BIOGEOCHEMISTRY OF BASAL ICE FROM
TAYLOR GLACIER, ANTARCTICA

by
Scott Norman Montross

A dissertation submitted in partial fulfillment
of the requirements for the degree
of
Doctor of Philosophy
in
Earth Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana
January 2012

©COPYRIGHT
by
Scott Norman Montross
2012
All Rights Reserved

ii
APPROVAL
of a dissertation submitted by
Scott Norman Montross
This dissertation has been read by each member of the dissertation committee and
has been found to be satisfactory regarding content, English usage, format, citation,
bibliographic style, and consistency and is ready for submission to The Graduate School.
Mark Skidmore
Approved for the Department of Earth Sciences
David W. Mogk
Approved for The Graduate School
Dr. Carl A. Fox

iii
STATEMENT OF PERMISSION TO USE
In presenting this dissertation in partial fulfillment of the requirements for a
doctoral degree at Montana State University, I agree that the Library shall make it
available to borrowers under rules of the Library. I further agree that copying of this
dissertation is allowable only for scholarly purposes, consistent with “fair use” as
prescribed in the U.S. Copyright Law. Requests for extensive copying or reproduction of
this dissertation should be referred to ProQuest Information and Learning, 300 North
Zeeb Road, Ann Arbor, Michigan 48106, to whom I have granted “the exclusive right to
reproduce and distribute my dissertation in and from microform along with the nonexclusive right to reproduce and distribute my abstract in any format in whole or in part.”
Scott Norman Montross
January 2012

iv
DEDICATION
This dissertation is dedicated to my loving wife
Galena Gene Montross and my beautiful son George Flint Montross.

Galena has stood by my side and supported me throughout the entire course of my
graduate studies. For this I am indebted to her.

v
ACKNOWLEDGEMENTS
First and foremost I thank my advisor Dr. Mark Skidmore for being my mentor
and giving me the opportunity to work in his lab and conduct fieldwork in some of the
greatest places on Earth. I am grateful for the guidance of my committee members John
Priscu, Jim Schmitt, and Dave Mogk. In particular I thank Dave Mogk who challenged
me every step of the way and for this I am very grateful. I would also like to thank Jean
Louis Tison and Todd Sowers for allowing me to work in their laboratories and providing
me with guidance on my research. I am fortunate to have been a part of the IGERT
program and I thank Drs. Inskeep, Foreman, Gerlach, and the rest of the IGERT faculty,
for mentoring me and supporting me as a trainee. I am grateful for all of the friends and
colleagues I met during my tenure at Montana State University. I would especially like to
thank Zack Jay, a fellow graduate student, friend, and future colleague. Our daily and
sometimes hourly conversations about research and current events always inspired me. I
also want to acknowledge the family of Donald Smith. Thank you for supporting research
in the Department of Earth Sciences at MSU. I thank my mom Carol, for being my
biggest supporter, my father Norman, and sister Kelly. Their heartfelt support over the
years has motivated me to be the best at whatever I do.
This research was funded by the NSF Office of Polar Programs grant (awarded to
M. Skidmore), NSF-Integrative Graduate Education and Research Traineeship,
Geological Society of America, and the Donald Smith memorial scholarship.

vi
TABLE OF CONTENTS
1. BIOGEOCHEMISTRY OF BASAL ICE........................................................................1
Introduction......................................................................................................................1
Basal Ice Processes ..................................................................................................1
Mechanisms for Gas Production in Ice....................................................................4
Carbonate-acid Reaction..............................................................................5
Abiologic Oxidation of Organic Compounds ..............................................6
Refrozen Meltwater .....................................................................................6
Strain-induced Phase Change ......................................................................7
Biological Oxidation of Organic Molecules ................................................7
Microbial Activity in Basal Ice................................................................................7
Dissertation Objectives ...................................................................................................8
Field Site .........................................................................................................................9
Geologic Setting of Taylor Valley and Taylor Glacier............................................9
Beacon Supergroup....................................................................................13
Ferrar Dolerite............................................................................................14
Plio-Pleistocene Lava Flow Deposits ........................................................14
Plio-Pleistocene Environments ..................................................................16
Properties of Taylor Glacier.......................................................................17
Dissertation Organization .............................................................................................19
Chapter 2................................................................................................................20
Chapter 3................................................................................................................20
Chapter 4................................................................................................................22
Chapter 5................................................................................................................23
References Cited ...........................................................................................................24
2. DEBRIS-RICH BASAL ICE AS A MICROBIAL HABITAT,
TAYLOR GLACIER ANTARCTICA ..........................................................................32
Contribution of Authors..................................................................................................32
Manuscript Information ..................................................................................................34
Abstract ...........................................................................................................................35
Introduction.....................................................................................................................36
Field Sampling ................................................................................................................37
Methods...........................................................................................................................38
Results.............................................................................................................................39
Gas Composition and Volume, Cell and Solute Concentrations ...........................39
Measurement of Heterotrophic Respiration and Isolation of Bacteria ..................42
Discussion .......................................................................................................................43
Implications for Basal Ice Processes...............................................................................46
Acknowledgements.........................................................................................................47

vii
TABLE OF CONTENTS -CONTINUED
Supplemental Figures..........................................................................................48
References Cited .............................................................................................................51
3. ALTERATION OF THE COMPOSITION OF AIR TRAPPED
IN DEBRIS-RICH BASAL ICE BY IN SITU MICROBIAL
RESPIRATION AT -15°C.............................................................................................54
Contribution of Authors..................................................................................................54
Manuscript Information ..................................................................................................55
Introduction.....................................................................................................................56
Microbial Respiration in Basal Ice .................................................................................57
Methods...........................................................................................................................68
Supplemental Figures..........................................................................................71
References Cited .............................................................................................................73
4. BIOGEOCHEMICAL WEATHERING IN DEBRIS-LADEN
BASAL ICE FROM TAYLOR GLACIER, ANTARCTICA .......................................76
Contribution of Authors..................................................................................................76
Manuscript Information ..................................................................................................77
Introduction.....................................................................................................................78
Methods...........................................................................................................................79
Ice Sample Collection and Preparation...............................................................79
Basal Cryofacies Identification...........................................................................80
Aqueous Chemistry.............................................................................................81
Corrections for Seawater Inputs..........................................................................82
Bulk Mineralogy of Basal Debris .......................................................................82
Elemental Composition of Sediment ..................................................................83
Loss on Ignition ..................................................................................................84
Results and Discussion ...................................................................................................84
Basal Cryofacies .................................................................................................84
Aqueous Chemistry of Basal Ice Cryofacies ......................................................87
Solid Phase Mineral Analysis .............................................................................90
Indices for Weathering Reactions in Ice.............................................................93
Mass Balance Calculations .................................................................................97
Solute Generation in Basal Ice............................................................................98
Summary and Conclusions .............................................................................................99
Supplemental Tables and Figures .....................................................................101
References Cited ...........................................................................................................107

viii
TABLE OF CONTENTS -CONTINUED
5. DISSERTATION SUMMARY ...................................................................................110
Summary .......................................................................................................................110
Future Directions in Geobiological Studies of Debris-rich Ice ....................................113
Biogeophysical Applications to Cryosphere Studies........................................114
References Cited ...........................................................................................................117
REFERENCES CITED ..................................................................................................120
APPENDIX A: Geochemical Data ..................................................................................133

ix
LIST OF TABLES
Table

Page
1.1 Mechanisms for the formation of debris-rich ice
at the base of polar outlet glaciers and ice sheets ............................................3
4.S1 Summary of basal ice codes for layer classification....................................101
4.S2 Bulk mineralogy of debris in basal ice layers..............................................101
4.S3 Weathering mass balance scheme for debris-rich ice..................................102

x
LIST OF FIGURES
Figure

Page
1.1. Examples of ice layers from the basal zone of
Taylor Glacier, Antarctica ..............................................................................2
1.2. Location of field site at Taylor Glacier, Antarctica ......................................10
1.3. Tunnel excavation and sample collection at Taylor Glacier.........................11
1.4. Photo of Taylor Valley basalts and lava flow deposits.................................12
2.1. Vertical profile of Taylor Glacier basal ice collected in 1999......................39
2.2. Vertical profile of Taylor Glacier basal ice collected in 2007......................40
2.3. Aerobic respiration measured on melted samples of Taylor
Glacier basal ice collected in 1999 amended with 110 to
215 µM 14C-acetate and incubated at 2°C for 100 days ...............................42
2.S1. Photograph of north margin of Taylor Glacier, McMurdo
Dry Valleys, Antarctica ................................................................................48
2.S2. Volume and molar concentrations of gas species
in air samples extracted from Taylor Glacier
basal ice (2007 profile) ................................................................................49
2.S3. Concentration of O2 and CO2 in air samples.................................................50
3.1. Taylor Glacier, Antarctica ............................................................................58
3.2. Depth profiles of δ18O-O2 values measured in air
extracted from debris-free (clean) and debris-rich
basal ice from Taylor Glacier .......................................................................60
3.3. Depth profiles of δ13C-CO2 values measured in air
extracted from debris-free (Clean) and debris-rich
basal ice from Taylor Glacier .......................................................................62
3.4. Range of values for δ13C-CO2 and other carbonate
species in sediment and freshwater Systems ................................................63

xi
LIST OF FIGURES – CONTINUED
Figure

Page
3.5. Modeled δ13C-CO2 values associated with
chemical, physical, and biological processes
occurring in debris-rich basal ice..................................................................65
3.6. CO2 hydrate phase diagram...........................................................................67
3.S1. Volume of gas in air samples by depth.........................................................71
3.S2. δ18O-δD diagram for basal ice samples collected
from Taylor Glacier ......................................................................................72
4.1. Photograph of the north lateral margin of Taylor
Glacier, McMurdo Dry Valleys, Antarctica .................................................80
4.2. Stratigraphic column of basal ice collected from
Taylor Glacier during the 2007 field-season ................................................85
4.3. Concentration of major ions by depth...........................................................87
4.4. Concentration of cations in leachate from
sequential dissolution of basal ice sediment
from 228 and 230-cm depths ........................................................................92
4.5. Sulfate mass fraction by depth of melted samples
from debris-rich ice.......................................................................................93
4.6. Scatterplot of Ca2+ and HCO3- for type I-III ices..........................................95
4.7. Scatterplot of K+ and HCO3- for type I-III ices.............................................96
4.8. Scatterplot of K+ and SO42- for type I-III ices...............................................96
4.S1. Concentration of ions and pH versus melt fraction
of water generated.......................................................................................103
4.S2. Diagram depicting the fractions of solute from
halite/sulfate mineral dissolution during melting
and long term weathering in the ice............................................................104

xii
LIST OF FIGURES – CONTINUED
Figure

Page
4.S3. X-ray diffraction spectra for sediment collected
from the 232-cm debris band ......................................................................105
4.S4. X-ray diffraction spectra for sediment collected
from the 234-cm debris band ......................................................................105
4.S5. SEM-EDS spectra for a mixed mineral assemblage
from the 234-cm sediment-rich ice band ....................................................106

xiii
ABSTRACT
The thesis addresses a topical and exciting question in cryospheric biology: are
microorganisms capable of metabolism in debris-rich basal ice of a polar glacier? The
research was carried out on debris-rich basal ice from a cold-based glacier, Taylor
Glacier, McMurdo Dry Valleys, Antarctica. A key component of the research was the
collection and analysis of large parallel samples of basal ice for analysis of sediment
concentration and mineralogy, nutrient and ion chemistry, gas composition, isotopic gas
composition, cell density and metabolic activity on individual ~1-2cm thick layers. The
primary material for the thesis was from a 4 m high section of basal ice collected from a
vertical shaft at the end of a 15m tunnel chainsawed into the northern margin of the
Taylor Glacier. Some data was derived from ice samples collected from tunnels 500m
upglacier and downglacier from the 2007 tunnel, excavated in 1999 and 2009
respectively. The main research findings presented in this dissertation are that (a) debrisrich basal ice is a viable habitat for microbial life, (b) in situ microbial heterotrophic
respiration is a source of CO2 in debris-rich basal ice, and (c) microbially-mediated
weathering of entrained mineral debris is a source of solute in the ice. Geologic debris in
basal ice is the key component for microbial activity since it leads to a higher fraction of
liquid water in the ice and provides both organic and inorganic substrates to organisms in
the ice. Microbial activity in the ice produces isotopic and geochemical signatures that
could be used as biomarkers for exploration of other icy systems. The results of the
thesis enforce the notion that the debris-rich basal ice environment is a viable microbial
habitat that supports life at temperatures below 0°C. This has broader implications at the
ice sheet scale since recent discoveries in East Antarctica, indicate significant basal ice up
to 1100 m thick with approximately the same volume as the world’s fourth largest
freshwater lake, Lake Michigan-Huron.
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CHAPTER ONE
BIOGEOCHEMISTRY OF BASAL ICE
Introduction1
Basal Ice Processes
Basal ice refers to ice that is formed, or influenced by, processes operating at or
near the bed of an ice mass (Knight, 1999; Hubbard et al., 2009). Basal ice acquires
physical and chemical properties from processes related to its formation. The most
important feature of basal ice is lithologic and potentially biogenic material, often termed
debris that is entrained into the ice (see Figure 1). There are numerous mechanisms
proposed for the formation of debris-rich ice layers at the base of alpine and polar
glaciers and ice sheets (see reviews by Hubbard and Sharp, 1989; Hubbard et al., 2009).
A concise description of the mechanisms for the formation of debris-rich ice at the base
of polar outlet glaciers and ice sheets is shown in Table 1.
Basal ice layers vary in debris concentration from very low (<100 g L-1) to
intermediate (101to 102 g L-1) to very high (>103 g L-1) according to classifications by
Hubbard et al. (2009). The concentration and mineral composition of debris-rich layers
can also be highly variable between different ice masses or even within a single basal
sequence (Hubbard and Sharp, 1989). These differences likely reflect the conditions that
______________________________________
1

