the end of the Rhizon, the porewater
was dispensed into cleaned bottles/vials (Major ions: 10% HCl acid washed and 6 MilliQ
rinses; Trace elements: 10% trace metal grade HNO3 acid washed and 6 MilliQ rinses;
Water stable isotopes: new, filled with no headspace). SLW water samples for major ion
analysis were filtered through a 0.4 µm polycarbonate filter (Whatman) and TE/REE
samples were filtered through a 0.2 µm PTFE membrane syringe filter. The filtrate, or
raw water in the case of the water stable isotope samples, was dispensed into a bottle
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cleaned as described above. Major ion and TE samples were frozen at -20°C and shipped
to Montana State University and University of Venice, respectively, for analysis. Stable
isotope samples were stored at 4°C and were shipped to University of WashingtonSeattle for analysis. Procedural blanks were handled and processed in parallel to SLW
samples. Briefly, MilliQ water from McMurdo Station was taken into the field in a 10%
HCl acid washed and 6-time MilliQ rinsed HDPE bottle and was run through the same
sampling set up for SLW water samples. For the porewater procedural blanks, rhizons
were inserted into the MilliQ bottle and ~5 mL of water was pulled through the Rhizon
into the syringe and allowed to reside in the syringe for 14 h to replicate syringe
residence time. Procedural blank water was then dispensed into the three sample
containers for subsequent analysis as described above.

Major Ion Analysis
Major anions and cations were measured using ion chromatography (Metrohm)
with an ASupp 5 anion and C4 cation column (Metrohm). Sample concentrations were
calculated from a 5-point standard curve for each analyte. Procedural blank samples were
analyzed in parallel with samples and were negligible, but subtracted from sample
concentrations, such that the values presented are blank-corrected.

Silicon Analysis
Silicon was determined using the Molybdenum-blue colorimetric assay (Iler,
1979). The protocol was modified for a 1mL final reaction volume and the ammonium
molybdate amount was doubled. Porewater was extracted from the sediment by
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transferring ~5 g of sediment to a 15 mL clean centrifuge tube and spinning at 4500 xg
for 30 mins. The porewater was pipetted from the sediment surface and 0.22 µm syringe
filtered through Durapore PVDF syringe filters (Millipore). Absorbance was measured at
810 nm. Filter blanks were analyzed in parallel and silicon from filtration was negligible.
Concentrations in samples were determined from a 5-point standard curve made from a
certified, NIST-traceable Si standard (Sigma-Aldrich). The methodological limit of
detection was 0.5 µM following EPA methods (Oblinger-Childress et al., 1999).

Stable Isotope Analysis
Stable isotope measurements (δD and δ18O) on water samples were made using a
Picarro cavity ring-down laser spectrometer at the Isolab (University of Washington,
Seattle). The porewater samples (100 µL) were analyzed in random order (i.e., nonsequential depth and two separate sets of analyses were conducted for each depth on
different days). There was good agreement between the values generated in the two
separate runs. The results reported are the average of the two runs using standard δ
notation in per mille relative to Vienna Standard Mean Ocean Water (VSMOW).

Trace Element Analysis
Trace element measurements were performed by inductively coupled plasma
sector field mass spectrometer (ICP-SFMS; Element2, Finnigan-MAT, Bremen,
Germany). The instrument was installed in a dedicated laboratory with the sample
introduction area protected by a laminar flow cabinet. The sample introduction system
utilized a desolvation unit (Aridus, Cetac Technologies, Omaha, NE, USA) coupled with
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a PFA μ-flow nebulizer (100 μL min-1); the sample flows in a teflon spray chamber
heated up to 95°C to prevent droplet accumulation, then it is swept by an Ar flow into a
semi-permeable membrane (heated up to 165°C) to significantly reduce the formation of
oxides (Turetta et al., 2004). The introduction system was connected to the ESI SC2-E2
autosampler (Elemental Scientific, Omaha, NE, USA). The sample introduction system
and the autosampler were maintained and handled under a laminar flow hood. Intensity
optimization was carried out daily, using a tuning solution of ultrapure water containing 1
ng/ml of In. An accurate mass calibration was performed immediately prior to analysis in
low, medium and high resolution mode using a solution containing elements with m/z
values covering the whole mass range of interest. The accuracy of the measurements was
determined using a certified reference material (TM-RAIN95) in which the trace element
concentrations were measured.

Ion Exchange Experiments
Solutions were prepared containing single cations Mg2+, Ca2+, Na+ and K+ in 20
milli-equivalent concentrations. One-half gram of sediment was suspended in the
solutions in triplicate, (with three separate vials per cation solution) and placed on a
shaker table (300 RPM) for 24 hours to keep sediment in suspension, in a 4°C room in
order to simulate near in situ subglacial temperatures. Sediment was also suspended in
18.2 MΩ water to determine the concentration of cations that would go into solution in
water from processes other than exchange. After 24 hours of shaking, suspensions were
centrifuged at 8000 RPM for 10 mins in a refrigerated centrifuge and the supernatant
separated and then filtered through 0.2 µm nylon membrane syringe filters. Cation
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concentrations of the supernatant were measured via ion chromatography as described
above.

Scanning Electron Microscopy and
Energy Dispersive X-Ray Spectroscopy
Bulk sediment was wet sieved sequentially through 1 mm, 0.589 mm, 250 µm,
125 µm, and 63 µm sieves. The size fractions were dried for 3 h at 90°C. Grains from the
63 – 125 µm fraction were sparsely distributed onto black, sticky carbon tape, mounted
on a 50 mm scanning electron microscope (SEM) stub. The grains were coated with
iridium using an Emitech K575x sputter coater (Quorum Technologies) operated at 20
mA for 60 s resulting in an Ir coating of approximately 10 nm. Mineral grain elemental
composition was determined on a JEOL JSM-6100 SEM equipped with energy dispersive
X-ray (EDX) spectroscopy and a NORAN SiLi detector. Elemental mapping was
conducted using a RONTEC XFlash 1000 x-ray detector. Rontec electronics and software
were used to collect elemental spectra and identify peaks. EDX was performed at 20 kV
and spectra were identified using a dichotomous key (Severin, 2004). Two hundred and
six grains from the 63 – 125 µm fraction were analyzed for their elemental composition
(Data Repository Table 2).

Results and Discussion

SLW Seawater Component
The lake water had a δ18O-H2O value of -38.0‰ (Christner et al., 2014) with
porewater values increasing down core to -36.5‰ at 37 cm depth, the core bottom (Fig.
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1A). δD-H2O values showed a similar trend towards more positive values at depth (Fig.
1A). Lake water δD-H2O values were comparable to meteoric ice from other Antarctic
outlet glaciers (Souchez et al., 2004). A two component mixing model of δ18O-H2O was
used to determine the percentage of glacial melt water and seawater in the SLW lake and
porewaters (Phillips and Gregg, 2001), with δ18O-H2O of -39‰, measured from deep
glacial ice upstream of SLW (Vogel, 2004), as the glacial ice end member and 0‰ as the
seawater end member. This analysis indicated the lakewater was comprised of 97.4%
glacial melt and 2.6% seawater, with the proportion of seawater increasing down core to
maximum of 6.4% at the core bottom, and the balance, 93.6% from glacial melt. Chloride
concentrations also increased down core from 3.5 meq L-1 in the lake to 22.5 meq L-1 at
the core bottom, equivalent to 4.1% of seawater Cl- concentration (Fig. 1B). The Clconcentration profile is consistent with the stable isotope data indicating that the
porewaters and solutes are partially derived from seawater. Chloride is a conservative
tracer and the linearity of the porewater Cl- profile suggests that this system is in steadystate, relative to the upward diffusion of Cl- from a more concentrated source at depth
(>38 cm). The seawater influence is unlikely to be contemporary, as tidally-driven
pumping of modern, ice-shelf cavity seawater is limited to a distance of ~10 km upstream
from the grounding line (Walker et al., 2013), whereas SLW is ~100 km upstream. The
seawater signal measured at SLW is likely due to the lasting influence of past seawater
inundation and deposition of marine sediments. The other major ions (Na+, K+, Mg2+,
Ca2+, SO42- and HCO3-) also show trends similar to Cl- with increased concentrations at
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depth and profiles that indicate upward diffusion from a more concentrated source (>36
cm depth) (Fig. 1B, Data Repository Table 1).

Figure 1. Profiles of Subglacial Lake Whillans water column and porewater water stable
isotopes (A); whole water chloride and sulfate (B); crustally-derived, non-seawater
sourced calcium, potassium and sodium (C), crustally-derived sulfate to chloride ratio
(D), and vanadium and silicon (E). The dotted line indicates the sediment-water interface.

The geochemistry of SLW and its sediment porewaters are atypical for subglacial
systems as there is a significant component of seawater-sourced solute (Fig. 2). The
seawater component of total solute in SLW sediment porewater increases from 57% in
the lake to 77% at 37 cm depth. The seawater component has a notable influence on SLW
geochemistry and distinguishes SLW from subglacial waters of other Antarctic, valley
and outlet glaciers (Fig. 2A), with the exception being the subglacial outburst waters near
Casey Station, which have 34% seawater solute (Goodwin, 1988). The SLW waters
exhibit a compositional shift after subtracting the seawater component (Fig. 2). Other
subglacial porewater samples from the Siple Coast (i.e., Kamb Ice Stream (KIS) and
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Bindschadler Ice Stream (BIS)) are not influenced by the seawater correction as only 3%
of the solute is of marine origin (Skidmore et al., 2010; Fig. 2).

Data Repository Table 1. Whole water major cation and anion concentrations from the
SLW water column and sediment porewater
Depth
(cm)
Lake‡
1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
37

Chloride
(µeq L-1)
3537
3841
4316
6377
6276
7743
9109
11078
13012
12838
12931
14939
19346
18205
18892
*10015
21664
25757
22820
22493

Sulfate (µeq Sodium (µeq Potassium
L-1)
(µeq L-1)
L-1)
186
5276
1111
293
6977
1230
520
7130
1356
743
9557
1524
377
1713
10077
756
1916
10995
587
12815
2012
529
15264
2204
612
2414
17399
753
17023
2595
444
17389
2768
567
19203
2863
*2911
3111
21555
21997
773
3291
23369
1175
3431
354
15407
3707
579
27003
4099
870
4758
31225
27866
788
3992
542
4068
27828

Calcium
(µeq L-1)
859
860
980
1106
1019
1238
1276
1046
1431
1449
1334
1329
1682
1419
1499
1855
1716
1844
1874
1666

Magnesium Bicarbonate†
Silicon (µM)
(µeq L-1)
(µeq L-1)
2111
126
507
214
3222
494
ND
3553
642
4216
ND
762
ND
4098
692
ND
4279
1006
159
4563
1066
ND
4664
1165
5247
157
1293
ND
5070
1345
4802
157
1401
ND
4742
1515
ND
5236
1624
ND
1698
4015
5437
ND
1797
162
5603
1788
5551
ND
2098
ND
5744
2404
ND
5908
2277
ND
5665
2274

Vanadium
(nM)
19
52
14
12
ND
4.6
12
2.9
4.8
1.2
1.1
1.1
1
0.7
3.7
1.3
0.9
0.9
1
0.8

SLW Solute from Crustal Weathering
The seawater component of the lake and porewaters was determined by applying
standard seawater ratios of major ions to Cl- (Holland, 1978). We define whole water as
the total solute load measured in the sample. The total solute load with the seawater
component subtracted out is defined as the crustally derived, non-seawater component.
Following subtraction of the seawater component, significant crustally derived K+ and
Na+ were evident in the SLW lake water and throughout the porewater profile, likely
from silicate mineral weathering (Fig. 1C) when compared to other subglacial waters
(Fig. 2A). This is consistent with the mineralogical data on the sediments, for example,
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the 63 - 125µm size fraction was primarily composed of feldspar (35% of grains
analyzed; n=206; Data Repository Table 2). Aqueous Ca2+ and Mg2+ are typically
sourced mainly from silicate or carbonate weathering, with a greater proportion of Ca2+
from carbonates than for Mg2+ (Meybeck, 1987). The concentrations for Mg2+ are
negative after applying the seawater correction, indicating a Mg2+ sink from solution
exists in the sediment. Cation-exchange reactions on clay minerals are the most likely
sink given the high proportion (50% by dry weight; Data Respository Table 3) of silt and
clay-sized particles in SLW sediments, which is similar to the till composition found
upstream of SLW (Tulaczyk et al., 1998).

Figure 2. Piper plots of SLW lake water and porewater geochemical composition
compared with Antarctic subglacial sediment porewater from KIS and BIS, subglacial
water from Antarctica, Greenland, Arctic and Alpine valley glacier systems, world mean
river runoff, and seawater. Symbols are colored such that red, brown, and light brown
symbols are from Antarctica; blue triangles are non-Antarctic valley and outlet glaciers
(Bench Glacier, AK, USA; Robertson Glacier, AB, Canada; Haut Glacier d’Arolla,
Switzerland; Bristol Glacier, Greenland) samples. Open symbols are sediment porewater
samples. Closed symbols are subglacial water samples, seawater and world mean river
runoff. Whole water values (A) and crustally-derived, non-seawater component (B).
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Clay minerals are prevalent in SLW sediments and provide cation exchange
reaction sites that can modify Na+, K+, Mg2+ and Ca2+ ion concentrations derived from
mineral dissolution and seawater sources. Ion exchange experiments on SLW sediments
using a NaCl exchange solution with a similar concentration (20 meq L-1) to that at the
bottom of the sediment core resulted in 0.9 meq g-1 Ca2+ and 0.6 meq g-1 Mg2+ desorbing
from clay minerals. The exchange experiments demonstrate that clay minerals are a sink
for Ca2+ and Mg2+ from SLW porewaters.

Data Repository Table 2. SLW sediment grain composition from 63 – 125 µm size
fraction (n = 206).
Mineral type Percent (%)
Alkali Feldspar
4
Biotite
2
Chlorite
1
Garnet
2
Hornblende
0.5
K-Feldspar
12
Plagioclase
19
Quartz
59
Unknown
0.5

Data Repository Table 3. Grain size distribution of SLW sediments.
Grain size diameter (µm) Wentworth size class
>250
Medium sand and coarser
125-250
Fine sand
63-125
Very fine sand
<63
Silt and clay

wt %
20.9
12.9
16.3
49.9
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Weathering Regime in
Subglacial Lake Whillans
Calcium is the dominant cation in Alpine subglacial waters irrespective of
lithology due to the rapid dissolution kinetics of carbonates (Anderson et al., 1997). By
contrast, crustally derived Ca2+ is not a dominant ion in SLW, as demonstrated by the low
Ca2+:Σcation molar ratio (0.04-0.13) compared to the world mean for glacial and nonglacial catchments (~0.45; Anderson et al., 1997). Samples from Antarctic subglacial
waters beneath the KIS, BIS and Casey Station also have low crustally derived
Ca2+:Σcation ratios; 0.22, 0.17, and 0.09, respectively (Skidmore et al., 2010). The low
Ca2+:Σcation ratios from Antarctic subglacial aqueous samples are generated through a
different weathering regime from Ca2+-dominated Alpine glacial systems. These lower
Ca2+:Σcation ratios are most likely due to increased silicate weathering and ion exchange
reactions during longer water-rock interaction times in Antarctic subglacial
environments. Long water residence time produces proportionately greater amounts of
crustally sourced Na+ and K+ to the subglacial waters (Wadham et al., 2010). Clay
minerals in SLW are also a product of long-term silicate weathering and are not observed
in the short-residence time valley and outlet glacier systems (Griggs, 2013). The Mg2+
and Ca2+ concentrations in SLW waters are lower than one would expect from such long
residence time waters, and the deficit is assumed to be due to cation exchange on clay
minerals, leading to the low Ca2+:Σcation ratio.
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Data Repository Figure 4. Elemental maps of two pyrite-containing clasts from the SLW
sediments. A. Pyrite grain as determined by the predominantly Fe and S composition.
Iron is imaged in red and sulfur in green and when these two elements co-occur, the
resultant color is yellow. B. Quartz grain with small pyrite inclusions. The blue
background is a predominantly silica matrix, with iron in red and sulfur in green. When
the iron and sulfur co-occur it results in yellow. Fe-rich veins are visible as red bands in
the upper part of B.
Silicate weathering can occur abiotically, but given the presence of an active
microbial community in SLW (Christner et al., 2014), and previous research
demonstrating the key role of microbes in weathering of glacial sediments (Montross et
al., 2013), biotic weathering may also occur. CO2 released from heterotrophic activity in
the SLW water column (Christner et al., 2014) will dissolve and produce carbonic acid,
which is responsible for indirect weathering of minerals (Montross et al., 2013) and
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contributes in part to the HCO3- in the lake and sediment porewaters. The balance of
HCO3- may come from carbonate dissolution and possibly hydrothermal sources given
the high geothermal heat flux in the region (Fisher et al., 2015). Direct weathering of
sulfur-containing minerals (i.e., pyrite), which are present in SLW sediments (Data
Repository Fig. 1), through sulfide-oxidation produces protons and dissolved SO42- (Fig.
1B). Microbial sulfide-oxidation is inferred from the excess of crustally-derived SO42with respect to Cl- in the top 15 cm of the core (Fig. 1D) and has been demonstrated in
other glacial sediments (Mitchell et al., 2013; Boyd et al., 2014). Microbial community
and functional gene analysis of SLW and KIS sediment support the possibility of
microbial pyrite oxidation as microbial phylotypes and sulfide-oxidizing functional genes
related to sulfide-oxidizing bacteria are present and abundant in these environments
(Lanoil et al., 2009; Christner et al., 2014; Purcell et al., 2014). These microbially-driven
sulfide oxidizing processes are likely the source of crustally-derived, non-seawater
sulfate in SLW.
Microbial sulfide-oxidation is most energetically favorable in the presence of O2.
To estimate the depth below which sulfide oxidation is unlikely to occur, we estimated
the reduction/oxidation (redox) state of the sediment using the charge of the element V
and thus its aqueous concentration. Redox sensitive elements, such as V, are useful
indicators of the redox state of the sediments (Morford and Emerson, 1999). As dissolved
O2 concentrations decrease, Vanadate (H2VO4-) is reduced to vanadyl (V(IV)O2+) and V
is removed via precipitation (Morford and Emerson, 1999). Therefore, the decrease in V
concentrations to below detection below 15 cm of the SLW sediments implies decreasing
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O2 concentrations with depth (Fig. 1E). The O2-consuming processes, are likely
microbial, involving either heterotrophic or lithotrophic activity such as sulfide- and
ammonia-oxidation, processes which are thought to be important in SLW (Christner et
al., 2014). The silicon profile is similar to that of V and shows that silica concentrations
are highest in the surficial (0-2 cm) sediments (Fig. 1E). Increased microbial activity in
the surficial sediments may be due to the presence of oxidizing conditions, unlike those at
depth. Microbial activity in the sediments is therefore likely to be important in liberating
solutes via both direct and indirect biotic weathering processes.

Conclusions

Crustally derived solute in SLW is generated primarily from the weathering of
silicate minerals, a process that is likely microbially mediated. Ion exchange reactions
with clay minerals also modify the proportions of cations in solution. Seawater is also an
important component of SLW solute, in contrast to KIS and BIS porewaters and
subglacial waters from other non-Antarctic systems. The major ion profiles all indicate a
more concentrated solute source in porewater of sediments below the base of our 36 cm
core, which we were unable to sample. These deeper porewaters likely have an increased
seawater component, resulting from marine inundation of the SLW region when the
WAIS was less extensive. SLW represents a subglacial system where contemporary
chemical and biological weathering processes are active, but seawater solute is a
component of the water that is ultimately cycled back to the Southern Ocean during lake
drainage.
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Abstract

Models indicate that subglacial sediments in West Antarctica contain a large CH4
reservoir. The quantity, source and fate of CH4 beneath the ice sheet have yet to be
investigated empirically. We show, using δ13C- and δD-CH4 measurements, that sub-ice
sheet CH4 is likely produced via biological reduction of CO2 with H2. CH4 concentration
gradients and δ13C-CH4 values indicate that it is consumed in the surficial sediments and
may provide an abundant reduced carbon and energy source to the subglacial ecosystem.
Aerobic microbial CH4 oxidation may diminish the release of this potent greenhouse gas
from West Antarctica to the atmosphere during periods of deglaciation.

Introduction

Anaerobic habitats exist beneath the Antarctic ice sheet and may be globally
important for biological CH4 production (1, 2). A large CH4 reservoir, formed through
acetoclastic methanogenesis of relict marine carbon, has been proposed to exist beneath
the Antarctic ice sheet that could add significant CH4 to the atmosphere upon
deglaciation (2). Despite this claim, no empirical evidence exists for the presence or
dynamics of this CH4 pool. We present, based on direct sampling of a lake beneath the
West Antarctic Ice Sheet, CH4 concentration, microbial transformations and role of this
gas in the subglacial microbial ecosystem.

Methods

Methods Summary
We used a microbiologically-clean hot water drill to directly sample the water
column and shallow sediments (~40 cm) of Subglacial Lake Whillans (SLW; 84.240° S,
153.694° W), to assess the CH4 dynamics beneath 800 m of the West Antarctic Ice Sheet
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(WAIS) (3, 4). Water samples were collected with a 10 L Niskin bottle from the middle
of the ~2.2 m deep water column and returned to the surface with minimal exposure to
the atmosphere. Sediment cores were retrieved with a multicorer (60 cm x 5.95 cm). Core
sub-samples for gas analysis were placed in gas tight glass vials and 6N NaOH was
added to prevent biological activity during storage. CH4 concentration was determined
via gas chromatography using flame ionization detection. Stable isotopes of CH4 were
determined on a Picarro Cavity Ring Down Laser Spectrometer (δ13C) and isotope ratio
mass spectrometer at the UC Davis Stable Isotope Facility (δD). DNA was extracted
from the sediments and primers were used to amplify the pmoA and mcrA gene
sequences, which were then cloned and sequenced (See Supplemental Methods for full
details).

Supplemental Methods

Sample Collection
Subglacial Lake Whillans water column and sediment was sampled through a
~0.6 m diameter and 801 m deep borehole created with a clean, hot water drill on 29
January 2013. The clean access hot water drill system has been shown to reduce cell
concentrations to acceptable levels based on the National Research Council 2007 report
on subglacial lake access (3). For complete drilling and sampling details see Tulaczyk et
al., 2014 (4).
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Methane Quantification
and Stable Isotope Analysis
Sediment from a multicore (MC-2A) was sampled every 2 cm by extruding and
subsampling the new layer. The sediment was immediately placed in a 20 ml sterile
serum vial using a sterile cut off 5 ml syringe, and then the vial was stoppered with a
butyl rubber stopper and crimped with an aluminum cap. Three vials were capped in the
field to capture atmospheric air as blank vials. Ten milliliters of 2.5% NaOH was added
to each sample bottle and the three atmospheric air blanks (5). All vials were stored
upside down at 4°C for transport back to Montana State University for gas quantification.
Methane was quantified on a gas chromatograph (Hewlett Packard 5890) equipped with a
flame ionization detector. Dissolved methane concentrations were calculated based on
methane Bunsen coefficient and solubility based on porewater volumes determined from
mass loss after drying the sediment at 95°C until the mass stopped decreasing (~24h) and
porewater conductivity.
Multicore 3A (MC-3A) was collected from SLW and frozen (-20°C). The frozen
core was thawed at 4°C overnight in a class 1000 clean, cold room at the Montana State
University Sub-Zero laboratory. The core was extruded and cut every 2 cm and sediment
for methane stable isotope analysis was subsampled and fixed in the same method as
MC-2A. One milliliter of room temperature headspace gas from the fixed sediment vials
was transferred to a gas-tight bag and diluted 1:100 with zero air. The gas-tight sample
bag was connected to a Picarro Ring-Down Cavity Spectrometer and sample was
introduced to the instrument at a flow-rate of 100 mL per minute and isotopic values
were measured every second. δ13C-CH4 values were averaged over ≥30 s of
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measurements. After each sample, atmospheric air was measured for at least 5 min until
atmospheric baseline values had stabilized. The δD-CH4 values were measured at the
University of California Davis Stable Isotope Facility (UCD-SIF) using a PreCon
concentration system (ThermoScientific) in line with a Delta V plus isotope ratio mass
spectrometer (ThermoScientific). Two δ13C-CH4 samples (SLW-MC-3A-18-20 cm and
34-36cm) were also run at UCD-SIF to compare to values obtained on the Picarro RingDown Cavity Spectrometer. There was a <4% difference in the δ13C-CH4 values reported
from the two methods. The carbon and hydrogen stable isotope ratios are reported in
standard δ-notation (δ13C, δD) with respect to VPDB and VSMOW standards,
respectively. Running average of the methane concentration and isotope profile was
calculated in SigmaPlot using a loess smoothing function with a first order polynomial
and a sampling frequency of 0.45.