This introduction is a modified and collective version of introductory material presented
in successive chapters.
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prevailed in the subglacial environment at the ice-bedrock interface when the ice was
formed or during subsequent interactions between the basal layer and the underlying
glacial bed. Factors that may affect the composition and concentration of debris in the
ice are; (i) the underlying bedrock geology, (ii) the quantity of basal water present, and
(iii) deformation history of the ice.
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Figure 1. Examples of ice layers from the basal zone of Taylor Glacier, Antarctica. a.
Clean bubbly ice containing no debris (shadow lines visible in ice are an artifact of
cutting), b. Banded ice with debris-rich and debris-poor layers, c. Ice composed of frozen
debris and small elongated bubbles oriented parallel to each other.
Basal ice layers are grouped in lithofacies, also termed basal cryofacies, based on
bulk physical appearance (Hubbard et al., 2009). The classification scheme by Hubbard
et al. (2009) relies on observations of layer thickness, debris content, debris texture, and
bubble concentration to assign the ice layer to the appropriate facies. This classification
is non-genetic which means it does not imply a mechanism of formation for the ice layer,
however, it does allow for a more unified identification of basal facies that exist in
different locations and under different environmental conditions.

3
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Studies have shown that an appreciable amount of liquid water exists in ice veins
between ice crystals, at triple boundaries, along the surface of occluded bubbles, and
along the surface of debris particles in the ice (Lliboutry, 1971; Raymond and Harrison,
1975; Mader, 1992a,b; Barnes and Wolff, 2004) at temperatures that are below the
melting point of the ice (Gilpin, 1979; Mader, 1992a,b; Dash et al., 1995). The increased
presence of liquid water in basal ice leads to an increased interaction of water films with
materials in the ice (i.e. gas bubbles or debris). This interaction in the basal zone, which
is also enhanced by deformation of debris-rich basal layers, has been shown to
significantly alter the rheology of the ice (Hooke et al., 1972; Durham et al., 1992), the
stable isotope ratio of the ice, and its gas composition, impacting its value for
paleoclimatic reconstruction (Souchez et al., 2004).
Mechanisms for Gas Production in Basal Ice
Gases trapped in polar glacial ice provide a record of the composition of the
atmosphere in the past (see review by Raynaud et al., 1993). Yet, in certain ice core
records CO2 concentrations higher than the long-term trend are recorded over a given
time interval (Anklin et al., 1995; Tschumi and Stauffer, 2000; Campen et al., 2003; Ahn
et al., 2004). The higher than expected concentrations of CO2, termed as anomalous, are
the result of in situ reactions that occur in discrete zones of ice. Studies on the
mechanisms for in situ CO2 production in ice have mainly focused on glacier ice,
however, it is reasonable to assume that these same mechanisms are also operating in the
basal layers.
Basal ice gas records from Antarctic outlet glaciers (Lorrain et al., 1999; Lorrain

5
et al., 2002; Sleewaegen et al., 2003; Samyn et al., 2005) indicate that in situ CO2
production is pervasive in debris-rich basal ice layers. CO2 concentrations as high as
225,000 ppmv have been measured in basal ice from the Suess Glacier, an outlet glacier
in the McMurdo Dry Valleys (Lorrain et al., 1999) and up to ~20,000 ppmv in Taylor
Glacier basal ice (Samyn et al., 2005). To date, there is no suitable model that fully
explains the variation in the gas chemistry and composition of basal ice of Antarctic
outlet glaciers in the Dry Valleys. The current models are based purely on physical and
(abiotic) chemical processes. The most problematic part of such models is the
explanation for the high CO2 levels and concurrent low O2 levels measured in debris-rich
basal layers. The possible mechanisms for in situ CO2 production in basal ice are:
Carbonate-acid Reaction. Smith et al. (1997a,b) attribute the large, rapid
fluctuations and maxima in CO2 concentration in discrete sections of the Greenland Ice
Sheet Project Two (GISP2) ice core to in situ CO2 production in the ice rather than
changes in paleoatmospheric CO2. CO2 varied in GISP2 ice by as much as 50 ppm over
1 cm intervals in discrete layers of the core (Smith et al., 1997b). In situ CO2 production
and consumption in GISP2 ice were attributed to decarbonation reactions (Neftel et al.,
1988) and absorption of CO2 (Neftel et al., 1983) in the ice. Ahn et al. (2004) calculated
the potential CO2 produced by the carbonate-acid reaction between carbonate dust and H+
(Neftel et al., 1988; Smith et al., 1997 a, b) in ice from Siple Dome, Antarctica. They
noted that this source (i.e. decarbonation) of CO2 was too low to produce the excess
observed in the ice and their measurements of electrical conductivity (EM), which is a
proxy for H+ concentration, also showed no correlation with excess CO2.

6
Abiologic Oxidation of Organic Compounds. The production of CO2 via this
mechanism is due to a combination of several different oxidation reactions involving
organic acids in the ice (Tschumi and Stauffer, 2000). One example is, the oxidation of
formaldehyde by peroxide producing CO2 as a by-product (Tschumi and Stauffer, 2000).
This reaction is highly favorable (ΔG = -618 kJ mol-1) in cases where a sufficient amount
of each reactant exists and the reaction is not inhibited by kinetic constraints, however, in
glacial ice the concentrations of the reactants and products are typically in the nano-molar
range and thus CO2 production via this process is commensurately low.
Refrozen Meltwater. Atmospheric gases become trapped as bubbles in ice in the
bubble close-off zone during the final stages of ice formation. The molar fraction of
gases in the ice after bubble close off is expected to be fixed, with ratios similar to the
composition of air above the surface of the glacier when the ice was formed. Internal
melt layers that develop in the ice have the potential to alter the composition of the air
trapped in the ice via equilibration of the dissolved gas in the water with air trapped in the
ice Due to the varying solubility of different gas species the gas composition of the
liquid may be very different from that of the atmosphere and subsequent refreezing
would result in gas ratios in the ice that are different from the atmosphere. For example,
the Ar/N2 ratio will be higher than atmosphere because of the 2x greater solubility of Ar
than N. The CO2 fraction will be higher than the atmospheric value due to the high
relative solubility of CO2 (70x greater than N) in the water prior to refreezing (Neftel et
al., 1983). Ahn et al. (2004, 2008) identified refrozen layers in Siple Dome ice and
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suggested this mechanism best explained the CO2 and ECM values measured in these
layers.
Strain-induced Phase Change. Samyn et al. (2005) suggest that localized shearing
at the structural interfaces of the ice sequence produce interstitial thin-films of water that
increase the interaction between gas bubbles and meltwater. Samyn et al. (2005) argue
the interaction between meltwater and gas bubbles in the ice leads to a selective
enrichment in the concentration of CO2 and depletion of O2 and N2 in the refrozen layers,
however, a clear mechanism for the processes of O2 and N2 depletion were not identified.
Biological Oxidation of Organic Molecules. Bacteria have been detected in all
subglacial environments studied to date (see reviews by Christner et al., 2008 and
Skidmore, 2011), however, data that shows direct evidence for microbial activity in basal
ice is still lacking. Campen et al. (2003) suggest that increases in concentrations of N2O,
CH4, and CO2 observed in glacier ice from the Sajama ice cap in Bolivia are likely a
result of the metabolism of a consortia of bacteria in the ice, however, they provide no
corroborating evidence for the microbial population in the ice.
Microbial Activity in Basal Ice
Heterotrophic bacteria obtain carbon and energy from the oxidation of reduced
organic carbon compounds (Madigan et al., 2003). This mode of metabolism consumes
molecular oxygen (O2) and produces carbon dioxide gas (CO2). In glacier ice this
reaction is likely to be limited by the availability of organic carbon substrates. Whereas
in basal ice layers microbial heterotrophic activity may be enhanced due to the presence
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of debris in the ice that possibly provides a source of organic carbon and other chemical
energy sources or electron acceptors (e.g., NO3-, Mn(IV), Fe(III), and SO42-) to organisms in
the ice. Other than a nutrient source, debris in the ice may also serve as; (a) a seeding
mechanism that introduces cells into the ice, (b) an attachment site for cells and promote
colonization, and (c) a surface for water thin-films to persist. Debris is likely the key
component to enhanced microbial activity in debris-rich basal ice, relative to glacier ice
and therefore it is logical to investigate whether microorganisms are metabolically active
in ice using debris-rich basal ice as a model system.
The results presented in the subsequent sections of this dissertation are based on a
suite of aqueous, gas and stable isotopic measurements conducted on basal ice from
Taylor Glacier, Antarctica (Figure 1). The overarching goal of the thesis is to identify
and utilize geochemical signatures in the ice to determine the extent of microbial activity
in debris-rich basal layers. The research also highlights some of the challenges in
identifying direct evidence for microbial activity in ice.
Dissertation Objectives
1.

Demonstrate that aerobic heterotrophic respiration is a potential mode of
respiration in the ice.

2.

Determine the relationship between debris concentration and the concentration of
dissolved organic carbon and other nutrients in debris-rich ice.

3.

Quantify the proportion of CO2 produced by biological respiration in debris-rich
ice layers by isotope ratio mass balance.
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4.

Determine whether an active weathering regime exists in debris-rich basal ice and
quantify the proportion of solute generated by non-silicate vs. silicate weathering
reactions.
Field Site
The objectives of this dissertation were addressed through field- and laboratory-

based work conducted on debris-rich basal ice from Taylor Glacier (TG), Antarctica (see
Figures 1, 2, and 3). TG is an outlet glacier of the East Antarctic Ice Sheet that is fed by
ice from Taylor Dome that breaches the Trans-Antarctic Mountains and flows westward
toward the Ross Sea. The glacier terminates at the western end of Lake Bonney in Taylor
Valley, McMurdo Dry Valleys, South Victoria Land, Antarctica.
Geologic Setting of Taylor
Valley and Taylor Glacier
The Taylor Valley is located in the McMurdo Dry Valleys in South Victoria
Land, Antarctica (Fig. 2a). The valley is approximately 85 km long and runs west to east
from the East Antarctic Ice Sheet toward the Ross Sea (Fig. 2a,b). The western 50 km of
the valley is occupied by the Taylor Glacier, an outlet glacier of the East Antarctic Ice
Sheet that breaches the Trans-Antarctic Mountains and terminates at the west lobe of
Lake Bonney (Fig. 2b,c). The eastern 35 km of the valley are ice-free with the exception
of perennially ice covered lakes and outlet glaciers that reach the valley floor. The
western part of the valley is flanked by the Asgard Range to the north and Kukri Hills to
the south that reach nearly 2000 m in elevation above Lake Bonney (Fig. 2 b,c).
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Figure 2. Location of study area. a. Taylor Glacier is located in the McMurdo Dry
Valleys, South Victoria Land, Antarctica, b. Satellite image of Taylor Valley, c. Western
Taylor Valley and the terminus of Taylor Glacier.
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Figure 3. Tunnel excavation and sample collection at Taylor Glacier. a. North lateral
margin of the glacier and tunnel site. The dimensions of the tunnel entrance were 2x1 m
and the thickness of the glacier is ~30 m. b. Plan view of tunnel and vertical shaft
excavated into the margin of the glacier. Samples were collected along a wall of the
vertical shaft (location shown in red). c. Ice blocks were cut using an electric chainsaw
equipped with a carbide tipped chain. d. Cut plan for basal ice profile and list of analysis
conducted.
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The Trans-Antarctic Mountains in Victoria Land comprise of faulted blocks of
sedimentary rocks (Devonian-Triassic) that overlie crystalline metamorphic and metasedimentary basement rocks (Precambrian-Devonian) (Stump, 1992). In the Taylor
Valley (see Fig. 2c) basement rocks are overlain by nearly horizontal clastic sedimentary
rocks of the Beacon Supergroup (Devonian-Triassic) that are capped by Jurassic lava
flows and intruded by Jurassic dolerite sills of the Ferrar group (Barrett, 1991; Tingey,
1991). Together the Beacon Supergroup and Jurassic dolerites form the heavily faulted
and asymmetrical Antarctic intercontinental rift system (Denton et al., 1993). The major
strata exposed around the Taylor Glacier are the Beacon sedimentary formations, Ferrar
dolerite sills, and Plio-Pleistocene pyroclastic and lava flow deposits (Figures 2 and 4).