Molecular Analyses
DNA was extracted from SLW sediments (6). pmoA clone libraries were
constructed by PCR amplification using A189F and m680R. The PCR was set up using
0.1 µL of ExTaq at 5 units µL-1 (Takara), 2.5 µL of 10x ExTaq buffer (Takara), 2 µL
dNTP mixture at 2.5 mM per nucleotide (Takara), 2.5 µL of A189F and Mb661R
primers, 2 µL molecular biology-grade bovine serum albumen (BSA; New England
BioLabs Inc.), 4 µL of template DNA, and 11.4 µL of PCR-grade water for a final
reaction volume of 25 µL. The PCR thermocycling conditions were 1 cycle of 98°C for 2
min; 40 cycles of 98°C for 15 s, 55°C for 1 min, and 72°C for 1 min; followed by a final
72°C for 7 min. PCR products were run on a 1.5% agarose gel and the 491 basepair
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pmoA fragment was excised from the gel followed by DNA purification using a Wizard
SV gel clean-up system (Promega). Cleaned pmoA fragments were immediately ligated
and cloned with a TA Cloning kit (Invitrogen). Positive clones were transferred to
LB+ampicillin broth and grown overnight at 37°C, then sequenced (Functional
Bioscience). The pmoA sequences were processed by removing the forward and reverse
primer sequences, then grouped into operation taxonomic units (OTU) using a 90%
similarity cutoff using the program Mothur (7). A representative sequence from each
OTU was queried against the NCBI database and nearest neighbor sequences were
recovered for each OTU. These representative OTU sequences and pmoA sequences from
representative members of Type 1 and 2 methanotrophs were aligned using ClustalW and
a phylogenetic tree was built using the maximum-likelihood method with 1000 bootstrap
replications (8).
We attempted to amplify mcrA gene sequences from SLW sediment DNA
extracts. We used two sets of primers to amplify the diversity of mcrA-containing
methanogens (9) and a nested PCR amplification scheme. The two primer pairs used to
detect the mcrA gene sequence were mcrIRD and ANME-1-mcrI (9). These primer pairs
are capable of detecting all known and several novel mcrA gene clusters (9). The first
reaction was set up using 0.1 µL of Takara ExTaq, 2.5 µL 10x ExTaq buffer, 2 µL dNTP
mixture, 2.5 µL of forward and reverse primer, 2 µL of BSA, 9.4 µL PCR-grade water
and 4 µL DNA extract for a final reaction volume of 25 µL. This first reaction was run
with an initial denaturation step at 98°C for 2 minutes followed by 40 cycles of 98°C for
15 s, 53°C for 1 min and 72°C for 1 min, and a final elongation at 72°C for 7 min. The
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second reaction was set up using 0.25 µL Takara ExTaq, 5 µL 10x ExTaq buffer, 4 µL
dNTP mixture, 5 µL of forward and reverse primers, 4 µL of BSA, 21.75 µL of PCRgrade water and 4 µL of product from the first reaction. The second reaction was run with
the same thermocycler program as the first reaction. Both reactions were run the same for
the two primer sets, except the ANME-1-mcrI primer pair used an annealing temperature
of 63°C (9).

Methane Oxidation Rate
Modeling and Oxygen Budget
The flux into the 0 – 2 cm surficial sediment layer was calculated using Fick’s
first law. The diffusion coefficient for methane at 0°C (10) was corrected for porosity and
tortuousity of SLW sediments (11). See Results and Discussion section for details on
modeling the rate of methane oxidation.
Oxygen consumption by methane oxidation follows the stoichiometric
relationship:
𝐶𝐶𝐶𝐶4 + (2 − 𝑥𝑥)𝑂𝑂2 ↔ (1 − 𝑥𝑥)𝐶𝐶𝐶𝐶2 + 𝑥𝑥𝐶𝐶𝐶𝐶2 𝑂𝑂 + (2 − 𝑥𝑥)𝐻𝐻2 𝑂𝑂

Eq. 1

where x is the fraction of carbon from the methane incorporated into biomass. We
assumed the fraction of carbon from the methane that was incorporated into biomass was
0.5, which has been shown to be a good approximation for both types of methanotrophs
and is a median value across many habitats (13–15). Based on these approximations, we
model oxygen consumption as 1.5 mol O2 per 1 mol CH4 consumed.
Two oxygen inputs to SLW were in our model, basal ice melt and water flow into
the lake. Basal ice melt releases atmospheric gases into the subglacial aquatic hydrologic
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network and can be calculated based on direct measurements of geothermal heat flux at
SLW (16). The geothermal heat flux measured at SLW is calculated to melt 1.8 mm y-1
(16). This basal ice melt rate delivers 1.0 x 106 mol O2 y-1 from the entire 60 km2 SLW
area. This basal ice melt oxygen release rate assumes oxygen is 20.95% of atmospheric
gas. The density of glacial ice is ~918 kg m-3, which leaves ~10% of the ice as
atmospheric gas bubble inclusions. The basal ice melt is assumed to only come from the
60 km2 area of SLW. Advection of water into SLW is modeled based on the flow rate
derived from the increase in volume for the year before we sampled SLW [0.007 km3 y-1;
(17)]. We assumed that the concentration of oxygen in the inflow water to be the same as
that measured in the SLW water column [72 µM; (18)]. Advection into the lake supplies
5.0 x 105 mol O2 y-1. The standing pool of oxygen in the lake at the time of sampling was
9.5 x 106 mol O2. The total oxygen supply based on basal ice melt and advection into the
lake is 1.5 x 106 mol O2 y-1 into SLW.

Results and Discussion

The CH4 concentration in SLW ranged from 24 nM in the lake water to 300 µM
in the deepest (37 cm) sediment porewater sample (Figure 1). Fick’s first law was used to
calculate a CH4 flux using the concentration gradient in the top 15 cm of sediment. The
estimated flux to the surficial sediment (0 – 2 cm) of SLW is 6.8 mmol CH4 m-2 y-1.
Modeled ice sheet bed conditions beneath the WAIS indicate that water saturated till,
similar to that in SLW, constitutes 50% of the areal extent of WAIS (9.85 x 105 km2; 5,
6). We estimate a CH4 flux of 0.1 Tg CH4 y-1 from water-saturated till beneath the WAIS,
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assuming that the CH4 flux we computed for SLW is consistent beneath the WAIS. This
flux represents about 0.05% of total natural CH4 emission sources to the atmosphere (21).

Figure 1. Methane concentration and δ13C-CH4 values from SLW lake water and
sediment porewater. Dotted lines indicates the running average using a Loess smoothing
function.
CH4 in the SLW sediment has an average δ13C-CH4 value of -74.7‰ with a range
from -77.1 to -70.1‰ (Figure 1 and 2). The biplot of δ13C- and δD-CH4 values places
SLW CH4 within the hydrogenotrophic methanogenesis field (Figure 2). These δ13C- and
δD-CH4 values indicate CH4 in SLW sediments is likely produced via biological
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reduction of CO2 with H2 (38). These findings are consistent with sediments in maritime
Antarctic perennially and seasonally ice-covered lakes on Signy Island and in the
McMurdo Dry Valleys, where CO2 reduction also appears to be the dominant
methanogenesis pathway (22, 23). The methanogens that utilize CO2 and H2 to make
methane are commonly found in deep marine sediments and other low sulfate
environments (24). Substrates (CO2 and H2) for CH4 production are likely present
beneath the WAIS. Bicarbonate concentrations in SLW are similar to those of sea water
(~2 mM) and increase with depth to (~6 mM) at 37 cm depth (Michaud et al., in press).
Hydrogen was not directly measured on SLW sediments, but it can be generated
abiotically from freshly-crushed and wetted subglacial siliceous bedrock, radiolysis of
water, hydrothermal input, and biologically via fermentation (24-27).
The source of CH4 in SLW likely originates from sediment depths below our
deepest sampling depth (37 cm below the sediment surface) with CH4 diffusing towards
the sediment-water interface. Samples from habitats with active Archaeal methanogenesis
typically contain amplifiable and high copy numbers (>104 copies g-1) of the mcrA gene
(28, 29). We were unable to amplify the mcrA gene from the SLW sediment core
implying that methanogenic Archaea were low or below detection in the upper 38 cm of
the sediment column of SLW. This supports the contention that the source of the CH4 in
our shallow core lies below our sampling depth.
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Figure 2. Methane stable isotope biplot for nine depths in the SLW sediment porewater
(red triangles). The shaded areas delineate microbial and thermogenic endmembers as
well as regions of mixed sources. Modified from Whiticar 1999 (38). δ13C-CH4 values in
this plot are the same as Figure 1.

The low water column CH4 levels suggest that aerobic CH4 oxidation in surficial
sediment and water column consumes a significant fraction (>99%) of the flux of
sedimentary CH4 (Figure 1). Aerobic CH4 oxidation has also been shown to be
responsible for consuming >98% of CH4 near the margin of the Greenland Ice Sheet (30).
The large decrease in CH4 concentration from the 0 – 2 cm sediments to the water
column is commensurate with a large, positive shift (30.7‰) in the δ13C-CH4. We used
the Rayleigh distillation model to calculate a kinetic isotope fractionation factor (KIFF)
of α = 1.004 associated with the CH4 oxidation process. This model assumes a closed
system (i.e. no other inputs and measured isotope values are not affected by mixing) and
the only sink for sediment CH4 is bacterial oxidation. The KIFF calculated for CH4
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oxidation in SLW is at the lower range of laboratory cultures, but similar to field
measurements from cold, marine habitats [α = 1.003 – 1.035 (31, 32)].
We amplified the alpha subunit of the particulate methane monooxygenase gene
(pmoA) in sediments from 0 – 16 cm depth, but it was not detected below 16 cm. The
pmoA genes recovered from SLW showed high (>90%) DNA similarity to the putative
aerobic CH4 oxidizing taxa recovered from deep sequencing of the surficial sediment
microbial community [Figure 3, (18)]. Methylobacter tundrapaludum was an abundant
member (2.6%) of the 0 – 2 cm sediment microbial community and is characterized by
possessing a type-1 methane monooxygenase enzyme (18, 33). Type-1 methanotrophs,
M. tundrapaludum in particular, are known cold-adapted methanotrophs and dominate
high CH4 (µM – mM concentration) freshwater environments (13). These molecular data
imply that aerobic CH4 oxidation is occurring in the surficial sediment (0 – 2 cm) and
water column near the sediment-water interface (18). Methane-oxidizing activity in SLW
manifests in the water column as a 4 order of magnitude decrease in CH4 concentration
and a positive 30.7‰ shift in the δ13C-CH4 value (Figure 1). Anaerobic CH4 oxidation is
a potential pathway for CH4 oxidation but we found no SO42- concentration, CH4
concentration or isotope evidence for this process in the 38 cm sediment column we
sampled. The SLW sediments exhibit a linear increase of sulfate down core to a
maximum value of ~ 7% of seawater sulfate concentration, indicating no sulfate
reduction zone. The low sulfate is unlikely to support sulfate-mediated anaerobic CH4
oxidation (10, Michaud et al., in press). Additionally, the CH4 concentration and isotopic
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profiles in the sediment does not exhibit shifts indicative of anaerobic CH4 oxidation
(34).

Figure 3. Maximum-likliehood phylogenetic tree of pmoA sequences from SLW sediment
DNA extracts. Red text indicates pmoA clones from SLW and abundant methanotroph,
Methylobacter tundrapaludum SV96, found in the SLW 16S rDNA community analysis
(16).