,
,

,

!"#$%&'($")*+&

Figure 4. Photo of Taylor Valley Basalts and Lava Flow Deposits from Armstrong et al.
(1968). Circles mark locations of basalts at vent areas and red x’s mark the location of
samples collected for Ar dating that are discussed in the text.
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Beacon Supergroup. Sediments of the Beacon Supergroup overly crystalline
rocks of the Ross System in the western part of Taylor Valley (Gevers et al., 1971). The
total thickness of the Beacon in this area is about 650 m (Gevers et al., 1971). The
Beacon was deposited from the Devonian to Triassic and is comprised of fine-grained
arkosic quartz sandstone interbedded with shale, coal, conglomerate, and limestone
(Angino et al., 1962). The Beacon is sub-divided (listed from lower to upper) into the;
Brown Hills conglomerate, Hatherton sandstone, Beacon Heights quartzite, Darwin
tillite, Misthound coal measures, and Ellis conglomerate (Gevers et al., 1971; Woolfe,
1993). The Brown Hills is composed of poorly sorted sediments with trough cross
bedding and mud drapes deposited during unidirectional and sheet flow like deposition
on an alluvial fan (Woolfe, 1993). The Hatherton is about 450 m thick in South Victoria
Land and is composed of white to light yellow sandstone that contains nearly 95% quartz,
abundant zircon and liminite (Gevers et al., 1971). Haskell et al. (1965) conclude the
Hatherton sandstone ranges in age from Devonian to Carboniferous based on trace fossil
evidence. The upper and lower Hatherton are distinguished by the abundance of current
bedding and rust staining from the weathering of Fe-rich sediments in the lower portion
of the formation (Haskell et al., 1965). The Beacon Heights is composed of fine-grained
arkosic quartz sandstone composed of shales, conglomerates, and thin limestone beds
(Angino et al., 1962). Glacial deposits of the Darwin tillite lie unconformably on the
Upper Hatherton and are unconformably overlain by the Misthound coal measures (cross
bedded sandstone-mudstone carbonaceous shale and coal) from the Permo-Carboniferous
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(Gevers et al., 1971). The uppermost member of the Beacon group in Victoria Land is
the Ellis conglomerate/ siltstone (Gevers, 1971).
Ferrar Dolerite. The Ferrar Dolerite was formed by mafic volcanism (plutonic)
associated with the breakup of Gondwanda in the Jurassic and comprises of sills in the
basement rock and successively higher into the Beacon group in Victoria Land. The
Ferrar dolerite sills are the hypabyssal equivalent of the Kirkpatrick Basalts, a continental
flood basalt related to the breakup of the Gonwanda super continent (Bédard et al., 2007).
Four individual Ferrar groups are present in the McMurdo Dry Valleys; Mt. Fleming,
Asgard, Peneplain, and Basement sills (listed upper to lower). The upper three were
emplaced into Permian and Jurassic age Beacon Supergroup sediments and are up to 430
m thick in Victoria Land (Hamilton and Haynes 1963; Gunn, 1966; Marsh, 2004). The
Ferrar dolerite is part of the Ferrar Large Igneous Province (Bédard et al., 2007) that
crops out in a linear belt that extends through the Trans-Antarctic Mountains (see Fig.
2c). The Ferrar dolerite is composed of plagioclase, clinopyroxene, olivine, magnetite
and illmenite. Accessory and alteration minerals contain hornblende, biotite,
pyrrohotitie, chlorite and calcite.
Plio-Pleistocene Lava Flow Deposits. Numerous, small cinder cone and basaltic
lava flow complexes exist along fissures on the benches and walls (up to an elevation of
~1500 m asl) in the Taylor Valley (Armstrong et al., 1968). Basal complexes all rest on
surfaces within glacially eroded Taylor Valley and thus post-date extensive glaciation of
the valley. Lava flows in the western part of Taylor Valley are composed alkaline
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olivine-augite-labradorite vesicular basalt with K/Ar dates from 2.3-2.8 Ma BP indicating
that glaciations in Taylor Valley antedate and postdate 2.7 Ma BP (Armstrong et al.,
1968). Tills deposited by Taylor Glacier also overlie the dated volcanics indicating that
subsequent advances of the glacier have overrun the volcanics at least up to an elevation
of about 1250 m asl (Armstrong et al., 1968).
Pyroclastic and lava flow deposits in the valley (Figure 4) have been used to
determine the extent of Taylor Glacier over the past 2.7 million years (Armstrong et al.,
1968). Glacial deposits are obvious on the valley bench and up to 1250 m asl on
Matterhorn Peak which is located east of Lake Bonney. The glacial deposits can be
traced westward along the valley walls to the present terminus of Taylor Glacier and their
presence indicates an expanded ice mass once existed. The Thompson moraine marks the
uppermost margin of the glacial deposits as it passes across the surface of the volcanic
complex at 1082 m asl (Armstrong et al., 1968). Based on 40Ar/39Ar of the underlying
volcanics the Thompson moraine has a maximum age of 2.97 Ma BP (Armstrong et al.,
1968). This moraine represents the greatest expansion of the TG in the past 3.47 ma
since the complex on which the moraine rests on extends at least into mid-Pliocene time
(Armstrong et al., 1968; Wilch et al., 1993). A minimum age of the Thompson moraine
is 2.71 Ma based the age of the Rhone volcanic cone (2.71 Ma BP) at 900 m asl which
has not been overrun by ice (Wilch et al., 1993). Hence, deposition of the Thompson
moraine must have antedated the Rhone volcanic cone which began to erupt at ~2.7 Ma
BP. Maximum Quaternary expansion of the Taylor Glacier is marked by a line of erratic
boulders that cross the base of the cone at ~900 m asl. This represents the greatest ice
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extent since the eruption of the Rhone volcanic cone ceased about 1.5 Ma BP (Wilch et
al., 1993).
Plio-Pleistocene Environments. During the Pliocene Epoch (2.6 to 5.3 Ma BP)
the McMurdo Dry Valleys were fjordlands (Denton et al., 1993). Higher sea level during
the Pliocene (compared to present) resulted in the incursion of seawater from the Ross
Sea into the Dry Valleys (Denton et al., 1993). When Pliocene sea level decreased,
seawater retreated from the valley leaving remnant seawater near the terminus of the
Taylor Glacier. Subsequent glacier advance (Marchant et al., 1993) likely trapped
remnant seawater in the valley beneath the glacier and this water is believed to be the
source of water from the subglacial outflow at the terminus of Taylor Glacier referred to
as Blood Falls. A detailed review of the history of Blood Falls is provided in Mikucki et
al. (2004). Briefly, cold (-6°C) brine high in dissolved Fe and NaCl with a conductivity
approximately 2.5 times seawater is episodically released from beneath the Taylor
Glacier at Blood Falls (Lyons et al., 1993, 1998). Isotope and geochemical
measurements of Blood Falls water strongly support the hypothesis that the water is of
marine origin and most resembles cryoconcentrated seawater containing mineral
weathering products (Lyons et al., 1999, 2001).
Post Pliocene glacial deposits comprise the majority of the surface deposits in
Taylor Valley. Foley (2005) determined the concentration of carbonate as CaCO3 in
Taylor Valley and showed the presence of pedogenic carbonates in soil and tills. The
highest concentrations of calcite were in moist coastal soils and in younger till (<50,000
years). The average CaCO3 in soil at intermediate elevations in Taylor Valley was
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~0.39% and 0.02% at the highest inland elevations. Tills from the TaylorII/Bonney
Glaciation (12.4-23.8ka) contain 0.92% and the oldest tills from the Taylor IV Glaciation
(2100-3700ka) contain 0.54% CaCO3. Foley (2005) conclude that Ca2+ in soil carbonate
is from in situ rock weathering and aeolian deposition based on 87Sr/86Sr values from
carbonate encrustations in soil and till.
The soils of Taylor Valley are derived from the weathering of glacial deposits that
were left during the continuous advance and retreat of alpine and outlet glaciers in the
valley during the Pliocene and Pleistocene Epochs (Bockheim et al., 2008). Bockheim et
al. (2008) showed that soil properties and the quantity of salt in the soil are strongly
related to drift age indicating that the weathering of salt-rich minerals is occurring in the
soils of the Dry Valleys. The high salt content in Taylor Valley soil and till is likely the
result of previous cryoconcentration and evaporation of seawater in the valley following
the retreat of seawater during the Pliocene (Bockheim et al., 2008).
Properties of Taylor Glacier
TG is one of a number of outlet glaciers in the Dry Valleys with a debris-rich
basal ice zone (Kavanaugh and Cuffey, 2009). The mean annual surface temperature of
TG is -17°C (Robinson, 1984), yet during the austral summer when air temperatures
exceed 0°C, supraglacial streams form and deliver surface-derived meltwater to adjacent
streambeds. Meltwater from Taylor Glacier provides the largest contribution (~60%) of
stream flow to Lake Bonney (Chinn, 1993; Fountain et al., 1999).
TG is a cold-polar glacier, meaning it is composed of cold ice, i.e. where the
basal ice has a temperature below the pressure melting point. Robinson (1984) suggested
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that a zone of warm ice (i.e. at the pressure melting point, 0°C) exists approximately 6-8
km upstream of the terminus at an over deepening of the glacial bed based on ice
penetrating radar. Modeling data by Hubbard et al. (2004) suggest the presence of basal
water or water-saturated sediment in this zone, however, their modeling of basal
temperatures indicates that basal temperatures cannot exceed -7°C, thus ice would not be
at the pressure melting point and if liquid water is present it would have to be a
hypersaline brine. This latter conclusion is consistent with studies conducted on outflow
from Blood Falls indicating that water flowing from beneath TG resembles
cryoconcentrated seawater that is of marine origin (Lyons, et al., 2001, 2005).
Geomicrobiological studies conducted on water samples from Blood Falls have shown
that viable and metabolically active chemolithotrophic and heterotrophic bacteria are
present in water flowing from the glacier (Mikucki et al., 2004, 2009; Mikucki and
Priscu, 2007). These studies argue that microorganisms beneath TG are likely involved
in Fe and S cycling in the subglacial environment.
Samyn et al. (2005) measured the gas chemistry and performed crystallographic
analysis of basal ice that was collected from a subglacial tunnel dug into the margin of
TG in 1999-2000. The results of this study indicate that an in situ source of CO2 and
concurrent sink for O2 exists in the basal ice layers. Samyn et al. (2005) suggest thin
films of water between ice crystals cause a selective enrichment and/or depletion in the
concentration of the gas species (e.g., [CO2, O2, and N2]) in the ice. The model they
presented is based solely on physical and chemical processes and provides a possible
explanation for the enrichment of concentrations of CO2 in the ice up to ~20,000 ppmv.
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CO2 concentrations in debris-rich basal ice from Antarctic outlet glaciers can reach up to
~200,000 ppmv (Lorrain et al., 1999). Therefore, to generate these higher values an
additional, and substantive source of CO2 must exist in the TG debris-rich ice layers, the
source of which would most likely be microbial.
Since it remains untested; (a) whether or not bacteria are metabolically active in
basal ice, and (b) if the activity contributes to the production of CO2 in the ice, the debrisrich basal ice at Taylor Glacier provides a natural system for investigating this
fundamental question.
Dissertation Organization
The following chapters address the implications of basal ice structure on
microbial activity and geochemical reactions and cycles in Antarctic basal ice. The
chapters are organized to build an iterative understanding of the relationship between
geologic debris and microbial activity in the ice. Sample collection and analysis was
directed at sections of basal ice that contained high debris concentrations with numerous
transitions between debris-free (clean) and debris-rich ice layers. This approach was
taken to provide contrast between ice layers with different concentrations of debris in
order to evaluate the importance of debris to microbial activity in the ice. The
dissertation is presented in a series of three papers as follows, with a concluding
summary chapter that draws together the main findings.
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Chapter 2
The main objective of chapter 2 is to determine the metabolic potential of viable
bacteria in debris-rich basal ice layers from Taylor Glacier, and illustrate the importance
of entrained geologic debris as a habitat and source of carbon and trace nutrients to
microorganisms living in the ice. This chapter provides background data and evidence to
support our claim that biological activity is an important and considerable aspect of basal
ice processes. The results are from two sets of ice samples collected from different
locations (~ 0.5 km apart) during two sampling campaigns (1999/2000 and 2007/2008
austral summers) at Taylor Glacier. Both profiles show strikingly similar patterns with
respect to the debris content, gas chemistry, and microbial community composition (i.e.
the same type of organisms). Bacterial cells are found in debris-poor and debris-rich ice
layers, however, without comminuted geologic debris in the ice to provide key nutrients,
there is no evidence for in situ microbial activity. This reinforces the importance of
substrate, i.e. rock as a vital component for microbial activity. This work provides the
first plausible evidence that metabolically active bacteria, in debris-rich ice layers,
contribute to post-formational changes in the gas chemistry of the ice (i.e. an increase in
CO2 concentrations and decrease in O2 concentrations) at in situ temperatures as low as
-15°C.
Chapter 3
Chapter 3 further explores the notion that debris-rich basal ice is a viable
microbial habitat and that microbial respiration of organic carbon compounds to CO2
contributes to gas anomalies measured in TG basal ice. This work enforces the notion
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that microbial activity in basal ice is an important contributor to basal ice processes at
Taylor Glacier and possibly other glaciers that contain debris-rich basal ice. A literature
review of the currently accepted mechanisms for in situ production of CO2 in ice was
presented in an earlier section of this chapter. It is clear from this survey of the literature
that a gap exists in our knowledge of whether biological activity plays an important role
in basal ice processes, specifically as an in situ mechanism for gas production and/or
consumption in the ice. The work presented in chapter 3 is an attempt to better quantify
the mechanisms for CO2 production in ice using debris-rich ice from TG as a model
system. CO2 production in TG basal ice has been attributed to; reactions between
carbonate material in the ice and liquid water, cryo-concentration of gas species during
melting and refreezing events, and atmospheric inputs. However, we propose that
biological respiration should be considered as an additional source that likely occurs in
unison with the other abiotic processes. To account for all processes responsible for in
situ CO2 production in the ice we analyzed the stable isotope ratios of CO2 and O2 in air
trapped in basal ice. The isotopic composition of gas trapped in the ice is diagnostic of
the processes occurring in the ice after initial formation (Sowers et al., 1989; Bender et
al., 1997). The work presented in this chapter is the first study to utilize the isotopic
composition of O2 and CO2 in air trapped in basal ice to determine if the gas was
produced by actively respiring organisms in the ice. The isotopic composition (δ13CCO2) of CO2 is diagnostic for distinguishing between; i) physical concentration processes
via melting refreezing (~ -7.5‰, no change from atmospheric); ii) dissolution of
carbonate dust (0 to +4‰) to DIC and ultimately CO2; or c) heterotrophic microbial
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respiration (~ -25‰). The isotopic composition (δ18O-O2) of O2 is also diagnostic for
distinguishing between oxygen depletion by aerobic respiration or abiotic O2 consuming
reactions that are occurring in the ice. The results of gas measurements, δ13C-CO2 and
δ18O-O2, and δ13C-DOC/DIC were used to construct an isotope mass balance model to
quantify the percentage CO2 derived from the various sources present in the ice. Our
results argue against physical and chemical processes as the sole mechanism(s) for in situ
production of CO2 in the basal ice zone of Taylor Glacier and indicate that the biological
contribution of CO2 via respiration is significantly greater than previously considered.
Chapter 4
Chapter 4 provides the most comprehensive analysis to date of the aqueous
chemistry of debris-rich basal ice from a polar outlet glacier. Here we show that solute
production by chemical weathering reactions is occurring in the ice and these reactions
are likely driven by melting-refreezing events and biological activity in the ice.
Subglacial chemical weathering of mineral debris in basal sediment is a source of solute
in meltwater derived from beneath temperate alpine glaciers (Tranter et al., 2002 and
references within). There is also significant evidence that indicates subglacial weathering
reactions may be enhanced by microbial activity at the base of the glacier (Tranter et al.,
2005; Montross, 2007). There is little data published on the aqueous chemistry of debrisladen basal ice layers from polar environments (Lorrain et al., 1999; Hooker et al., 1999)
or the role of mineral weathering in these systems. Basal ice acts as a transport
mechanism for the delivery of subglacial debris to down glacier locations and surface
exposed environments. Therefore, it is plausible to hypothesize that the solute generated
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from basal ice processes makes up a significant component of the solute (dissolved ions
including dissolved organic and inorganic carbon species) delivered to downstream
environments (e.g., fluvial or lacustrine systems).
Currently, there are no published studies that focus on the concentration and
composition of solute in frozen basal ice layers. A basal ice weathering mass balance
model (modified from Anderson et al., 1997) was developed to determine the relative
contributions of solute in the ice from silicate versus non-silicate weathering reactions
occurring in the ice. The results indicate that solute generation in the ice is dominated by
salt and carbonate mineral dissolution reactions. In debris-rich layers these reactions are
likely driven by the high pCO2 values in the ice. The results from Chapter 3 indicate that
CO2 from biological respiration is a considerable source of CO2 in the basal layers of TG.
Based on this data I hypothesize that microbial respiration in debris-rich ice layers also
has consequences for chemical weathering of debris in the ice.
Chapter 5
Chapter 5 provides a brief summary of the main findings of each chapter in this
dissertation, addresses their implications, and offers recommendations and guidance for
future studies on the geochemistry and microbiology of polar basal ice. The integration
of these chapters herein provides a synthesis of the geochemical and biological processes
operating in polar basal ice.
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DEBRIS-RICH BASAL ICE AS A MICROBIAL HABITAT,
TAYLOR GLACIER, ANTARCTICA
Abstract
Two ~4 m vertical sequences of basal ice were collected from tunnels dug into the
northern lateral margin of Taylor Glacier, McMurdo Dry Valleys, Antarctica. In both
cases the basal sequences exhibit two contrasting ice facies groups; clean (debris-free)
and banded dispersed (debris-rich). Debris-rich ices from the banded facies in both
profiles exhibit elevated CO2 and depleted O2 concentrations compared to the clean
facies. Cell and total dissolved solute concentrations are low in clean ice layers, ~102
cells g-1 and ~ 2 mg L-1 respectively, increasing to ~ 104 cells g-1 and ~14,000 mg L-1 in
debris-rich ice. Cells in the thawed basal ice samples respired 14C-acetate to 14CO2 at
2oC, and maximum rates were observed in samples with a sediment content >1%
(wt/vol). Together, the physical, chemical and biological data support microbial
respiration occurring in situ within the basal ice matrix at ambient temperatures of
~ -15°C. These results support the hypothesis that basal zones of cold-based ice masses
are a viable subglacial microbial habitat and the associated microbial activity in this zone
contributes to the characteristics of the ice. The results have broader implications for
large ice sheets, since the basal zone represents an important phase in the subglacial
environment in supporting viable microbial inocula and delivering nutrients to
downstream environments.
Keywords: glacial geochemistry, glacial microbiology, basal ice, Antarctic Dry Valleys
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Introduction
Basal ice is defined as “ice that has acquired a distinctive suite of physical and/or
chemical characteristics as a result of processes operating at or near to the bed of an ice
mass” (Hubbard et al., 2009). It is distinguished from glacier ice by physical (ice crystal
structure and presence of entrained geologic debris) and chemical (solute concentration,
gas volume, and gas composition) properties (Lorrain et al., 1999). Debris content may
be the most important attribute, as it affects both physical (Lawson et al., 1996; Samyn et
al., 2008) and chemical (Souchez et al., 2006; Price, 2007) processes operating in the
basal ice zone. The presence of debris in ice increases the fraction of liquid water present
(Price, 2007) and dissolved solutes that are potential carbon and energy sources to
microorganisms entrained in the ice (Skidmore et al., 2000; Barker et al., 2006).
Viable microorganisms have been reported in samples collected from the basal ice
zone of alpine glaciers (Sharp et al., 1999, Skidmore et al., 2000; Foght et al., 2004) and
the Greenland ice sheet (Miteva et al., 2004; Yde et al., 2010), however, to date there is
no report on the microbial community and its potential activity in debris-rich basal ice
from Antarctica. The characterization of microbes inhabiting the basal environment has
revealed a variety of aerobic and anaerobic physiologies (Skidmore et al., 2000; Yde et
al., 2010) capable of growth at temperatures close to zero Celsius in laboratory culture
(Miteva et al., 2007). Tung et al. (2005) suggest that methanogenic bacteria in basal ice
are metabolically active, producing methane, thereby altering the gas chemistry of the
basal ice. The results of studies on cold-adapted microorganisms indicate that cellular
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metabolism remains functional in the liquid vein network in ice under frozen conditions
(e.g., Amato and Christner, 2009) and support the notion that active biogeochemical
processes occur within the matrix of the ice, however, direct evidence of in situ activity
in basal ice is still lacking. Here we report on a biological source and sink for dissolved
gases in debris-rich basal ice and draw attention to the importance of entrained geologic
debris to microorganisms living in the ice.
Field Sampling
Debris-rich basal ice is evident throughout the lower 6 km of Taylor Glacier,
Antarctica (Fig. S1). Basal ice was sampled from two subglacial tunnels dug in the
northern lateral margin of the glacier during the 1999/2000 and 2007/2008 austral
summers. The tunnels were approximately 0.5 km apart. Tunnel excavation, sample
collection, and sample preparation are described in Samyn et al. (2005a). The 1999 tunnel
exposed a 4.5 m basal ice sequence containing layers of debris-rich ice from the banded
dispersed (BD) and solid facies (So) and debris-free ice from the clean facies (C) that had
a minimum temperature of -17°C (Fig.1, Samyn et al., 2005a). Samples for gas analysis
were as described in Samyn et al. (2005a) and nine discrete ~ 300 g ice samples were
collected aseptically from each of the dominant ice facies (and sub-facies) for
microbiological analysis, following Skidmore et al. (2000). The 2007 tunnel exposed a 4
m basal ice sequence with an ice temperature of -15°C. Three different ice facies; clean,
banded dispersed, and solid were identified in the profile (see Hubbard et al., 2009 for
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facies classifications). Facies descriptions and location of samples taken from the 2007
basal ice profile are shown in Fig. 2 and S2.
Methods
Samples for gas, chemical and microbiological analyses were cut from larger
blocks (20 x 20 x 10 cm) following the methods described in Samyn et al. (2005a) and
Skidmore et al. (2000). The volume and composition of air trapped in basal ice samples
collected in 1999 and 2007 were measured following Samyn et al. (2005a). Ice from the
same basal horizon (sampled for gas chemistry) was also sampled for aqueous chemical
analysis, direct cell counts, and enrichment culturing. Cellular respiration experiments
were conducted with samples from 1999 only. Debris content was determined by
measurement of the dry weight of sediment in the ice. The melted samples were analyzed
for dissolved organic carbon and major cation and anion concentrations following
methods described in Montross (2007) and direct cell counts by epifluorescence
microscopy, following Christner et al. (2006). Cells in the melted basal ice with high
sediment content, were removed from sediment surfaces using a modified method of
Foght et al. (2004), to facilitate microscopic enumeration. Procedural blanks consisting of
filter sterilized Nanopure water were prepared and treated in the same manner as the
melted basal ice samples to serve as controls. Aerobic respiration on melted ice samples
amended with 110 to 215 µM [14C]acetate and incubated at 2°C was determined by
measuring evolved 14CO2 according to Skidmore et al. (2000). Enrichment culturing and
isolation of bacterial isolates on R2A and minimal salts media, followed by nucleic acid
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extraction and molecular identification via 16S rRNA gene sequencing, followed
Christner et al. (2001).
Results
Gas Composition and Volume,
Cell and Solute Concentrations
CO2 concentrations in air extracted from the 1999 ice samples ranged from ~ 305
ppmv in clean ice layers (B1, 2, 7, 8; Fig. 1) to >20,000 ppmv in debris-rich layers where
debris content in the ice was ~ 20% wt/vol (B4, 5, 6) (Samyn et al., 2005a).
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Figure 1. Vertical profile of Taylor Glacier basal ice collected in 1999 showing (left
panel) CO2 and O2 concentration, (center panel) total gas content, (right panel) total
dissolved solids and bacteria cell counts (± standard deviation). Brackets and text on right
indicate the basal ice stratigraphy determined by Hubbard et al. (2009). Basal ice facies
classifications from Samyn et al. (2005) are updated to reflect the facies classification
scheme proposed by Hubbard et al. (2009).
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CO2 concentrations in ice samples from 2007 followed a similar trend to the 1999
samples. CO2 concentrations ranged from 229 to 328 ppmv (n = 4) in clean ice (see Fig.
S2) to 60,000 to 325,000 ppmv in debris-rich ice from the banded dispersed facies, where
debris content ranged from 5 to 39% (wt/vol) (Fig. 2i). O2 concentrations, in 1999
samples, had a mean value of 21.1% in clean ice (i.e., close to atmospheric
concentrations) but varied from 12 to 21% in debris-rich layers (Fig. 1). O2
concentrations in 2007 samples of clean ice and debris-poor ice in the banded dispersed
facies were near 20%, but were significantly lower, 4 to 18 % in debris-rich ice in the
laminated sub-facies (Fig 2i).
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Figure 2. Vertical profile of Taylor Glacier basal ice collected in 2007 showing (i) CO2
and O2 concentration, (ii) total gas content, (iii) total dissolved solids, (iv) DOC
(dissolved organic carbon) concentration, (v) NH4+ concentration, (vi) bacterial cell
counts (± standard deviation) and (vii) photograph of 20 cm (vertical) block of ice
analyzed for this study with sediment content (wt%). Brackets and text on right indicate
the basal ice sub-facies that was indentified using the classification scheme for basal ice
by Hubbard et al. (2009). Note changes in y-axis scale and ranges for gas and cell
concentrations and total gas content between 1999 (Fig.1) and 2007 samples.
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There was a significant negative correlation between the concentration of O2 and
CO2 in both 1999 (r2 = 0.83, p = <0.005, n = 44) and 2007 (r2 = 0.6, p = <0.001, n = 12)
samples (see Fig. 2i and S3). The total gas volume remained consistent across the debrisfree ice layers from the different ice facies in 1999 (0.09 to 0.11 cm3 g–1) and 2007 (0.09
to 0.10 cm3 g-1) whereas debris-rich ice from the 2007 basal laminated sub-facies had a
lower total gas volume (0.01 to 0.07 cm3 g-1) (Figs. 1 & 2ii). Due to the high debris
concentration in the 1999 solid ice sub-facies, the gas content could not be determined
(Fig. 1) (Samyn et al., 2005a).
Total dissolved solute (TDS) and cell concentrations (Fig. 1) in the 1999 englacial
facies were ~ 1-4 mg L-1 and ~102 cells g-1, increasing to ~ 6-10,000 mg L-1 and ~103 cells
g-1 in the stratified facies, respectively. Similarly TDS concentrations (Fig. 2iii) and cell
concentrations (Fig. 2vi) were low in the 2007 basal clear facies; ~ 1-8 mg L-1 and ~102
cells g-1, increasing to ~ 6-14,000 mg L-1 and ~104 cells g-1 in the debris-rich basal
laminated sub-facies respectively. There was a positive correlation between cell
concentration and average CO2 concentration in ice from the stratified facies in 1999 (r2 =
0.42, p = <.005, n = 7). The concentration of dissolved organic carbon (DOC) and
ammonium (NH4+) was highest in the basal debris-rich ice that contained >1% (wt/vol)
sediment (Fig. 2iv & v). There was also a positive relationship between the sediment
content of the ice and DOC concentration (r2 = 0.87, p= <.005, n=20) in 2007 samples.
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Measurement of Heterotrophic
Respiration and Isolation of Bacteria
Respiration of [14C]acetate to 14CO2 at 2°C occurred in all 1999 melted ice
samples analyzed (Fig. 3) However, there was a 20 to 40 day time lag from the start of
the experiment to the onset of 14CO2 production. The basal ice samples with debris
content ≥ 1% (wt/vol) from the banded dispersed (B3, B5) and solid facies (Samyn et al.,
2005a) had a higher rate of respiration and total amount of 14C-CO2 produced (Fig. 3).
The maximum rate of respiration (5 nmol CO2 d-1) in sample B8, melted clean ice
with no visible debris, occurred between 38 and 41 days, compared with rates of 50 to 70