We modeled the rate of biological CH4 consumption using the equation;
𝜕𝜕𝜕𝜕

where,

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

= (𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐴𝐴) − (𝑅𝑅 × 𝑉𝑉)

Eq. 1

is the change in methane concentration over time, Fdiff is the diffusional flux

into the 0 – 2 cm surficial sediment, A is the area of SLW, R is the rate of CH4
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consumption, and V is volume of SLW lake plus the surficial (0 – 2 cm) sediment.
𝜕𝜕𝜕𝜕

Assuming steady-state conditions ( 𝜕𝜕𝜕𝜕 = 0) equation 1 simplifies to:
𝑅𝑅 = 𝐻𝐻

𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐿𝐿 + (𝐻𝐻𝑆𝑆𝑆𝑆 × 𝜑𝜑)

Eq. 2

where, HL and HSS are the height of the lake and surficial sediments, respectively, and φ
is the sediment porosity. Based on Eq. 1 and 2, R is equal to 3 mmol CH4 m-3 y-1. The
rate of CH4 removal (R) is the sum of both oxidation of CH4 to CO2 and the incorporation
of CH4 as a carbon source for biomass synthesis. An accepted value for the fraction of
CH4 going to biomass is 0.5 for both type 1 and 2 methanotrophs (13, 14) indicating that
methanotrophs could be oxidizing 1.5 mmol CH4 m-3 y-1 and incorporating 1.5 mmol CH4
m-3 y-1. This rate of aerobic CH4 oxidation is ten to one hundred fold less than aerobic
CH4 oxidation measured in cold (~4°C), surficial marine sediments, Amazonian rivers
and deep sea, CH4 cold seep-associated carbonates (35–37). The formation of biomass
due to CH4 oxidation in the sediment occurs at a rate (29.7 ng C Lporewater-1 d-1), similar to
that measured in the SLW water column for dark carbon fixation (32.9 ng C L-1 d-1; 25).
The stoichiometric oxygen demand of the modeled CH4 oxidation rate is 6.2 x 105
mol O2 yr-1. The input of oxygen to the lake is basal ice melt, which releases atmospheric
gases to the lake, and advection into the lake during the filling phase of the lake cycle
(17). Basal melt, which has been estimated at 1.8 mm y-1 (16), delivers 1.0 x 106 mol O2
yr-1, and advection into the lake provides 5 x 105 mol O2 yr-1, assuming the incoming
water has the same concentration measured in the SLW water column (16). The oxygen
demand from CH4 oxidation is less than the oxygen sources to the lake, with the input of
oxygen from basal ice melt alone being sufficient to support the CH4 oxidation rates we
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computed. Methanotrophs are oxidizing CH4 and likely producing biomass at a rate
comparable to chemoautotrophic activity in the lake water, indicating that CH4 is a
carbon and energy source to the SLW sediment-water interface and a biological sink of
oxygen in the SLW ecosystem. CH4 supply to subglacial aquatic environments may
represent a significant source of reduced carbon and electrons to fuel microorganisms at
the bed of the WAIS where basal melting supplies oxygen.

Conclusions

Our results show that the CH4 pool beneath SLW is formed by hydrogenotrophic
metabolism (CO2 reduction with H2; 29) and used by aerobic methanotrophs as a carbon
and energy source in the sediments. Methanogenesis may be widespread beneath the
WAIS, but our data indicate that acetoclastic methanogenesis of relict marine carbon is
not the main pathway of methane formation. Aerobic methanotrophy converts the
sedimentary CH4 in SLW to CO2, keeping the CH4:CO2 ratio low, and similar to that of
freshwater Arctic lakes where methanotrophs play an important role in regulating the
ratio of greenhouse gases emitted to the atmosphere (39). The geothermal heat flux
recorded for SLW, which is higher than the global continental average (16), may play an
important role in delivering atmospheric oxygen to the subglacial environment through
basal ice melt, which can support methanotrophy over a wide area of the ice sheet bed.
Biological CH4 oxidation occurs beneath the WAIS, and this metabolic process may
mitigate the atmospheric release of stored CH4 during periods of deglaciation.
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Abstract

Lakes represent important sites of biogeochemical transformations in both polar
and temperate environments. Bacteria have direct roles in lake biogeochemical cycles;
however, the response of bacteria to seasonal and perennial ice covers on lakes are poorly
constrained. The aim of this study was to investigate the distribution of biological and
chemical constituents between ice and liquid phases during progressive freezing. We
simulated ice formation with controlled freezing mesocosm experiments using water
from perennially (Antarctica) and seasonally (Arctic and Montana, USA) ice covered
lakes and computed concentration factors and effective segregation coefficients for ions,
total organic carbon, and bacteria. Mesocosm experiments revealed that effective
segregation coefficients between liquid water and ice were higher for bacteria than for
ions and total organic carbon. The organic matter incorporated into the ice was
characterized by labile, protein-like material, which differed from the humic-like
compounds that remained in the liquid fraction. We observed bacterial aggregates in the
natural lake ice cover and in the ice formed during our experiments suggesting a bacterial
response to progressive freezing. The wide range of bacterial segregation coefficients
(0.8 -4.4) identified in our study illustrates that the incorporation of bacteria into lake ice
cover is also dependent on physical (i.e., freezing rate) and chemical processes (i.e.,
initial solute concentration) which vary between lakes and throughout the freezing
process.

Introduction
Surface lakes contain ~180,000 km3, or ~0.01% of Earth’s water, but in spite of
their relatively small volume, these inland waters comprise a major component of global
biogeochemical cycles [Shiklomanov, 1993; Downing and Duarte, 2006; Tranvik et al.,
2009]. Microbial activity, through the mobilization and regeneration of biologically
important elements [Newton et al., 2011] and the emission of greenhouse gases to the
atmosphere [Liu and Xu, 2015], are key to the role of lakes in biogeochemical processes.
Some of the highest densities of fresh surface water on Earth occur at high latitudes, in
boreal environments (e.g. Lapierre et al. 2013) or at high altitudes, where lakes are either
perennially or seasonally (~40% of the year; Walsh et al. 1998) ice-covered. Ice cover
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alters the physical and chemical structure of a lake compared to ice-free conditions by
reducing heat exchange and preventing atmospheric mixing. Little is known about the
impacts of ice cover and ice cover formation on microbial community structure [Safi et
al., 2012; Bertilsson et al., 2013], although microbial responses to ice cover almost
certainly influence lake biogeochemistry.
Seasonal lake ice formation in cold environments is a progressive process
governed by intense radiative and turbulent heat losses from the warmer lake surface to
the colder atmosphere [Lock, 1990; Petrenko, 1999]. These physical controls first cause a
primary layer of ice to form over the entire lake surface. A secondary layer is composed
of ice crystal growth downward from the primary layer and parallel to the temperature
gradient. The continuously cold conditions that exist in Antarctica produce perennial ice
covers where freezing of lake water onto the bottom is in a dynamic equilibrium with
ablation losses at the surface [Adams et al., 1998; Fritsen et al., 1998].
Lake water contains suspended and dissolved impurities, such as gas bubbles,
solutes and insoluble particles. During lake ice formation, solute and particles are largely
rejected from the solid phase [Weeks and Lofgren, 1967; Clayton et al., 1990; Killawee et
al., 1998; Rempel and Worster, 1999]. As the ice front advances, these suspended and
dissolved impurities may subsequently be incorporated into the ice as inclusions of
concentrated solution, trapped in grain boundaries, or incorporated in the ice lattice
[Petrenko, 1999]. Interactions between the ice and impurities depend on the speed of the
ice front (freezing rate) and the sizes and charges of the impurities [Gilpin, 1980;
Shangguan et al., 1992; Lipp and Körber, 1993; Killawee et al., 1998; Park et al., 2006].
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The concentration factor (CF) and the effective segregation coefficient (Keff) are
important ice-growth parameters that describe the distribution of solutes and particles
(impurities) between liquid and solid phases during progressive-freezing and crystal
growth [Garandet et al., 1994; Killawee et al., 1998; Leppäranta, 2015]. The
concentration factor (CF) describes the progressive evolution of solute and bacteria
concentration in the liquid phase [Garandet et al., 1994; Killawee et al., 1998; Gu et al.,
2005]:
𝐶𝐶𝐿𝐿 (𝑇𝑇𝑖𝑖 )

𝐶𝐶𝐶𝐶 = 𝐶𝐶

𝐿𝐿 (𝑇𝑇0 )

[eq. 1]

where, 𝐶𝐶𝐿𝐿 (𝑇𝑇𝑖𝑖 ) is the solute concentration in the liquid phase at time 𝑖𝑖 and 𝐶𝐶𝐿𝐿 (𝑇𝑇0 ) the initial
solute concentration in the liquid-phase. The effective segregation coefficient (Keff)

describes the incorporation of solute and bacterial cells into ice (higher Keff indicates
more segregation from the liquid phase to the ice phase), and describes the flux of matter
away from (Keff < 1, solute rejection) or into (Keff > 1, preferential incorporation) the
solid phase [Garandet et al., 1994; Killawee et al., 1998; Liu et al., 1999], such that:
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 =

𝐶𝐶𝑠𝑠 (𝑖𝑖𝑖𝑖𝑖𝑖)
𝐶𝐶𝐿𝐿(𝑏𝑏𝑏𝑏)

[eq. 2]

where, 𝐶𝐶𝑠𝑠 (𝑖𝑖𝑖𝑖𝑖𝑖) is the solute or bacterial cell concentration in the solid phase and 𝐶𝐶𝐿𝐿 (𝑏𝑏𝑏𝑏) is
the concentration in the bulk liquid phase. The chemical evolution of the liquid phase

during the freezing processes in freshwater lakes is relatively well understood; however,
despite the ecological importance of microorganisms, little is known about the relative
incorporation of microbial cells into ice cover or their concentration in the water column
[Danz et al., 2007; Schindler, 2009; Newton et al., 2011. An estimated segregation
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coefficient for Antarctic surface lakes [Priscu et al., 1999] was used to estimate bacterial
abundances in an Antarctic subglacial lake based on samples of accretion ice (i.e.
subglacial lake water frozen onto the overlying glacier ice) [Christner et al., 2006], and a
better understanding of bacterial segregation coefficients has important implications for
modeling difficult to access icy environments on Earth and in the solar system.
It has been assumed that lake ice does not support living non-particle or aggregate
associated microorganisms and that microbes, due to their small size, are excluded from
the ice cover as it forms [Gilpin, 1980; Lock, 1990; Leppäranta, 2015]; however,
microorganisms are found in association with icy environments. Microbial life has been
reported in meteoric and basal ice from supra-glacial, subglacial and sea-ice
environments where ice associated microorganisms are important contributors to
biological production and biogeochemical cycles [Helmke and Weyland, 1995; Junge et
al., 2001; Hodson et al., 2008; Stibal et al., 2009; Bowman et al., 2013Montross et al.,
2014]. Given the annual occurrence of seasonal lake ice formation and extent of icy
environments, we hypothesized that microorganisms inhabiting high latitude or altitude
lakes possess adaptations which enable them to incorporate into the ice cover to avoid the
chemical and physical stresses associated with freeze concentration in the water column.
In this study, experimental mesocosms were prepared using lake water from
seasonal and perennial ice-cover regimes to evaluate the effect of progressive freezing on
the distribution of bacterial cells from two different systems. We present the mesocosm
experiments with observational studies from seasonally ice-covered lakes to determine
bacterial abundance distribution in lake ice cover. Our objectives were: (i) to calculate the
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concentration factor and effective segregation coefficients of bacterial cells over the
course of freezing; (ii) to compare bacterial abundance in the ice and liquid phase from
seasonally and perennially ice-covered lakes; (iii) to compare bacterial concentration
factors and segregation coefficients with those of ions (F-, Cl-, SO42-, Na+, K+, Ca2+,
Mg2+) and total organic carbon (TOC), and with the quality of organic matter (OM); and
(iv) to determine whether bacterial distributions during freezing result from biotic or
abiotic responses to freezing using a dead bacterial control.

Methods

Lake Ice Analysis

Site and Sample Procedure. Ice-cover cores (7.5 cm diameter) were retrieved in
April 2010 from Lakes Emaiksoun (ice-cover thickness of 76.9 cm), Ikroavik (ice-cover
thickness of 115.9 cm), and Siqlukaq (ice-cover thickness of 85.4 cm) near Barrow,
Alaska on the North Slope (71° 04’ N; 156° 49’ W), and transported to Montana State
University at near -20°C where they were stored at -30°C until analysis. All of the lakes
in this region are thermokarst lakes formed by the degradation of permafrost [Hopkins,
1949]. More than 10,000 such lakes occur in this region covering up to 40% of the
coastal plain [Hinkel et al., 2005]. Jeffries et al., (1996) estimated that 60% of the lakes
have depths ranging from 1.5 to 2.2 m, and many of them freeze to bottom. Depending on
lake water depth, the maximum ice thickness occurs between late-April and May [Jeffries
et al., 1996; Jones et al., 2009].
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Decontamination Protocols. Ice-cover cores were cut into 5 to 10 cm sections,
which were then decontaminated in a clean cold room (class 100/1000, ISO 4/5) at -15°C
in the Sub-Zero Research Facility at Montana State University. All surfaces in contact
with the ice samples were pre-cleaned with ethanol (95% v/v) and materials were
sterilized before entering the clean cold room. Ice sections for ions were decontaminated
by mechanically removing the outer 0.5 cm of ice followed by melting at 20°C
[Schwikowski et al., 1999]. Ice samples for bacterial enumeration were decontaminated
following procedures described by Christner et al., [2005]. Between each bacterial icesample, sterile gloves were replaced and the bench and band saw surfaces were cleaned
with ethanol (95% v/v). Bacterial samples were transferred to sterile glass vials, fixed
with formalin (2% final concentration), and stored at 4°C until microscopic analysis.