2)34*0+35+.6*7.7*+8*09(8*-+73+:;"

nmol CO2 d-1 in samples B3, B5 and BM, after 62 and 68 days of incubation (Fig. 3).
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Figure 3. Aerobic respiration measured on melted samples of Taylor Glacier basal ice
collected in 1999 amended with 110 to 215 µM 14C-acetate and incubated at 2°C for 100
days. Y-axis error bars represent the standard deviation from the mean of triplicate
experiments and are within the size of the symbols. Locations of samples B3, 5, M and 8
are shown in Figure 1.
After ~100 days of incubation, subsamples of the [14C]acetate-enriched samples
were used to inoculate agar-solidified mineral salts media (M9) containing 10 mM
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sodium acetate. After incubation for ~6 weeks at 2°C, colonies formed on media
inoculated with subsamples from debris-rich basal ices, B3, B5, and BM, but not B8
(clean ice). Five unique colonies (i.e., based on color, size, and morphology) were
subsequently picked and inoculated on M9 acetate and R2A. Growth was observed on
plates incubated at 2 and 25°C but not at >30°C. Bacterial colonies were also isolated
from the 2007 basal ice samples using various agar-solidified media inoculated with
meltwater and incubated over a range of temperatures (4°C to 22°C). Despite differences
in colony appearance and growth characteristics, the 16S rRNA gene sequences of >95%
of the isolates obtained from both the 1999 and 2007 basal ice samples were closely
related to members of the Sporosarcina, a genus affiliated with the bacterial phylum
Firmicutes.
Discussion
Taylor Glacier is a polar outlet glacier of the East Antarctic Ice Sheet and is one
of a number of glaciers located at the ice sheet margin with a debris-rich basal ice zone
(Kavanaugh and Cuffey, 2009). Debris within the basal ice results in a greater volume of
liquid water present as water films (Cuffey et al., 1999; Samyn et al., 2005b; Price, 2007)
and is also the primary source of dissolved nutrients (e.g., dissolved organic carbon and
dissolved nitrogen species) for microorganisms residing in water films on mineral
surfaces and in the liquid water filled intercrystalline vein network.
Debris-rich ice collected in the 2007 profile contained significantly higher
concentrations of CO2 (60,000 to 325,000 ppmv) than clean are debris-poor (<1% (Fig. 2
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and S2). The concentration of CO2 in air trapped in the basal ice reached ~325,000 ppmv
and was the highest value reported to date for glacier ice (see Lorrain et al., 1999). There
is evidence that physical processes are partially responsible for elevated CO2 values in
the basal ice since the high CO2 concentrations are associated with low (<0.05 cc g-1) gas
volume. This relationship has also been observed in basal ice from Suess Glacier and
argued to be a result of melting/refreezing processes during basal ice formation (Lorrain
et al., 1999; Sleewaegen et al., 2003). Samyn et al. (2005b) also documented
recrystallization textures in Taylor Glacier basal ice at the interface between debris-rich
and debris-poor ice types that they attribute to localized shearing and dynamic
recrystallization. The shearing and localized deformation favors the development of
interstitial liquid films (Wilson et al., 1996), which Samyn et al. (2005a,b) argue may
interact with gas bubbles resulting in O2 loss and CO2 enrichment. It is possible physical
mechanisms may account for some of the excess CO2 measured in the basal ice from
Taylor Glacier, however, the melting and refreezing of ice with an initial CO2
concentration equal to pre-industrial atmospheric levels (~270 ppm) can theoretically
result in a ~70 fold increase in CO2 concentration (up to ~20,000 ppm) in the refrozen
layers (Souchez et al., 1993). Yet, there is no simple explanation where the concentration
of CO2 by refreezing alone results in CO2 concentrations of ~60,000 to 300,000 ppm,
coupled to concurrent decreases in O2 concentrations, as measured in Taylor Glacier
debris-rich ice. The incorporation of biological processes, i.e. the aerobic respiration of
organic matter to CO2 by microbes in the ice, provides a plausible explanation for the
excessively high CO2 values and the negative correlation between CO2 and O2
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concentrations (Fig. S3). Previous studies disregarded the biological oxidation of organic
matter as a source of CO2 in basal ice (Souchez et al., 1993) due to the lack of available
organic matter. This is not the case with Taylor Glacier basal ice as the debris-rich layers
contain 30-80 mg L-1 of dissolved organic carbon. Microbial respiration produces
equimolar decreases in O2 and increases in CO2. However, in certain cases, a greater
depletion in O2 on a molar basis is observed than would be expected for the CO2
concentration measured, implying that an additional O2 sink may exist. Oxygenconsuming weathering reactions that occur along mineral surfaces, where liquid water
exists as interstitial films in the debris-rich ice, are one such possible sink (e.g., Raiswell
et al., 2006).
Melted basal ice samples from 1999 showed 14CO2 production via microbial
respiration of 14C-acetate at 2°C in the dark, indicating that viable heterotrophic
microorganisms were present throughout the basal ice profile. The respiration rate was
10- to 14-fold higher in melted debris-rich ice samples when compared with the debrispoor englacial ice. Furthermore, there was a correlation between higher respiration rates,
the presence of debris, solute concentration, and initial cell concentration in both the
1999 and 2007 samples. This indicates that there were sufficient nutrients in the basal ice
to support microbial respiration and that these nutrients are more plentiful in the debrisrich basal ice, similar to the results for melted basal ices from a high Arctic glacier
(Skidmore et al., 2000). The isolation of genetically similar species of Sporosarcina from
two different locations (1999 and 2007 tunnels) implies that members of this genus are
likely widespread across the abundant debris-rich ice bands in the basal ice zone of
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Taylor Glacier. Isolate Sporosarcina B5, from the 1999 B5 basal ice sample, is capable
of respiration of acetate to CO2 in nutrient-rich ices prepared in the laboratory and
incubated at -15°C, equivalent to the in situ basal ice temperature at Taylor Glacier
(Skidmore et al., 2009).
Implications for Basal Ice Processes
Results from the analysis of gas composition, gas volume, microbial cell counts,
geochemistry and ice facies types support the assertion that post-genetic changes,
including deformation induced micro-melting, chemical dissolution, and in situ microbial
respiration, affect the chemical composition of air trapped in ice at the base of polar
glaciers. The basal zone of the Taylor Glacier undergoes intense shearing processes, as
indicated by the morphology of structural features in the 1999 profile (Samyn et al.,
2005; 2008). These deformational processes cause melting and refreezing on a microscale, resulting in a change in the composition of air trapped in the ice. Furthermore, the
production and consumption of gas species by microbial respiration occurring in the basal
ice zone has the potential to profoundly affect the gas chemistry of the basal ice. Our
biogeochemical results indicate that microbial activity is both a source and sink for
dissolved gases in debris-rich basal ices and demonstrate that debris-rich ice in the basal
zone of cold-based polar glaciers is a habitat for viable bacteria. Debris-rich basal ice also
contains abundant dissolved organic carbon and nitrogen (as NH4+) that is available to
bacteria entrained in the ice as well as biota in adjacent, downstream ecosystems to the
Taylor Glacier (e.g. Lake Bonney). Together, the geochemical and biological data
indicate that microbial respiration is likely occurring in situ within the basal ice matrix at
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ambient temperatures of ~ -15°C. These results have broader implications for large ice
sheets; since (i) basal ice represents an important transient phase in the subglacial
environment that supports viable microbial inocula and delivers nutrients to downstream
environments and (ii) the basal zones of cold-based ice sheets are a viable subglacial
microbial habitat. This is especially pertinent given the recent report by of Bell et al.,
(2011) for widespread basal freeze-on adding significant volumes of ice to the base of the
East Antarctic Ice Sheet. If such large volumes of basal ice do indeed exist in East
Antarctica these reports indicate that basal ice, and the enhanced microbial habitat it
creates is a more significant component of ice sheets than previously considered.
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Supplemental Figures
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Figure S1. Photograph of north margin of Taylor Glacier, McMurdo Dry Valleys,
Antarctica. The location of the subglacial tunnels dug in 1999 and 2007 are shown. Basal
ice samples were collected from ~4 m vertical profiles of ice exposed at the end of the
subglacial tunnels. The 2007 tunnel site was ~1.5 km from the glacier terminus.
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Figure S2. Volume and molar concentrations of gas species in air samples extracted from
Taylor Glacier basal ice (2007 profile). Dotted lines denote the composition of gas in
clean ice (debris-free). Gas volume and composition measurements were conducted on
ice samples from all three ice facies encountered in the 2007 profile (clean, banded
dispersed, and solid).
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Figure S3. Concentration of O2 and CO2 in air samples extracted from debris-poor (open
symbol) and debris-rich (closed symbol) basal ice from Taylor Glacier (2007 profile).
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ALTERATION OF THE COMPOSITION OF AIR TRAPPED IN DEBRIS-RICH ICE
BY IN SITU MICROBIAL RESPIRATION AT -15°C
Introduction
The presence of geologic debris in basal ice layers of polar glaciers and ice sheets
enhances activity by microorganisms in solid ice at sub-zero [Montross et al., 2009].
Debris in the ice provides a unique physico-chemical environment that is advantageous to
the survival and persistence of organisms entrained into the ice. Recent work has shown
that debris-rich basal ice layers in the Greenland Ice Sheet harbor bacteria capable of
aerobic and anaerobic metabolism in laboratory studies [Miteva et al., 2004; Yde et al.,
2010], however, there is still a lack of direct evidence that these organisms remain
metabolically active in the ice at sub-zero temperatures. This work provides multiple
lines of evidence to support the hypothesis that bacteria in debris-rich basal ice from
Taylor Glacier, Victoria Land, Antarctica, are metabolically active in situ at -15°C and
that the microbial community plays a role in carbon cycling in this subglacial
environment. Based on these findings, and the presence of widespread bodies of basal
ice at the base of the Greenland ice sheet [Herron and Langway, 1979; Souchez et al.,
2004], polar glaciers [Lorrain et al., 1999; Samyn et al., 2005; Skidmore et al., 2000] and
potentially at the base of the East Antarctic ice sheet [Bell et al., 2011] it is likely the cold
biosphere and active biogeochemical cycling in these regions is far greater than
previously considered.
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Microbial Respiration in Basal Ice
CO2 concentrations up to 100x greater than atmospheric values have been
measured in basal ice from Taylor Glacier (TG), an outlet glacier in the McMurdo Dry
Valleys of Antarctica [Samyn et al., 2005]. These findings are corroborated by the data
presented herein from additional ice samples collected from a different location at TG
during the 2007 austral summer. High CO2 values and commensurate low O2/N2 ratios in
the ice are attributed to thin films of liquid water that develop along ice crystal and
mineral grain boundaries that interact with gas bubbles and other materials in the ice
[Samyn et al., 2005]. Samyn et al. [2005] suggest these water/gas interactions result in
selective enrichment in CO2 concentrations given its much higher solubility relative to O2
and N2. Samyn et al. [2005] also make a qualitative argument that on refreezing O2
dissolved in these thin water films is preferentially excluded relative to CO2 due to
differences in the rates of diffusion of O2 and CO2, though no further details on this
process are provided. This contention provides a plausible explanation for the enrichment
of CO2 up to concentrations of ~20,000 ppmv (the solubility of CO2 in water at 0°C),
however, it can not account for the high CO2 concentrations (~ 200,000 ppmv) previously
measured at other outlet glaciers in the McMurdo Dry Valleys, Antarctica [Lorrain et al.,
1999; Sleewaegen et al., 2003] or account adequately for the commensurate low O2
concentrations. Significant research to date has focused on CO2 production in basal ice
by physical and chemical mechanisms; yet little attention has been paid to in situ
microbial respiration as a source of CO2 in the ice. Microbial respiration of organic
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carbon to CO2 is an alternative mechanism for CO2 gas production in glacier ice as
suggested by Campen et al. [2003] and Price, [2007] but that has not been rigorously
tested. Measurements of the isotopic composition of gas trapped in basal ice layers from
Taylor Glacier are used to assess the role of in situ microbial activity on ice gas
chemistry.
Taylor Glacier is an outlet glacier that flows from Taylor Dome on the East
Antarctic ice sheet into the Taylor Valley, one of the McMurdo Dry Valleys of South
Victoria Land, Antarctica (Fig. 1a). A 4 m vertical profile of basal ice was collected
from a subglacial tunnel that was excavated into the northern margin of the glacier
approximately 1.5 km up-glacier of the terminus (Fig. 1a). The temperature of the ice
throughout the entire basal profile sampled was -15°C. Discrete samples were taken for
gas analysis from debris-free (clean) and debris-rich ice layers at different vertical depths
in the profile (Fig. 1b).
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Figure 1. Taylor Glacier, Antarctica. (a) Photograph of the north margin of Taylor
Glacier and location of tunnel sites for sampling during the 1999/2000, 2007/08, 2009/10
austral summers. (b) Photograph of a 40 cm section of banded basal ice with debris-rich
and clean ice layers. Symbols denote the location and type of analysis conducted on the
different ice layers.
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Culturing experiments and phylogenetic analysis of cloned 16S rRNA gene
sequences amplified from DNA extracted from debris-rich ice layers in the profile
indicates the bacterial community is dominated by heterotrophic organisms belonging to
the phylum Firmicutes. The DNA clone library (n=99) was dominated by sequences
similar to organisms from the genus Sporosarcina or Paenisporosarcina. Culturable
heterotrophic bacteria belonging to the genus Sporosarcina spp. and Paenisporosarcina
spp. were isolated from melted debris-rich ice and capable of growth at temperatures
ranging from 4 to 20oC. Additional culturing work on Sporosarcina sp. B5 demonstrated
its ability to grow heterotrophically at -5°C in liquid culture with 7.6% total dissolved
salts and respire in ice in the laboratory at -15oC [Skidmore et al., 2009; Bakermans and
Skidmore, 2011a; 2011b]. Members of the genus Sporosarcina, and related Sporosarcina
spp. have been identified using 16S rRNA gene sequences and isolated from numerous
basal ice samples collected from three different locations (tunnels) at Taylor Glacier in
1999, 2007, and 2009.
Heterotrophic respiration is a mode of metabolism that uses organic carbon
compounds as both an electron donor and carbon source. Under oxic conditions O2
serves as the electron acceptor. When O2 is not present other oxidized chemical species
may serve as an electron acceptor (e.g. NO3-, Fe3+, or SO42-). Cellular pathways
associated with aerobic heterotrophic respiration impart a fractionation on the 18O/16O
ratio of O2 and the 13C/12C ratio of CO2 during respiration. Thus, we used a dual isotope
approach, measuring the δ18O of O2(g) and δ13C of CO2(g) in air samples extracted from
clean and debris-rich basal ice to determine if heterotrophic respiration is occurring in the
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ice. Methods for gas extraction and analysis by isotope ratio mass spectrometry followed
Sowers et al., (1989). All gas isotope values are reported with respect to present-day air
(O2) and PDB standard (CO2) using the standard δ notation.
The oxygen isotope composition of O2 in clean ice was 0.4–1.2‰ (Fig. 2) and
similar to values measured in Greenland and Antarctic ice core records that span the lateQuaternary Period (e.g. [Bender et al., 1995; Sowers et al., 1989]. The δ18O values of
oxygen in air extracted from debris-rich laminated ice ranged from 3.0 to 115.0‰ and
were significantly higher than values measured in glacier ice [Bender et al., 1995; Bender
et al., 1994; Sowers et al., 1989] and clean basal ice (Fig. 2).
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Figure 2. Depth profiles of δ O-O2 values measured in air extracted from debris-free
(clean) and debris-rich basal ice from Taylor Glacier. The range of values reported for
δ18O-O2 in polar glacier ice cores is bounded by the vertical dotted lines (Sowers and
Bender 1989; Bender et al, 1994). Shaded symbols denote replicate samples that were
taken from the same horizontal ice layer but from different ice blocks that were adjacent
to each other.
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The highest δ18O values measured in this study were at profile depth 235 cm (Fig.
1b). This ice contained ~39% (wt.%) debris and a bulk O2 concentration of 4%, ~ 5times less than the O2 concentration in present day air. Oxygen consumption in the ice
by bacterial heterotrophic respiration would preferentially consume 16O from the O2 pool
[Luz and Barkan, 2005] increasing the ratio of 18O/16O. The consumption of O2 by
respiration in the ice results in δ18O-O2 values that are higher relative to values measured
in clean ice where oxygen consumption by bacteria was not measurable using isotopic
techniques.
δ13C-CO2 values measured in air extracted from Taylor Glacier clean basal ice
ranged from -11.9 to -12.5‰ (Fig. 3). δ13C-CO2 values measured in clean ice were ~5‰
lower than values reported for glacier ice from Taylor Dome and EPICA Dome C glacier
ice [Elsig et al., 2009; Indermuhle et al., 1999]. We suggest the lower δ13C-CO2 values
measured in clean basal ice layers are the result of limited microbial activity in the
debris-poor zones. CO2 concentrations in debris-poor basal ice layers ranged from 280360 ppmv, which is higher than pre-industrial values measured in other ice cores. Clean
basal ice contains dissolved organic carbon concentrations ranging from 0.2 to 1.0 mg L-1
and dissolved nitrogen (~0.05 mg L-1), however, the total number of viable bacterial cells
ranged from 200-400 cells mL-1 of melted ice. Heterotrophic organisms have been
cultured from clean ice indicating their presence and viability. However, in incubations of
melted basal ice samples at 2°C, without nutrient amendment a minor amount of
microbial respiration was observed the absence of debris (i.e., natural carbon and nutrient
source), relative to the debris-rich ices [Montross et al., 2009]. Thus, this indicates that in
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ice without debris the potential for microbial survival is severely limited [Montross et al.,
2009].
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Figure 3. Depth profiles of δ13C-CO2 values measured in air extracted from debris-free
(clean) and debris-rich basal ice from Taylor Glacier. The range of values reported for
δ13C-CO2 in polar glacier ice cores is bounded by the vertical dotted lines (Indermühle et
al., 1999; Elsig et al., 2010). Solid and open symbols denote replicate samples that were
taken from the same horizontal ice layer but from different ice blocks that were adjacent
to each other.
δ13C-CO2 values in air samples extracted from debris-rich ice ranged from -15.7
to -24.4‰ (Fig. 3). The relatively low δ13C-CO2 values measured in the basal ice layers
are consistent with CO2 derived from the oxidation of organic matter (Fig. 4). The lowest
δ13C-CO2 value measured in this study (-24.4‰) was at profile depth 232.5 cm. This ice
contained 39% debris (wt.%), CO2 concentration of 320,000 ppmv, and less than 2% O2.
This particular ice band contained 1.1 x 104 DNA containing bacterial cells per gram of
ice-sediment with ~75% of the cells exhibiting an intact cellular membrane and thus
presumed to be viable.
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Figure 4. Range of values for δ13C of CO2 and other carbonate species in sediment and
freshwater systems (Allan and Matthews, 1982; Morse and McKenzie, 1990) and CO2 in
Antarctic glacier ice from Taylor Dome (Indermühle et al., 1999), EPICA Dome C (Elsig
et al., 2009), and Taylor Glacier (this study).
An isotope mass balance model was used to determine the relative proportion of
CO2 in the ice that is derived from the atmosphere, carbonate dissolution, and biological
respiration. The mass balance equation for basal ice CO2 is:
δ13C-CO2 modeled =
(%CO2 (chemical)*0‰) + (%CO2 (atm/physical)*-6.5‰) + (%CO2 (biological) * -30‰)