Freeze-Down Mesocosm Experiments

Lake Water Collection. Water was collected from 8 m depth in Lake Fryxell,
Taylor Valley, Antarctica (77° 37’ S; 163° 07’ E) during November 2010 and 2011, from
0.5 m in Sukok Lake, North Slope of Alaska, USA (71° 04’ N; 156° 49’ W), during
October 2011 and from 0.5 m in Dailey Lake, Montana, USA (46° 15’ N; 110° 48’ W) in
October 2013. Lake Fryxell has a perennial ice-cover (~4 m thick), a surface area of 7
km2 and a maximum liquid water depth of ~20 m [Howard-Williams et al., 1998]. Sukok
and Dailey Lakes have seasonal ice-covers (~December through April) that reach ~1 m
and ~0.5 m thick, and have maximum water column depths of ~2 and 7.2 m, respectively.
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Water samples from all the sites were stored at Montana State University at 4°C in the
dark until experimental set up.

Experimental Protocols. Lake water experiments were conducted in a 65 L
flexible rubber tank lined with a polytetrafluoroethylene (PTFE) liner (Welch
Fluorocarbon, Inc.) to prevent contamination from the tank. To reproduce ice-cover
progressive freezing and prevent lateral and bottom freezing, we added 10 cm of
insulation around the tank sides and 20 cm of insulation on the bottom. The mesocosm
experiments were conducted in the Cold Sky chamber in the Sub-Zero Science and
Engineering Research Facility at Montana State University. This chamber is equipped
with a temperature-controlled ceiling (cold sky) to simulate atmospheric winter
temperature gradients. The mesocosms were conducted in the dark to exclude
photoautotroph activity at an air temperature of -10°C and cold sky temperature of -50°C.
A total of five mesocosms experiments were performed. Two experiments were
conducted on water from Lake Fryxell (Fryxell I and II; Supplemental Table 2), one each
on Sukok and Dailey Lake, and a biological control experiment using killed bacteria from
Dailey Lake (See below for further details).
At the beginning of each experiment, 50 L of water from each lake was poured
into the tank. This volume produced a water depth of 21 cm. An initial sample (Time 0;
T0) was taken 15 min after pouring the water into the tank and before ice formation (0
cm). Liquid-phase samplings (~80 mL) were performed when the ice was 2.5, 5.0, 7.5,
10.0, and 12.5 cm thick (referenced as, T1, T2, T3, T4, and T5, respectively). Ice thickness
was measured ~12 times through 0.5 cm diameter holes drilled through the ice near the
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center of the tank during each experiment and used to calculate freezing rate. Liquid
samples (~80 mL) were collected at mid-depth in the tank through a 2.5 cm hole with a
sterile 25 mL pipette and placed in 125 mL acid-leached (10% HCl for 24 h) and
combusted (400°C for 4 h) bottles, capped with an acid-leached Teflon lined cap. All icethickness measurements and liquid-phase samples were collected from a dedicated half of
the experimental mesocosms, thus preserving the remaining half of the lake ice cover for
undisturbed progressive ice freezing and sampling (see below).
The liquid water samples were immediately processed and/or stored for pH, ions,
total organic carbon (TOC), OM quality, and bacterial enumeration. Approximately 10
mL of sample was used for pH measurement (Fisher Scientific Accumet AB15). Sample
water was syringe-filtered through a sterile nylon filter (0.2 μm) into a Milli-Q rinsed
HDPE bottle for ion quantification, and stored at 4°C. For bulk TOC and OM
measurements, 20 mL of liquid sample was decanted into an acid-washed (10% HCl for
24 h), Milli-Q rinsed, combusted (400°C for 4 h) glass amber vial, and stored at -20°C in
the dark until analysis. For bacterial enumeration, an aliquot of 10 mL was fixed with
sodium borate buffered formalin (2% final concentration) and kept in a sealed sterile
glass vial at 4°C.
After the final liquid-phase sample (T5) was collected, ice-phase samples were
collected by cutting large ice blocks (L: 10 cm, W: 10 cm, H: ~14 cm) from the ice cover
of each experiment using clean stainless steel saws. Blocks of ice were placed in sterile
Whirl-pak® bags and stored at -30°C until decontamination and analysis. Ice blocks were
decontaminated in a clean cold room (class 100/1000, ISO 4/5) at -15°C by mechanically
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removing 0.5 cm of the outer part of the block with sterile stainless steel razor blade. The
block was then cut into the three replicate sections to determine the concentrations of
ions, TOC, OM, and bacterial cells. A clean benchtop band saw was used to cut ice
sections. The three replicate ice sections were further cut into five ice samples (A – E)
corresponding to the intervals between liquid-phase sample collection points (A: 0 - 2.5
cm, B: 2.5 - 5.0 cm, C: 5.0 - 7.5 cm, D: 7.5 - 10.0 cm, and E: 10.0 - 12.5 cm). Ion ice
samples were decontaminated by mechanically removing 0.5 cm of the outer part of the
ice section. All surfaces and materials in contact with the samples were pre-cleaned with
ethanol (95% v/v) and heat sterilized, respectively. The ion ice samples were melted in a
laminar flow hood at 20°C and filtered through nylon syringe filters (0.2 µm mesh)
before analysis. The ice samples for TOC and OM were decontaminated by removing the
outer 1 cm of ice with the bandsaw in the clean cold room without ethanol cleaning steps.
Because an ethanol-free environment is required for TOC and OM samples, the blade
from the band saw was cleaned between ice samples by making three cuts on Milli-Q ice
(diameter 7 cm). The TOC and OM ice samples were melted before analysis in an acidwashed, combusted beaker in a laminar hood at 20°C in the dark [Christner et al., 2005].
Nitrile gloves were used to manipulate TOC and OM ice samples. Ice samples for
bacterial enumeration were decontaminated as described by Christner et al., [2005].

Biological Control Experiment. A control was conducted using Dailey Lake water
inoculated with dead bacterial cells to determine if the bacterial response to progressive
freezing was passive or biologically mediated. The control water was prepared using a
continuous circulation system to filter 60 L of Dailey Lake water twice through an 11 μm
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membrane filter (Whatman) and then five times through a sterile 0.2 μm membrane filter
(PALL Gelman Sciences) until microscopic analysis showed < 2 x 102 cells mL-1.
Control bacterial cells were collected via centrifugation from fresh non-filtered Dailey
Lake water, killed, and then added to the filtered Dailey Lake water to yield a final cell
concentration of ~3 x 104 cell mL-1. Cells from 14 L of Dailey Lake water were pelleted
in sterile falcon tubes at 4,500 x g for 10 min at 10°C to create a preserved bacterial
inoculum. The pellets were re-suspended in Milli-Q water. Sodium borate buffered
formalin was then added at 2% final concentration and stored overnight, and then
pelleted. To avoid chemical changes in the filtered lake water, the fixed pellet was
washed 10 times by resuspension in Milli-Q water and centrifuged at 4,500 x g for 10
min. Following the washing steps, the pellet was re-suspended in 50 mL of 0.2 µm
filtered Dailey Lake water and sonicated five times (45 sec each) to disrupt bacterial
aggregates that formed during centrifugation. Finally, the 50 mL preserved bacterial cell
suspension was poured into 50 L of filtered Dailey Lake water and homogenized.

Sample Analysis
Ions. Ion concentrations (F-, Cl-, SO42-, Na+, K+, Mg2+, and Ca2+) were determined
using an ion chromatograph (Metrohm) equipped with an ASupp 5 anion and C4 cation
column (Metrohm) with 20 µL sample injection loops. Sample concentrations were
calculated from a 5 point standard curve made from dilutions of an ISO-certified standard
(Metrohm). Procedural blank samples (Milli-Q water syringe filtered through 0.2 µm
nylon filters into 15 mL conical tubes) were analyzed in parallel with the lake and melted
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ice samples. The methodological detection limits were 0.08 μg L-1 for F- , 5.6 μg L-1 for
Cl-, 8.1 μg L-1 for SO42-, 12.7 μg L-1 for Na+, 47.1 μg L-1 for K+, 100 μg L-1 for Ca2+ and
100 μg L-1 for Mg2+ and calculated based on Oblinger-Childress et al., [1999].
Total Organic Carbon. TOC was analyzed using the UV/persulfate oxidation and
membrane conductometric detection technique on a Sievers 900 portable TOC Analyzer
with an inorganic carbon remover module (GE). This instrument performs an
acidification step and purges inorganic carbon with the inorganic carbon remover
module. Milli-Q water was flushed through the instrument between each sample to
eliminate TOC carryover. Milli-Q water had a TOC concentration < 20 μg L-1.
Organic Matter (OM) Characterization. The remaining 5 mL of the TOC sample
was used for excitation-emission matrix fluorescence spectroscopy (EEMS) to assess the
quality of the fluorescent portion of the OM. We first measured absorbance values (A) at
254 nm across a range excitation values from 190 to 1,100 nm using a 1 cm cuvette in a
Genesys 10 Series Spectrophotometer (thermos-Scientific) and VISIONlite software.
Samples with absorbance values > 0.3 at any wavelengths from 190 to 1,100 nm were
diluted before EEMS analysis [McKnight et al., 2001]. Absorbance measurements were
also used to remove primary and secondary inner filter effects during EEMS postprocessing [Acree et al., 1991; Tucker et al., 1992]. Spectra were blank-corrected against
purified water from a Milli-Q system each day of analysis.
EEMS measurements were obtained with a Horiba Jobin Yvon Fluoromax-4
Spectrofluorometer equipped with a Xenon lamp light source and a 1 cm path-length.
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Fluoresence data were collected over excitation wavelengths of 240 - 450 nm at10 nm
intervals and emission wavelengths of 300 - 560 nm at 2 nm increments, with a data
integration period of 0.25 s, and a 5 nm band pass for both excitation and emission
monochromators. Data acquisition was carried out in signal/reference mode and the
fluorescence emission signal was normalized with the excitation light intensity. Each day,
blank samples (Milli-Q water) were scanned to initialize the instrument and prepare data
for post-processing, performed in MATLAB to correct for inner filter effects, Raman
scattering, and a blank subtraction. Following post-processing, the position and intensity
of fluorescence peaks (excitation and emission maximum values) were evaluated to
characterize the OM [Coble, 1996]. Parallel Factor Analysis (PARAFAC) was used to
further decompose the multi-way EEMS data into modeled fluorescent components using
the drEEM toolbox [Murphy et al., 2013].

Bacterial Concentration. Epifluorescence microscopy was used to enumerate
SYBR-Gold-stained bacterial DNA as described by Lisle and Priscu, [2004]. All
bacterial counts were performed at 1000x with a Nikon Eclipse 80i epifluorescence
microscope equipped with a metal halide lamp (X-Cite® 120 W), a 450-490 excitation
filter (B-2A), and a 515 barrier filter. The total bacterial concentration was estimated on
each filter by counting at least 400 cells. Controls (Milli-Q water) were counted along
with the samples on a daily basis. In order to estimate attached bacteria in aggregates, at
least 50 aggregates or up to 100 microscope fields per filter were counted, whichever
occurred first. Then bacteria cells were counted at one plane-of-view in at least 10
bacterial-aggregates and a mean of bacterial cells per aggregate was estimated at each
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sample. Because we counted aggregated bacteria from only one plane-of-view of
bacterial aggregates, the counts of attached bacteria are likely underestimated.

Results

Barrow Lake Ice Cores
Mean bacterial concentrations in the ice were 9.4 x 104 cells mL-1 for Emaiksoun,
4.7 x 105 cells mL-1 for Ikroavik, and 1.0 x 105 cells mL-1 for Siqlukaq. The mean
bacterial abundances in the ice phase were 22.9-fold, 5.8-fold, and 28.4-fold lower than
in the liquid phase in Emaiksoun, Ikroavik, and Siqlukaq lakes, respectively
(Supplemental Table 1, Fig. 1), from ice cores collected in April. The ice thicknesses at
Emaiksoun, Ikroavik, and Siqlukaq lakes during the April sampling represented 36%,
57%, and 32% of the entire water column (ice plus liquid water), respectively.

Figure 1. Non-aggregated and aggregated bacterial profiles from the ice cover of Barrow,
AK area lakes. Note both horizontal and vertical scales are different for each lake. All
concentrations are x 104 cells mL-1.
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No clear stratigraphy in bacterial abundance (non-aggregated or aggregated cells)
was observed in any of the ice cores; however, the abundance of aggregated bacteria was
higher than the abundance of non-aggregated bacteria in all three lake ice cores (Fig. 1).
The maximum abundance in the Emaiksoun ice cover occurred between 6 and 13 cm
depth (1.6 x 105 cells mL-1) with 95% of the total represented by aggregated bacteria. In
Ikroavik, maximum total bacterial abundance occurred in the middle of the lake ice core
between 53 and 63 cm (1.5 x 105 cells mL-1), with aggregated bacteria accounting for
77% of the total, and the lowest abundance in the upper sections of ice between 0 and 18
cm (1.8 x 104 cells mL-1) with 72% aggregated bacteria. In the Siqlukaq ice cover, the
maximum total bacterial abundance occurred between 12 and 24 cm depth (2.4 x 105
cells mL-1), with 90% of the total represented by aggregated bacteria, and the lowest total
bacterial abundance in the upper sections of ice (3.6 x 104 cells mL-1), with 5%
represented by aggregated bacteria. Overall, the upper sections (0-5 cm) of the ice cover
contained the lowest bacterial abundances.

Mesocosm Experiments.

Bacterial Abundance in Ice. The ice cover from Sukok and Fryxell I experiments
showed greater bacterial concentrations at depths below 10 cm (Fig. 2). In contrast,
Dailey and Fryxell II experiments had higher bacterial abundances in the upper section (0
– 6 cm) of the ice, showing a decreasing bacterial abundance in the middle section of ice
(~6 – 10 cm). Dailey Lake and the control experiments showed similar patterns of
bacterial abundance in the ice cover (Fig. 2).
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Supplemental Table 1. Water column composition at sampling locations on April and
October 2010.
Emaiksoun

Ikroavik

Siqlukaq

April - 2010 October - 2010

April - 2010 October - 2010

April - 2010 October - 2010

Lake depth (cm)

215

208

204

220

265

150

Ice cover depth (cm)

76.9

30.1

115.9

25.0

85.4

25.0

pH

6.84

6.96

6.79

7.15

7.2

6.34

0.2

1.4

-

1

0.8

1.2

0.27

0.10

0.50

0.19

1.59

0.29

9.22

4.76

5.29

3.89

24.34

5.22

o

Water temperature ( C)
Conductivity
-1
o
(mS cm at 25 C)

DOC (ppm)
Individual bacteria
-1

(cells mL )

6

2.16 x 10

6

1.56 x 10

5

2.71 x 10

6

2.46 x 10

2.92 x 10

6

6

1.96 x 10

-1
F- (mg L )

0.06

0.03

0.06

0.03

0.05

0.04

-1
Cl- (mg L )
-1
2SO4 (mg L )

70.9

23.4

125.2

61.9

503.8

106.3

3.7

1.5

2.0

1.1

10.4

3.3

∑ 𝑎𝑛𝑖𝑖𝑜𝑛s

74.6

24.9

127.2

63.1

514.2

109.6

-1

Na (mg L )

29.7

10.3

57.7

27.1

215.7

46.9

+
-1
K (mg L )

1.46

0.56

1.70

0.78

4.98

1.30

-1
2+
Ca (mg L )

18.7

6.0

16.6

7.1

70.6

12.4

-1
Mg2+ (mg L )

9.1

3.3

11.3

4.8

42.7

8.6

59.0

20.1

87.4

39.8

334.0

69.2

+

∑ 𝑐𝑎𝑡𝑖𝑖𝑜𝑛s

Figure 2. Vertical profiles of bacterial abundance in ice from each mesocosm experiment.
Note horizontal scales are different.
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Aggregated bacteria were only observed in ice and liquid phases in experiments
using waters from seasonally ice-covered lakes (Sukok and Dailey; Fig. 3). Results are
only presented from Dailey Lake because the low concentration of bacterial aggregates in
the liquid and ice phases and limited liquid-phase sample volume precluded robust
quantification of aggregated bacterial abundance in the Sukok mesocosm. The Dailey
experiment showed that the contribution of aggregated bacteria to the total bacterial
abundance in ice was <10%. However, in the liquid phase the aggregated bacteria
constitute 2 – 23% of the total bacterial abundance (Fig. 3).

Supplemental Figure 1. Vertical profiles of ions of Emaiksoun Lake ice cover from April
2010.

Evolution of Liquid Phase: Concentration Factor. An ion is considered
conservative when it is concentrated in the liquid-phase and not incorporated into the ice
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phase through the progressive freezing process. Ions with higher CF are more
conservative (partitioned to the liquid phase) than ions with lower CF (partitioned to the
ice phase). No ion was completely conservative in the mesocosm experiments. Mg2+ was
the most conservative (i.e., highest CF) ions (Fig. 4). Ions were concentrated in the
liquid-phase with different efficiencies. CF showed the following trend of ion
conservation: Mg2+>K+>Ca2+>Na+~Cl->SO42->F- for Sukok water; K+> Cl-~ F-~ Na+>
SO42-> Mg2+> Ca2+for Dailey water; Mg2+~ K+> Cl-~ Na+> SO42->F-> Ca2+ for Fryxell I
water, Mg2+> K+~ Na+~ Cl-> SO42-> F-> Ca2+for Fryxell II water; and Mg2+> Ca2+> Cl-~
K+~ Na+> SO42-~ F- for the control (Fig. 4).

Figure 3. Non-aggregated, aggregated and total bacterial abundance from the ice cover of
the Dailey mesocosm in liquid and solid phases. Note horizontal scales are different for
attached bacterial abundance. All concentrations are x 104 cells mL-1.
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In contrast to the ions, non-aggregated bacteria did not concentrate in the liquid
phase for the Sukok or Fryxell II experiments at any time during the experiment (CF < 1).
For Dailey and Fryxell I, bacteria were concentrated in the water column at the beginning
of the freezing process, but did not concentrate in the liquid phase after the ice front
proceeded past 8 cm. The control experiment bacteria were concentrated in the liquid
phase (CF > 1) throughout the experiment, similar to the ions (Fig. 4e). These data show
that living and dead cells respond differently to freezing front progression (Fig. 4a-d). We
did not calculate concentration factors for bacterial aggregates due to the lack of
aggregated bacteria in the perennially ice covered lake experiments (Fryxell I and II) and
low concentrations in Sukok.
Bulk TOC had concentration factors > 1 in all of the mesocosms except for
Sukok, indicating that organic carbon was concentrated in the water during the freezing
process. In Sukok, bulk TOC did not concentrate (CF < 1); rather, it showed a pattern
similar to bacteria (Fig. 4).

Evolution of the Solid Phase: Effective Segregation Coefficient. Most ions had a
similar Keff throughout all experiments (Fig. 5, Supplemental Table 3). Na+ and Cl- had
lower Keff, indicating weak segregation between the liquid and ice phase, while a higher
Keff was observed for F-. All experiments except Sukok had similar patterns of ion Keff
throughout the progressive freezing process (Fig. 5).
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Supplemental Table 2 Summary of initial conditions of the mesocosm experiments.
Sukok

Dailey

Fryxell (I)

Fryxell (II)

Control

May 2012

February 2014

March 2012

March 2013

February 2014

Freezing rate (mm hr )

2.27

2.11

2.36

2.19

2.19

Experiment duration (hr)

67.41

73.5

67.34

69.92

46.9

Seasonal

Seasonal

Perennnial

Perennial

Seasonal

50.1

50.1

50.1

50.1

48.9

-10

-10

-10

-10

-10

-50

-50

-50

-50

-50

Parameters
Date
-1

Ice-cover regime

Started liquid water volume (L)
Ambient temperature (oC)
o

Cold sky temperature ( C)
o

4.4

3.5

4.5

4.2

4.0

o

-0.24

-0.21

-0.29

-0.36

-0.23

Initial water temperature ( C)
Final water temperature ( C)

Before addition of After addition of
dead bacteria
dead bacteria
Initial conductivity (mS cm-1 at 25o C)

1.25

2.39

4.41

6.26

1.37

1.31

Initial pH

8.0

8.9

8.25

8.01

8.97

8.95

Initial concentration
F- (mg L-1)

0.07

0.60

1.05

1.41

0.52

0.52

148.9

23.8

457.9

646.8

22.9

22.5

5.5

103.1

67.3

86.9

103.2

101.5

154.4

127.5

526.2

735.1

126.6

124.5

Na+ (mg L-1)

65.7

90.1

333.2

486.7

88.0

87.3

K+ (mg L-1)

1.6

29.2

34.3

43.6

28.3

32.0

-

-1

Cl (mg L )
SO42- (mg L-1)
∑ 𝑎𝑛𝑖𝑖𝑜𝑛s (mg L-1)
2+

-1

23.0

40.9

54.2

126.8

24.7

27.4

2+

-1

Mg (mg L )

12.6

273.5

29.7

73.9

204.0

224.2

∑ 𝑐𝑎𝑡𝑖𝑖𝑜𝑛s (mg L-1)

103.0

433.7

451.4

731.1

345.0

370.9

4.14 x 104
3.06

2.94 x 105
3.54

2.23 x 103
-

1.28 x 104
-

Ca (mg L )

Bacteria (cells mL-1)
TOC (ppm)

5

2.22 x 10
9.23

6

1.14 x 10
16.2
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Figure 4. Concentration factor versus depth of freezing front (thickness of the ice; cm)
from the five mesocosm experiments. Experiments (a, b) were performed on water from
seasonally ice covered lakes: (a) Sukok Lake and (b) Dailey Lake. Experiments (c, d)
were performed on water from a perennially ice covered lake (Lake Fryxell) at two
different times. (e) The control refers to Dailey Lake sample in which the bacterial cells
were killed before the experiment. The horizontal grey bar corresponds to CF < 1 as a
consequence of the incorporation into the ice or other losses from precipitation.
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Supplemental Figure 2. Excitation emission matrix spectroscopy of the liquid (left
column) and thawed solid phase (right column) samples from the (a) Sukok, (b) Dailey,
(c) Fryxell I and (d) Fryxell II mesocosm experiments. Fluorescence intensities are in
Raman Units on the Z-axis colorscale.
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Effective segregation coefficients of non-aggregated bacteria were higher than
those calculated for ions in all the experiments, including the control, indicating stronger
segregation of bacterial cells than ions to the ice phase during freezing (Supplemental
Table 3, Fig 5). We calculated Keff for non-aggregated bacteria only. The Sukok
mesocosm had the lowest mean Keff for bacteria (0.77), while Fryxell II had the highest
mean (4.43). Segregation coefficients were lower for bacterial cells from seasonally icecovered lakes than for bacterial cells from perennially ice covered lakes. The Dailey and
control mesocosms showed similar Keff (0.93 versus 0.92); however, the bacteria in the
Dailey mesocosm formed aggregates (Fig. 3), while the dead bacteria in the control did
not (data not shown).
TOC had Keff values similar to bacteria (> 1) in Fryxell II; this was the only
experiment where TOC segregated to the solid phase. Sukok, Dailey, and Fryxell I all
had TOC Keff values < 1 and typically below the bacterial Keff values. In these
experiments, TOC was rejected from the solid phase throughout the progressive freezing
process. TOC and bacteria had Keff values greater than ions in all experiments except for
the first time point of Sukok. However, subsequent analysis shows there is a component
of TOC that is incorporated into the ice in all experiments (See Organic Matter Character
and Segregation section).
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Supplemental Table 3. Effective segregation coefficient for each experiment. Range
0.0006 – 5.873.
Sukok

Dailey

0.055 - 0.181

𝑥𝑥̅

0.254

0.001 - 0.003

0.139

0

0

Na+

0.0011

K+

0

Ca2+
Mg2+
Bacteria
TOC

0.090 - 0.301

0.267

0.003 - 0.234

0.136

0.255

0.002 - 0.348

0.0006 - 0.0019

0.154

0

0.110

0.004

0.002 - 0.008

0.036
0.767
0.199

0.015 - 0.076
0.172 - 1.446
0.115 - 1.401

-

0.1109

Cl-

0.0017

F

SO4 2-

Fryxell (I)
𝑥𝑥̅

𝑥𝑥̅

k eff

Range

Fryxell (II)