This model assumes; (a) the sources of CO2 in basal ice are; chemical dissolution of
carbonate material (chemical), the atmosphere and/or melting-refreezing processes
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(atm/physical), and biological respiration of organic matter (biological), (b) the δ13CCO2 from carbonate dissolution is 0 ‰ [Morse and Mackenzie, 1990], (c) the δ13C-CO2
of atmospheric CO2 from pre-industrial times is -6.5 ‰ [Elsig et al., 2009; Indermuhle et
al., 1999]. (d) The δ13C-CO2 from microbial respiration is -30 ‰. This value was derived
from the δ13C of dissolved organic carbon (DOC) measured in melted samples of basal
ice taken from the same locations as the gas measurements, since the isotopic
composition (13C/12C ratio) of CO2 produced by microbial respiratory pathways is
ultimately controlled by the δ13C of the organic carbon substrate that is oxidized to
produce CO2. δ13C-DOC values in clean ice (n=3) were -29.9 ± 0.7 ‰ and ranged from 24.2 ± 0.9 to -27.2 ± 0.8 ‰ (n=6) in debris-rich layers (232 and 232.5 cm). The lowest
δ13C-DOC value (-30.0 ‰) was used in the mass balance equation to produce the most
conservative estimate of the contribution of microbially respired CO2.
During model iterations the percentage of CO2 from each source was varied and
the expected δ13C-CO2 value calculated for each scenario. A plot showing the results of
three different scenarios based on CO2 concentrations of 30,000 and 300,000 ppmv in the
ice are shown in Fig. 5. The results of the model indicate that in order to achieve similar
δ13C-CO2 values measured in debris-rich ice (-16 to -24‰) at least 60% of the CO2 must
be derived from the oxidation of organic carbon (Fig. 5). In debris-rich layers with
measured δ13C-CO2 values ranging from -15 to -20‰ at least 40% of the CO2 must be
produced via microbial respiration (Scenario #2, Fig. 5) and in ice containing ~300,000
ppm CO2 (profile depths 232.5, 235.0, 252.5 cm) nearly 90% of the CO2 must be derived
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from biological respiration in order to achieve δ13C-CO2 values that are lower than -20‰
(Scenario #3, Fig. 5).
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Figure 5. Modeled δ 13C-CO2 values associated with chemical, physical, and biological
processes occurring in debris-rich basal ice. δ 13C values for each scenario were used to
account for the potential sources of CO2 in debris-rich ice using equation 1 shown in the
text. The black brackets above the plots for Scenario 2 and 3 show the range of δ13C-CO2
values measured in Taylor Glacier debris-rich ice. The scenarios for the model were
based on the proportions of CO2 from different sources (chemical, physical, and
biological) in the ice. Scenario 1, the proportion of CO2 is from chemical and physical
processes and no biological component is present. Scenario 2, assumes CO2 from
melting and refreezing contributes 20,000 ppmv and the remaining CO2 is from chemical
and biological sources. Scenario 3, the CO2 concentration from a physical source is set at
atmospheric concentration (~300 ppm) and the percentage of CO2 from chemical and
biological sources are varied.
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The remaining percentage of CO2 in the ice is derived from a combination of
physical and chemical processes that occur during the formation of basal ice. Melting
and refreezing events may explain a proportion of the CO2 (up to 20,000 ppmv) measured
in the basal ice; however, this process does not fully explain the measured concentrations
of O2 and CO2 and the δ18O-O2 and δ13C-CO2 values in the ice layers. Interactions of thin
water films with carbonate in the ice would result in δ13C values higher than -6.5 ‰, the
lowest δ13C value that could be reached if atmospheric and carbonate derived CO2 were
the only sources of CO2 within the basal ice layers. Total gas volume measurements
(Supplemental Fig. 1) and the isotopic composition of the melted ice (δ18O(ice) and δD(ice))
(Supplemental Fig. 2) indicate that small scale melting and refreezing events are
prevalent in the basal ice layers, particularly in the debris-rich layers. However, the gas
isotope evidence indicates this process has only a minor effect on the concentration of
CO2 in the ice compared to the proportion produced via biological respiration.
The formation of CO2 clathrate in the ice was also considered as a potential
contributory source for the high CO2(gas) concentrations and δ13C-CO2 values measured in
the ice. Taylor Glacier basal ice samples analyzed are likely free of clathrate based on
the conditions at the glacier bed (Fig. 6), however, if the ice was significantly colder or
thicker (deeper) then CO2 hydrates would be stable according to the pressure-temperature
diagram (Fig. 6). Further, TG ice samples that were subjected to dry crushing for δ13CCO2 analysis likely contained less than 2% clathrate (T. Sowers personal
communication). Limited research has been conducted on the carbon isotopic
composition of CO2 in clathrated ice but a recent study measured less than 0.2‰
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difference in bubble and clathrate δ13C-CO2 [Schaefer et al., 2011]. Thus, it is not likely
that the carbon isotope values measured in this study are affected by clathrate formation.

Ɣ

Figure 6. CO2 hydrate phase diagram modified from Genov (2005). Conditions for
Taylor Glacier basal ice (30 m depth, T=258K) are denoted by the solid circle. S=solid,
L=liquid, I=ice, V=vapor, H=hydrate.
The basal ice zones of the world’s ice sheets and glaciers were once considered to
be devoid of life and thus lack biologically mediated elemental cycling. Based on this
work, and the work of others, microbes are active and modifying the gas chemistry of the
basal ice of polar glaciers and ice sheets, especially in the debris-rich zones. Further,
microbial metabolism in the basal ice results in unique and diagnostic biosignatures.
Debris-rich basal ices are widespread in deep ice cores in Antarctica, including those
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drilled into ice streams, and in Greenland thus we argue the extent of the deep, cold
biosphere and active biogeochemical cycling in these regions is likely greater than
previously considered.
Methods
A 15 m long tunnel was dug into the northern lateral margin of Taylor Glacier
approximately 1.5 km from the glacier terminus during the 2007/2008 austral summer.
A contiguous series of ice blocks (~ 20 cm high, 10 cm x 10 cm wide) were cut from the
wall of a 4 m deep vertical shaft dug at the end of the tunnel. The blocks were cut from
the wall using an electric chainsaw equipped with tungsten-carbide teeth. The ice blocks
were wrapped in polyethylene bags and transported at -20°C to laboratories at Montana
State University and Université Libre de Bruxelles. Discrete samples for gas volume, gas
composition, and gas isotope measurements (see Figure 1b) were cut from the center of
the sampled ice blocks using a diamond wire saw in a cold room at -20°C following
methods described by Tison (1994).
Total gas content was measured on samples (~30 g) using a Toepler pump and a
melting-refreezing method described by [Blunier et al., 1993; Raynaud et al., 1988].
Gas composition (CO2, O2, N2, and Ar) measurements were made on air samples
extracted from ice blocks of 60-80 g using the dry extraction technique [Barnola et al.,
1983; Raynaud et al., 1982; Raynaud et al., 1988] and analyzed by gas chromatography
using a Varian 3300 gas chromatograph using the techniques described by [Lorrain et al.,
1999].
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Subsamples for isotopic analysis of O2 and CO2 were cut at both Montana State
University and Université Libre de Bruxelles and shipped to Penn State University at 20°C. For δ18O-O2 determinations, trapped gas was liberated from each 20-30 g ice
sample using a wet extraction (melt/refreeze) technique [Sowers and Jubenville, 2000]
[Sowers, 2006]. Each air sample collected was passed through an Askerite (NaOH) trap
to remove CO2 from the sample prior to cryogenic trapping in liquid He. Mass
spectrometric analyses were performed using continuous flow isotope ratio
measurements (CF-IRMS) using a Finnigan MAT 252 mass spectrometer following
protocols described in [Sowers et al., 1989; Sowers et al., 1997]. Results are reported
using the standard δ-notation with respect to present-day air. For δ13C-CO2
determinations, air samples were extracted from 100 g ice blocks using a dry extraction
technique [Barnola et al., 1983; Raynaud et al., 1982] followed by cryogenic trapping
with liquid He. The carbon isotopic composition of the CO2 was analyzed by dual inlet
isotope ratio mass spectrometry. Results are reported using the standard δ-notation with
respect to the PDB standard.
Ice samples (1-5g) were melted in 50ml polypropylene tubes, centrifuged if
sediment was visible and filtered into crimp top 2ml glass vials, ensuring the vial was full
with no headspace. δ18O and δD determinations were made on the melted samples using
a Los Gatos water isotope analyzer following the manufacturers standard protocols. The
results are reported in the standard delta notation with reference to known standards
(VSMOW, GISP, and SLAP) obtained from the IAEA (Vienna, Austria).
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A 500 cm3 block of stratified debris-rich ice was cut from a sample collected from
the basal ice profile collected using a diamond masonry saw. The surfaces of the block
were decontaminated using the protocol described in [Christner et al., 2003]. The
decontaminated sample was melted overnight at 4oC in a sterilized container. The
meltwater slurry was vortexed and surface spread on R2A agar (Difco) and Marine
Agar (Difco) media. Triplicates of all plates were incubated under aerobic conditions
at 4, 10, 20 and 37oC until growth of new colonies was no longer detected. Growth was
observed at all temperatures except 37°C. A total of 48 isolates were chosen for
identification based on colony morphology, pigmentation, and growth temperature on
each media. Genomic DNA was extracted from each isolate using an UltraClean
Microbial DNA isolation kit (MoBio Laboratories). For community DNA analysis of
environmental samples a 5.0 L sample of stratified ice melt-water was concentrated on a
90 mm, 0.22 um Supor-200 filter (Pall Corporation). Bulk DNA was extracted from the
filter using a PowerMax DNA isolation kit (MoBio Laboratories).
Bacterial 16S rRNA genes were amplified from both isolate and bulk community
DNA extracts by PCR (MasterTaq, 5 PRIME) using primers 27F (5’AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT 3’). Amplified 16S rRNA genes were purified by ethanol precipitation [Sambrook and
Russell, 2006]. Cleaned PCR products amplified from community DNA were ligated into
the pGEM-T Easy vector, cloned into E. coli JM109 competent cells, and identified using
blue/white screening as described by the manufacturer (Promega). Plasmid DNA from
candidate colonies was purified using a QIAprep Spin Miniprep kit (Qiagen) and used as
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a template for reamplification of cloned 16S rRNA genes. PCR products were sequenced
with the BigDye Terminator system (Applied Biosystems). Taxonomic assignments
were performed by aligning sequences to the SILVA SSU reference database (v.103).
Supplemental Figures
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Figure S1. Volume of gas in air samples by depth. Dotted line denotes the volume of gas
in clean ice (debris-free). Gas volume measurements were conducted on ice samples from
all three ice facies encountered in the 2007 profile (clean, banded dispersed, and solid).
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Figure S2. δ18O-δD diagram for basal ice samples collected from Taylor Glacier.
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BIOGEOCHEMICAL WEATHERING IN DEBRIS-LADEN BASAL ICE FROM
TAYLOR GLACIER, ANTARCTICA
Introduction
Debris-rich basal ice layers have been observed at nearly all polar ice masses
investigated (see reviews by Hubbard and Sharp, 1989; Knight, 1997; Hubbard et al.,
2009), however, little is known about the geochemical attributes of basal layers or the
effect that entrained debris has on the aqueous chemistry of the ice. Studies of subglacial
chemical weathering have focused primarily on alpine and polythermal glaciers where it
is possible to collect meltwater and sediment issuing from subglacial streams or within
boreholes that reach the bed (Tranter et al., 1997; Skidmore et al., 2000; Tranter et al.,
2002; Wadham et al., 2004). Here I report on the geochemical weathering environment
in debris-rich basal ice layers of Taylor Glacier, Antarctica, a cold polar glacier where
basal ice temperatures are -15°C. To date, there is no published model or weathering
scheme that addresses the potential for mineral weathering in debris-rich basal ice.
Samyn et al. (2005) argue for thin water films in Taylor Glacier debris-rich basal ice
based on crystallography and gas chemistry. These arguments are supported by
theoretical calculations that as in debris-rich frozen ground thin water films develop and
persist along the surface of debris in the ice (Price, 2007). Further, Raiswell et al. (2009)
note the presence of transient Fe mineral phases in polar glacier ice, including a sample
from Taylor Glacier, that indicate subglacial weathering of pyrite is occurring in aqueous
microenvironments in the debris-rich ice. Thus, Raiswell et al. (2009) suggests that the
protons from sulfide oxidation may drive the chemical weathering of entrained debris in
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polar basal ice. The results from Chapters 2 and 3 of this dissertation demonstrate high
concentrations of CO2 from microbial respiration in the debris–rich ice at Taylor Glacier.
Dissolution of this CO2 into thin water films would form carbonic acid, and thus it
plausible to suggest that microbial activity is driving chemical weathering of debris in the
ice. This study applies the model for subglacial chemical weathering proposed by
Tranter et al. (2002) for aqueous subglacial sediments to develop a weathering scheme
for debris-rich basal ice layers.
Methods
Ice Sample Collection and Preparation
A 4 m vertical contiguous series of ice blocks (each 20 cm(l) x 10 cm(w) x 10
cm(d)) were collected from a 15 m long subglacial tunnel dug into the northern lateral
margin of Taylor Glacier, Antarctica (Figure 1). The ice blocks were cut from the wall of
a 5 m vertical shaft excavated at the end of the tunnel using an electric chainsaw outfitted
with a carbide tip chain. The samples were wrapped in polypropylene bags; heat sealed,
packed in freeze safes and transported at -20°C or below to the laboratory at Montana
State University. Discrete samples (thickness and dimensions varied with type of
analysis) were cut from the large blocks in a -30°C cold room at the Montana State
University Subzero Research Facility using a band saw or Well™ diamond wire saw
following the methods of Tison (1994). Laboratory prepared ice sticks made with 18.2
MΩ water were used as procedural blanks to measure contamination of ice samples
during sample preparation and processing.
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Figure 1. Photograph of the north lateral margin of Taylor Glacier, McMurdo Dry
Valleys, Antarctica. The location of the subglacial tunnel dug in 2007 is shown.