Control
𝑥𝑥̅

0.183 - 0.308

𝑥𝑥̅

0.280

0.266 - 0.294

0.274

0.032 - 0.185

0.199

0.104 - 0.247

0.103

0.009 - 0.177

0.226

0.070 - 0.306

0.263

0.199 - 0.312

0.231

0.005 - 0.390

0.003 - 0.243

0.145

0.035 - 0.199

0.180

0.110 - 0.220

0.103

0.007 - 0.173

0.005 - 0.194

0.108

0.025 - 0.146

0.146

0.088 - 0.173

0.072

0.008 - 0.124

0.107

0.011 - 0.167

0.185

0.073 - 0.252

0.240

0.196 - 0.311

0.048

0.006 - 0.116

0.147
0.928
0.573

0.028 - 0.202
0.423 - 1.946
0.477 - 0.706

0.211
1.145
0.667

0.066 - 0.298
0.334 - 2.643
0.387 - 0.984

0.243
4.429
1.479

0.144 - 0.322
1.944 - 5.873
1.219 - 1.765

BDL
0.920
-

BDL
0.72 - 1.21
-

Range

Range

Range

Range
0.103 - 0.407

Organic Matter Character and Segregation. Liquid phase OM fluorescence from
the beginning (T0) of each experiment (Sukok, Dailey, Fryxell I, and Fryxell II) was
distributed over broad excitation (Ex) and emission (Em) wavelengths (Supplemental
Fig. 2 liquid phase). Fluorescence intensities fell within similar ranges for Sukok and
Dailey Lake (0-0.25 and 0-0.14 Raman Units; R.U.), while Fryxell I and II were nearly
identical (0.005 R.U. difference). The positions and maxima of naturally occurring OM
fluorophore peaks varied depending on the lake sampled. All lakes contained OM
fluorescence maxima in regions characterized as more-labile (amino acid-like
fluorescence) and more-recalcitrant (humic-like fluorescence), depicting OM chemical
species with broad ranges of molecular weights, aromatic nature, heterogeneity, and
microbial and terrestrial influences. EEMS obtained from the thawed solid phase lake
samples contained OM fluorescence at low Ex/Em wavelengths characteristic of a
tryptophan-like fluorophore (Supplemental Fig. 2 solid phase).
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Figure 5. The effective segregation coefficient over the course of each mesocosm
experiment. The horizontal grey bar corresponds to Keff > 1 as a consequence of higher
segregation to the ice. Systems with Keff < 0.01 become nearly pure substances upon
solidification [Young and Davis, 1986].
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Figure 6. PARAFAC modelled EEMS data showing the predominate organic matter
constituent in the lake water (Component 1) and the ice (Component 2).

PARAFAC modeling was applied to all EEMS to identify fluorescent OM
components in the lake water and thawed solid phase samples. The PARAFAC model
identified two OM components (Fig. 6): Component 1 (C1), found predominantly in the
liquid phase samples, and Component (C2), which was dominant in the solid phase. C1 is
comprised of a mixture of OM fluorescence mostly situated at higher Ex/Em wavelength
ratios (Fig. 6), with the maximum fluorescence intensity within the ranges characteristic
of humic-like material [Fellman et al., 2010]. C2 is characteristic of tryptophan-like OM
fluorescence, observed both in the lake water and solid phase, but dominant in the solid
phase (Fig. 6). Sukok, Fryxell I, and Fryxell II solid phase samples contained no
additional regions of maximum OM fluorescence.
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Discussion

Our results revealed that, in contrast to the current understanding of the exclusion
of abiotic impurities from the ice front during lake water freezing [Weeks and Lofgren,
1967; Clayton et al., 1990; Killawee et al., 1998; Rempel and Worster, 1999], bacteria are
incorporated into the ice during progressive freezing and aggregated bacteria are
abundant in natural lake ice cover. Segregation coefficients for bacterial cells were higher
than those calculated for TOC and ions. Living bacterial cells initially concentrated into
the liquid fraction, but were incorporated into the ice later in the freezing process. These
findings give insights into the influence of ice cover development on bacterial
populations in freshwater lakes. Previous studies have shown that lake ice covers can be
habitats or refugia for microorganisms; for example liquid-water inclusions associated
with sediment particles in perennially ice-covered lakes, are microzones enriched in
microbial activity and carbon cycling [Paerl and Priscu, 1998; Priscu et al., 1998;
Gordon et al., 2000]. Others have documented the response of microbial populations to
the freezing process from the liquid phase perspective, showing that stressors imposed
during freezing decreased the abundance and diversity of microbial populations within
the remaining liquid-phase [Safi et al., 2012].
The mesocosm experiments showed that ions were effectively rejected from the
ice in all the experiments, results that corroborate previous studies (e.g., Killawee et al.,
1998; Eichler et al., 2001). Solutes are rejected by the advancing ice front and thus
become more concentrated in the liquid-phase. Segregation coefficients for solutes are
low and depend on solubility (ion charge and size), interaction between solutes,
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symmetry and parameters of the crystal lattice [Lock, 1990; Killawee et al., 1998; Eichler
et al., 2001]. The more conservative ions (K+, Mg2+, Na+) in the liquid phase of all the
experiments are explained by their low solubility in ice and higher rejection from the icephase (Fig. 5) [Killawee et al., 1998; Eichler et al., 2001]. In contrast, the behavior of the
less conservative ion (F-) can be explained because it is more readily incorporated into
the ice lattice compared to other ions [Wolfgang-Gross et al., 1978; Wolff, 1996;
Petrenko, 1999; Eichler et al., 2001].
TOC segregated in a pattern similar to bacteria and the less conservative ions (i.e.,
F-), with most of it concentrating in the liquid phase, except in the Fryxell II experiment.
These results corroborate observations from Antarctic seasonally ice covered lakes that
also showed increasing organic carbon concentrations in the liquid phase during
progressive freezing [Hawes et al., 2011]. A fraction of the bulk TOC was selectively
incorporated into the solid phase. Only the tryptophan-like fluorescence component was
found in the solid phase samples (Fig. 6). This tryptophan-like fluorescence is commonly
associated with low molecular weight chemical species, having phenolic and/or quinonelike structures. Such OM species are considered to be more bioavailable to
microorganisms in the environment [Coble et al., 1990, 1998]. The more refractory
chemical species with high molecular weights remained in the liquid phase (Fig. 6). The
trend of labile OM segregating to the solid phase and more refractory OM concentrating
in the liquid phase was also reported for several seasonally ice covered Arctic and
Antarctic lakes, suggesting the process of lake ice formation has an important role in the
carbon cycle of a lake [Belzile et al., 2002; Hawes et al., 2011].
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For insoluble particles (including bacteria), the advancing ice front may reject or
engulf them as a result of interplay between viscous drag and repulsive forces. Here, we
observed higher incorporation (higher Keff) of bacteria into the ice relative to ions,
indicating that bacteria are incorporated more effectively into the ice than chemical
species during the freezing process. The incorporation of bacteria in the ice reveals that
critical velocity of engulfment was reached in the experiments and lakes. The critical
velocity is reached when viscous drag on the bacterial cell in the liquid phase (attractive
force) overcomes the repulsive force (Van der Waal forces) due to ice growth velocity
[Körber and Rau, 1987; Körber, 1988; Lipp and Körber, 1993]. The mesocosm
experiments had ice growth velocities of ~2 mm hr-1 (Supplemental Table 2). At this rate,
thermal conductivity or solute concentration in the liquid-phase can explain the
engulfment of bacteria and, thus, their high segregation coefficients relative to ions
[Lock, 1990; Petrenko, 1999]. Each experiment was set up under the same conditions, so
they should have the same thermal conductivity; thus thermal conductivity cannot explain
the engulfment of the bacteria by the freezing front. Indeed, the mean segregation
coefficient of bacteria in each experiment is related to the initial total ion concentration
(i.e. solute concentration) (Supplemental Table 2 and 3). The sequence of the mean
segregation coefficients based on bacteria for each experiment, ranked from highest to
lowest, was the same as for ions in each experiment: Fryxell II > Fryxell I > Dailey ≈
control> Sukok, supporting the importance of initial ion concentration in determining
bacterial segregation. Solute concentration in the liquid phase is negatively correlated to
the critical velocity of engulfment [Körber, 1988; Lipp and Körber, 1993], where higher

120
solute concentrations in the liquid phase produce lower critical velocities and higher
segregation coefficients, which match our experimental results. We found that higher
incorporation (Keff > 1; preferential incorporation) of bacterial cells into the ice occurs
when the ion concentrations of the liquid phase exceed ~ 27 meq L-1 at freezing rates
around 2 mm hr-1. Our Barrow area lake ice cover data show that bacteria do segregate
into the lake ice at low ionic concentrations; however, this is likely due to the slow actual
freezing rates for Barrow area lakes (~0.1 – 0.7 mm h-1) compared to our experimental
freezing rate. While natural lake ice covers have alternative sources of bacteria (e.g.,
aeolian deposition), some of our observations of aggregated bacteria are from the middle
of the ice cover, which indicates they have been incorporated during the freezing process.
We expected segregation coefficients for bacterial populations from seasonally
ice covered lakes to be higher than those from perennially ice covered lakes due to
selective pressures imposed by annual ice formation. Certain bacteria can produce icenucleation, antifreeze and ice-binding proteins to minimize freezing injury [Kawahara,
2002; Raymond et al., 2007, 2008; Achberger et al., 2011]. However, mean segregation
coefficients of bacteria were lower in seasonally ice covered lakes than in perennially ice
covered lakes. Our data indicate that bacterial segregation coefficients were associated
with initial ion concentration and we cannot attribute the segregation coefficients to icecover regime because seasonally and perennially ice covered lakes had different initial
ion concentrations.
The range of calculated segregation coefficients produced by variable initial
solute concentration is important to consider when using segregation coefficients to
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estimate bacterial cell concentrations in subglacial lakes. The wide range of segregation
coefficients (mean bacterial Keff 0.8 – 4.4) we observed would lead to variable estimates
in bacteria abundances in the subglacial lakes. Bacterial concentrations in accretion ice
from subglacial lakes below the Antarctic ice sheet should reflect those in the actual lake
water in a proportion equal to the segregation coefficient that occurs when the water
freezes [Priscu et al., 1999; Priscu and Christner, 2004; Christner et al., 2006].
Segregation coefficients are affected by different factors such as thermal conductivity,
freezing rate and initial solute concentrations [Lock, 1990; Killawee et al., 1998]. In our
experiments, we controlled freezing rates and only varied the initial solute concentration,
which produced a broad range of bacterial segregation coefficients. Thus, estimates of the
subglacial lake conductivity and ice freezing rate must be considered when determining
an accurate segregation coefficient for estimation of bacterial concentration in the
subglacial lake water.
Dailey and the control experiment showed the same pattern of incorporation even
though cells were dead in the control experiment. Viability of bacterial cells did not
influence bacterial segregation coefficients (0.93 and 0.92, Dailey and Control,
respectively; Fig. 5) or distribution of bacteria in the ice cover (Fig. 2). However,
experiments with viable bacterial cells had a lower CF than the control (eq.1; Fig. 4).
These findings indicate that physical and chemical, rather than biological processes
controlled the incorporation of bacteria into the ice. The lower CF in the live versus
control mesocosms may be explained by losses of living bacterial cells in the liquid phase
due to cell lysis, and/or precipitation of cells to the bottom of the mesocosms. Aggregated
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living bacteria were present and quantified in the Dailey experiment, while those in the
control did not form aggregates, implying a biological response to freezing. The bacterial
losses indicated by the lower CF and unchanged Keff in the Dailey live treatment versus
the control may be due to an aggregation response to freezing, although aggregates were
similar to the lower end of the range observed in Barrow lake ice cores (5% - 95% of
total bacteria). It has been observed that stressors imposed during progressive freezing
caused decreases in bacterial abundance and diversity in the liquid phase, in agreement
with our abundance observations from all mesocosms with living cells [Safi et al., 2012].
Our study showed that bacterial aggregates are present in natural ice covers of
lakes, where the total bacterial abundance was dominated by aggregated bacteria in
Emaiksoun, Ikroavick and Siqlukaq. In contrast, mesocosm experiments showed a
dominance of non-aggregated bacterial cells. One important difference between the
mesocosm experiment and the lake ice cores collected from Barrow, AK lakes was that
ice growth rates in the mesocosms were higher than in nature (~2 mm h-1 versus ~0.1 0.7 mm h-1 for Barrow lakes). Bacterial aggregates have been reported and studied within
sea-ice, and these aggregates produce extracellular polymeric substances as a
cryoprotectant when incorporated into sea-ice [Krembs et al., 2000; Collins et al., 2008;
Krembs and Deming, 2008]. Bacterial aggregates found in natural ice covers of Barrow
lakes revealed that aggregation could be an adaptation for survival in a habitat that
freezes solid, similar to the response of sea-ice bacteria. The slower ice growth rates in
nature may allow bacteria to utilize this adaptation, whereas our mesocosm experiments

123
provided physical constraints (rapid ice growth rate) that excluded the possibility of
aggregate incorporation into the ice phase.

Conclusions

The mesocosms were designed to simulate the thermal, chemical, and mechanical
stresses experienced by bacterial cells during the freezing of lakes. The incorporation of
bacterial cells into lake ice cover was observed in nature. The segregation coefficient for
bacterial cells was higher than that of ions; ions were rejected from the ice front more
effectively than bacteria and only a small amount of solute was incorporated into the ice
matrix. Bacterial cells did not concentrate in the liquid phase, and the resulting loss of
bacterial cells can be explained by the incorporation of cells into the ice. Aggregated
bacterial cells were more frequently incorporated into the ice phase in natural lake ice
freezing than in the mesocosm experiments where the physical control of rapid ice front
advance may have excluded much of the aggregate incorporation. Our mesocosm
experiments demonstrate that segregation coefficients for bacterial cells vary widely
across different lake physicochemical regimes, regardless of cell viability; however, lake
ice covers do incorporate bacterial cells and aggregates, overturning the consensus that
all lake water constituents are reject during lake ice formation.
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CHAPTER SIX

CONCLUSIONS: ICE IS AN IMPORTANT FACTOR IN THE
HABITABILITY OF POLAR ICE COVERED
LAKES AND BEYOND

When I flew south from New Zealand to Antarctica the first time I was
mesmerized by the vast expanse of Antarctica’s ice seen from the plane window. The ice
looked like a lifeless blanket that had no role in supporting life. Upon landing and further
exploring the continent, I was confronted first hand with the adaptability and resilience of
organisms, especially microorganisms. Numerous observations of life under and within
ice helped me hypothesize that microbial life may be supported by this seemingly lifeless
ice blanket. A wide variety of projects in graduate school, from atmospheric
microbiology to NASA astrobiology projects in the Arctic to subglacial lakes in
Antarctica, helped to me to realize that microorganisms, interact with ice and sometimes
use it to their advantage here on Earth and maybe even in other icy bodies in our Solar
System and beyond.

Biological Interactions with Ice

Ice is a pervasive force on Earth. Ice sheets, glaciers, clouds and sea ice are all
examples of icy environments that have been a strong selective force on biological
organisms. Biological species, in particular microorganisms, have responded to these
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selective pressures to produce a wide variety of adaptations that allow organisms to
interact with ice.
In chapter 5, we showed that microorganisms incorporate into the ice cover of
seasonally and perennially ice covered lakes. The response to the progressive freezing of
a lake appears to be the formation of bacterial aggregates that are pervasive in the lake ice
covers from Barrow, AK and seen in the laboratory experiments with seasonally ice
covered lake water. Bacteria are known to directly interact with ice through the
production of an ice binding protein that allows the bacteria to control ice
recrystallization and modify the crystal structure to be non-lethal (Achberger et al. 2011).
A similar type of protein is known to be present on the outer membrane of the wellstudied atmospheric and leaf-associated Pseudomonas syringae that has the ability to
nucleate ice crystals in near zero degree Celsius super cooled water (Morris et al. 2008).
This microorganism, as well as five other known ice nucleation active bacteria, can
contribute to precipitation including snow and rain (Christner et al. 2008). In Appendix 2,
I show that hail is likely nucleated by biological material, and potentially these ice
nucleation active bacteria (Michaud et al. 2014). I think the molecular mechanisms of
microbial interactions with ice have many open questions that may provide clues to the
evolutionary adaptations that underpin the microbe-ice interaction.

Biological Benefits of Ice

The idea of an extreme environment is subjective to the observer, usually a human
scientist. Too often we study ice and conclude how difficult it must be for organisms to
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live in icy habitats. Humans may consider an environment, such as ice, to be harsh, but
that environment may not be harsh to the microbial inhabitants that are adapted to live
there. We should approach the study of ice by also asking: what are the benefits conferred
to microorganisms by ice?
Many of the icy systems studied in this dissertation are classified as extreme.
Growth optima of microorganisms at low temperatures or high salinities are good
evidence that these organisms are adapted to live in these environments, as these
microorganisms do not function well outside of the “harsh” environment (Siddiqui et al.
2013). Cold temperatures and ice do not preclude microbial activity, but do keep
metabolic rates low and slow (Bakermans & Skidmore 2011b, Bakermans & Skidmore
2011a). Sea ice is a particularly challenging environment from the anthropogenic
perspective, yet algae and bacteria are found throughout sea ice profiles (Thomas &
Dieckmann 2002). Many of the organisms found in sea ice are capable of forming stressresistant spores or cyst resting forms, but some are adapted for metabolic activity in the
environment as seen by the adaptations for efficient photosynthensis in ultra-low light
conditions, formation of dense extracellular polysaccharides and membrane
modifications that promote fluidity (Thomas & Dieckmann 2002). Ultimately, if an
organism is adapted to live in these “extreme” conditions it likely does so to avoid other
more stressful or negative conditions. For example, the sea ice algae may incorporate into
the ice so that it stays within the photic zone, despite being low light conditions, as
opposed to being advected under an ice shelf, which is a permanently dark habitat. As
mentioned in the introduction, a symbiotic mechanism of ice incorporation is used by
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algae in freshwater lake ice cover to promote positioning in the ice cover for primary
production rather than in the low light deep waters (D’souza et al. 2013).
Certainly there are cases where ice is harsh, even to a microorganism. Those
microorganisms that are present in the liquid vein networks of deep, polar glacial ice
encounter high sulfuric acid conditions due to the sulfate exclusion from the ice matrix
(c.f., Chapter 5), which generates an acid environment (pH = ~1; Barletta et al. 2012).
Much of polar ice is also consistently ~ -30°C (Neff 2014). However, the low water
activity of liquid vein networks due to cold and high solute concentrations seem to
preserve the microbial cells over many thousands of years. We know cells are viable
from these deep and old ice cores because they can be revived and cultured (Christner et
al. 2001; Christner et al. 2003). The microorganisms are unlikely to be metabolically
active, but rather preserved for when they reach a subglacial lake or other favorable basal
habitat upon melting out of the ice sheet base.
Compare this deep, cold, low-energy environment of deep glacial ice to deep
marine sediments where the energetic limits of microbial life for long term preservation
have been previously explored. In the deep marine subsurface, cell persistence on the
thousands to millions of years is precluded by faster biomolecule damage due to high
amino acid racemization rates and DNA depurination rates (Lever et al. 2015). The rate
of these two degradation processes increase with increasing temperature (Lever et al.
2015; Price & Sowers 2004). Thus, in ice cores, these two processes are decreased and
microbial cell preservation in the deep polar ice may be more efficient than the deep,
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warm marine biosphere. Maybe the question needs to be restated to ask what the
biological benefits of ice are, rather than how extreme the icy habitat is.

The Potential Role of Ice in Extraterrestrial Life

Astrobiologists consider the question: What do we look for in the Universe as a
signature for life? The answer is not straightforward, as we currently only define life as
we know it on Earth. Water is often considered necessary for life, and in fact, NASA has
used the mantra of “follow the water” to look for extraterrestrial life. However, findings
of this dissertation show ice may be just as important as liquid water. If extraterrestrial
life were similar to life on Earth, ice may be a large factor in determining where we find
it. In some sense, ice can serve as a membrane, to some extent a pseudo-atmosphere, over
a planet or part of a planet. The benefits to the life, most likely, beneath the ice mass may
be UV protection and thermal insulation from space, for example. We are beginning to
see these types of benefits from thick ice masses overlying subglacial lakes in Antarctica.
Our work in Chapters 2, 3, and 4 is one effort to use terrestrial analogues for the
search for life on other planets. In particular, our project in an Antarctic subglacial lake is
an analog to the large water ocean found beneath a thick ice cover on Europa, a moon of
Jupiter. SLW is not be a perfect analog in terms of the size of the water body or the ice
thickness, it is a first attempt at how life might persist on Europa and many aspects of our
study are transferable. Our work in Chapter 2 to assess and monitor the cleanliness of
sampling a subglacial lake is directly transferrable to a mission to Europa. Forward
contamination and potential life detection false-positives are large concerns for mission
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planning. In addition to liquid water, the importance of chemical disequilibria has been
advanced as a key indicator of habitability outside of Earth (Hand et al. 2007), which is a
further implication of our work in chapter 4. In chapter 4, we show that life in an Earthly
analogue to Europa harnesses chemical disequilibria maintained by the oxidant (O2)
release from the overlying ice cover and resupply of reductant (CH4) from microbial
processes below. The resulting chemical disequilibrium is harnessed by microorganisms
to drive metabolism. While the redox couples may not be methane and oxygen on
Europa, the idea is similar such that the ice cover delivers oxidants and some reductant is
supplied from below. It is noteworthy to add that geothermal heat in SLW is a strong
physical factor in the subglacial environment, not unlike what is thought to occur at the
bottom of the Europa water ocean. The ice cover on Europa also blocks a considerable
amount of presumably lethal amounts of radiation and insulates the water ocean from
cold. The thick (800 m) WAIS overlying SLW plays a similar role, keeping SLW at a
“warm” and, presumably, stable -0.5°C. While SLW microbial inhabitants must contend
with several stressors, the WAIS does shield subglacial inhabitants from the intense
Antarctic UV radiation and provides oxidant delivery due to basal melting from high
geothermal heat flux and thermal insulation, similar to the ice cover on Europa. The ice
overlying SLW provides many benefits to the microorganisms living in the lake and
shows that ice could be important in maintaining life on Europa and beyond.
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Final Remarks

Given the once unknown nature of subglacial lakes in Antarctica, the bulk of this
dissertation was discovery-based science with basic hypotheses set forth. At the onset, we
were focused on the fundamental question: is life present in an Antarctic subglacial lake?
Within 24 hours of breakthrough to the lake, three measurements (intracellular ATP, cell
counts, electron transport system activity) showed microbial life was greater than controls
and drill water. Our focus shifted to describing the geochemistry of the habitat and the
microbial inhabitants. The relatively small amount of sample (30 L of water and 3 ~40
cm sediment cores) we collected and analyzed revealed many insights into how the
microbial ecosystem functions beneath the WAIS. The biogeochemical consequence of
subglacial lakes is currently understood from a single sampling of one lake. The spatial
and temporal variability of microbial biogeochemical functioning and the impact of ice
sheet activity on microbial activity are scientific questions that require attention if we are
to fully understand the importance of subglacial lakes in the Earth system.
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Supplementary Figure S1. The particle size and identity from the embryos of the
three hailstorms studied. A, Distribution of particle diameter for June 2010 hailstone
embryos (n=659). B, Distribution of particle diameter for July 2010 hailstone embryos
(n=560). C, Distribution of particle diameter for August 2011 hailstone embryos
(n=286). D, Relative abundance of particles for June 2010 hailstone embryos (n=50).
E, Relative abundance of particles for July 2010 hailstone embryos (n=50). F,
Relative abundance of particles for August 2011 hailstone embryos (n=50).
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Supplementary Figure S2. SEM images of biological particles found in hailstone
embryos. A, Cluster of Urediniospores (a cereal and grass rust fungal spore) in June
2010 hailstone embryos (L. Szabo and Y. Jin, personal communication). B, Biological
particles, indicated by arrow, attached to an inorganic particle, in August 2011
embryos. C, Unidentified biological particle in July 2010 embryos. D, A pollen grain,
likely from the genus Pinus, was abundant in July 2010 embryos. E, Unidentified
biological particle in August 2011 embryos. F, Cluster of Urediniospores (a cereal and
grass rust fungal spore), similar to panel A, but found in July 2010 embryos as well
(L. Szabo and Y. Jin, personal communication). Scale bar in panel A is 2µm and
applies to panels A, B, and C. Scale bar in panel D is 10µm and applies to panels D,
E, and F.
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Supplementary Figure S3. The evolutionary relationships of bacteria isolated from
hailstone embryos, known ice nucleation active bacteria, and related organisms. Taxa
in red are those from hailstone embryos. Squares preceding taxon names are known
INA organisms [Wallin et al., 1979; Hirano and Upper, 1995] and circles indicate
INA organisms identified in this study. The evolutionary history was inferred using
the Neighbor-Joining method. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown
next to the branches only for values greater than 65%. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the Maximum
Composite Likelihood method and are in the units of the number of base substitutions
per site. Scale bar represents 2 substitutions per 100 bases.
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