Basal Cryofacies Identification
Basal ice layers in the profile were classified into cryofacies following the scheme
of Hubbard et al. (2009). Briefly, each cryofacies and sub-layer(s), if present, were
classified by; (a) the thickness of the layer (m), (b) the concentration of incorporated
debris (g L-1), (c) texture of incorporated debris, (d) concentration (mean separation in
mm) and size (equivalent diameter in mm) of the incorporated bubbles. Facies and sublayer determinations were made by visual observations of the ice using a 10x lens, 40x
dissecting scope, or unaided eye. The concentration of debris in discrete ice layers was
determined by measuring the dry weight of debris collected from melted samples and
reported as g L-1 or by percent weight. Facies descriptions are also presented in
shorthand form using the formula:

; where X is the layer thickness, dc:dt is the
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debris concentration: debris texture and bc:bs is bubble concentration: bubble size. A full
description of the nomenclature and qualifiers for dc,dt, bc, and bs are given in Hubbard
et al. (2009).
Aqueous Chemistry
Rectangular slices of ice ~ 2-3 cm x 7 cm were cut from the profile at 1 cm
vertical resolution, producing samples weighing 20-25 g. The average melting time for
clean and debris-rich samples was always less than 90 minutes. Melted samples that
contained debris were centrifuged at 5,000 rpm for 2 minutes in a refrigerated centrifuge
(4oC) as soon as the sample was completely melted to pellet the debris and separate the
aqueous portion of the sample. The leftover debris was collected into a 50 mL tube and
saved frozen for XRD analysis. The aqueous portion of each sample was collected from
the tube with a 20 mL syringe and filtered through a 0.2 um polyethylsulfone (PES)
membrane into a 1 N HCl acid washed plastic scintillation vial. Each vial was rinsed 3x
with sample prior to filling. All melting and filtering steps were monitored for
contamination using laboratory prepared 18.2 MΩ water ice cubes that were taken though
all phases of sample preparation (i.e. storage, cutting, melting, and filtering) and analysis.
All concentrations reported were blank-subtracted using average values measured in
procedural blanks (n=10).
pH was measured on unfiltered and filtered samples immediately after melting
using a microelectrode pH probe attached to an Orion benchtop pH meter. The probe
was calibrated using pH 2, 7, and 10 standard solutions. The concentration of anions (F-,
Cl-, NO3-, PO43-, SO42-), were determined by ion chromatography using the methods
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previously described (Montross, 2007). Cations and trace metal concentrations were
determined by inductive coupled plasma spectrometry using a Perkin Elmer Optima 5300
ICP with optical emission. The concentrations of silicon (Si), nitrite-nitrogen (NO2-N),
nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N), and phosphate-phosphorous
(PO4-P) were determined colorimetrically using a SEAL QuAAtro segmented flow
autoanalyzer (SEAL, Milwaukee, WI). Accuracy was measured as the percent difference
from a certified external ion standard and there was less than 5% error between the
certified and measured value for all standards. The concentration of HCO3- was
calculated from charge deficit using PHREEQci (Parkhurst and Appello, 1999).
Corrections for Seawater Inputs
The non-sea salt (nss) component of ions in the water was calculated using the
following equation, following Sharp et al., 1995;
!

where X (nss) is the ion being corrected for using the ratio of X:Cl in seawater based on
Holland, (1978) and the concentration of Cl- measured in a sample. This equation was
used to calculate the nss-derived Ca2+, Na+, Mg2+, K+, and SO42- in the melted ice
samples.
Bulk Mineralogy of Basal Debris
A 5-10 g aliquot of sediment taken from the leftover sediment remaining after
melting debris-rich ice samples was used for x-ray diffraction (XRD). Sediment samples
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for XRD were dried overnight at 105°C then ground into a disaggregated homogeneous
powder using a mortar and pestle. The powdered sample was passed through a 250-mesh
sieve into a 2 mL vial. The samples were either scooped into the sample holder of the
diffractometer or sprinkled onto a petroleum jelly-coated slide.
XRD analysis was conducted using a Scintag X-ray Powder Diffraction
Spectrometer with a Cu x-ray source at 40 kV beam voltage and 45 mA beam current. Xray spectra were generated across a 2θ range of 5-90° in 0.02° steps with a scan rate of
2.5°/minute. X-ray spectra were analyzed using the DMSNT computer software package
to determine peak positions and relative intensities and subsequently compared to the
ASTM powder diffraction file catalog for identification of unknown crystalline minerals.
Elemental Composition of Sediment
Sediment collected from melted ice samples was subjected to various leaching
and dissolution protocols following the methods outlined by Sharp et al. (2002). Leach 1
was used to determine the exchangeable cation pool. 0.5 g of sediment was reacted with
5 mL of 1 M ammonium acetate for 5 min. at room temperature. The slurry was
centrifuged and the supernatant was collected for analysis. The remaining mineral
separates were rinsed 3x with 18.2 MΩ water and used for sequential acid digestion. The
washed residue was reacted with 1.7 N acetic acid for 10 minutes (Leach 2), followed by
1.7 N acetic acid for 120 minutes (Leach 3). Leach 2 and 3 were designed to digest
carbonate material. The remaining residue was reacted with a 5:2 mix of 24 N
hydrofluoric acid + 16 N nitric acid in a sealed Teflon PFA vessel at ~160°C for 24
hours. After each reaction (Leach 2-4) the sample was centrifuged, the supernatant was
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removed and added to a teflon beaker, dried, and reconstituted in a 5% solution of trace
metal grade nitric acid for analysis by ICP-OES.
Loss on Ignition
Sediment samples were combusted at 550°C and 900°C to determine the
percentage of organic carbon and carbonate material in the sediment following the
methods by Heiri et al. (2001).
Results and Discussion
Basal Cryofacies
A stratigraphic column showing the debris content and cryofacies in the basal ice
profile collected is shown in Figure 2. The cryofacies identified in the basal profile were;
Clean (C), Banded dispersed (BD), and Solid (So). Clean facies (C) ice (depth 0-180 cm)
contained no visible debris (<1 g L-1) and contained a high concentration of bubbles
(mean separation between bubbles was 1-10 mm) that were 1 to 5 mm in diameter. The
bubbles were all elongated and oriented parallel to each other.
The Banded dispersed (BD) cryofacies at depths 180-320 cm had a primary layer
thickness of ~140 cm and within the facies four different secondary layers (subfacies)
were identified; Clean (C), Banded dispersed (BD), Laminated solid (LSo), and Banded
solid (BSo).
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Figure 2. Stratigraphic column of basal ice collected from Taylor Glacier during the
2007 field season. Facies assignments are based on the classification scheme proposed
by Hubbard et al. (2009). The key to classification [shorthand] is shown in Table S1.
Asterisks denote a characteristic that could not be classified into any specific grouping.
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Secondary layers containing debris were separated into LSo and BSo based on the
observation of <1 mm laminations of debris-rich ice (LSo) at profile depths 230-236 cm.
The laminations were intermixed with 0.2 – 1.0 cm diameter pebbles frozen into the ice
layers. The bubble concentration of the debris-rich layers was classified as very low,
however, bubbles were present in small (<1 mm) lenses of interstitial ice. The presence
of frozen pebbles into the debris-rich laminations resulted in the classification of LSo.
BSo layers at 183-185, 191-195 and 255-260 cm lacked laminations but contained 0.5-2.0
cm diameter pebbles frozen into uniform (non-layered) frozen debris ice. BSo layers had
high debris content (up to 40% or 102-103 g L-1) that had a muddy (255-260 cm) or sandy
(183-185 and 191-195) texture with no visible bubbles or interstitial ice. The C layer at
200-220 cm in the BD facies was ~20 cm thick, contained no debris, and had a very highhigh concentration (<0.1 cm separation between bubbles) of elongated bubbles ranging in
size from 0.1-0.5 cm. Secondary debris-rich BD layers were of intermediate thickness
(~1 cm each) and were composed of individual debris bands that contained ~10 g L-1 of
debris and a high concentration of bubbles.
The bottom 80 cm of the profile collected was Solid (So) basal ice with a debris
concentration of 650-1000 g L-1 (>30%). The So ice is composed of a uniform muddysand matrix that was intermixed with large clasts (0.5-5.0 cm diameter) that lie in random
orientations. The ice contained intermediate sized bubbles (1-5 mm) with a mean
separation of 1-10 mm. The bubbles were elongated and oriented parallel to each other.
No visible interstitial ice layers or lenses were present in the So layer.
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Aqueous Chemistry of Basal Ice Cryofacies
The concentration of major cations and anions plotted by depth is shown in Figure
3. The results of all aqueous chemical analyses are shown in Appendix A. The ionic
strength (I) of water from melted clean ice was <0.04 (n=26). Melted samples from the
BD facies had an ionic strength that ranged from 0.048-0.51. The ionic strength was
directly proportional to the concentration of debris in the ice layers (y=0.013x, r2=0.95,
n=18).
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Figure 3. Concentration of major ions by depth.
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The ionic strength (I) of water from melted clean ice was <0.04 (n=26). Melted
samples from the BD facies had an ionic strength that ranged from 0.048-0.51. The ionic
strength was directly proportional to the concentration of debris in the ice layers
(y=0.013x, r2=0.95, n=18).
The dominant anions in the water collected from each ice sample were Cl-, HCO3and the dominant cations were Na+, Ca2+, and Mg2+, in order of decreasing concentration.
The average Na:Cl ratio of water from all debris-rich ice layers was 0.90 (s.d=0.17,
n=21). The laminated solid and banded solid layers (profile depths 230-236 and 253-255
cm respectively) that were predominantly debris-rich ice with no clean ice had a Na:Cl
ratio of ~0.85 (n=10, r2=0.90). These ratios are close to that of seawater, 0.86 (Holland,
1978). Given the high Na+ and Cl- concentrations in the debris-rich samples, which were
atypical relative to subglacial meltwaters (e.g. Tranter et al., 2002) or subglacial sediment
porewaters (Skidmore et al., 2010) we investigated whether highly soluble salts such as
NaCl were dissolved during the melting process.
A block of debris-rich ice from 248 cm depth was melted in a funnel with the
meltwater collected in a 50ml polypropylene tube. At seven time points during the melt
process 0.6 to 1 ml fractions were removed from the polypropylene tube and analyzed for
their major cation and anion concentrations as previously described. A continuous rate of
melt production was estimated using the following equation y = 0.0011x2 + 0.0022x
based on the measured data; where y = meltwater generated (ml) and x = time in minutes.
Chemical composition vs melt fraction revealed preferential elution of Na+, Cl-, Mg2+ and
SO42- in the first fractions (23-40%) of melt generated (See Figure S1). This is likely the
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result of dissolution of highly soluble mineral phases e.g. halite and magnesium sulfate
that exist as minor crystalline phases in the debris-rich sediment layers.
This is likely the result of dissolution of highly soluble mineral phases e.g. halite
and magnesium sulfate that exist as minor crystalline phases in the debris-rich sediment
layers. Thus one can separate the solute derived from mineral dissolution on melting
relative to solute produced from longer-term mineral (carbonate and silicate) weathering
in the debris-rich ice (See Figure S2). The proportionate corrections based on this
preferential elution are (in % of total solute); 0.6, 2.4, 16.6, 26.0, 5.0, and 36.7 for Ca2+,
K+, Mg2+, Na+, SO42-, and Cl- respectively. These correction factors may vary by ion for
individual samples but it seems reasonable to assume this process is occurring to greater
or lesser extents during melting of all the debris-rich ices.
After the initial dissolution correction, the molar ratios of Mg/Cl, Ca/Cl, SO4/Cl,
and K/Cl in melted debris-rich ice from the banded dispersed facies (180-255 cm)
indicate Mg2+, Ca2+, SO42-, and K+ are enriched with respect to seawater/seasalt aerosol
(Holland, 1978). This indicates that there is an additional source of solute in the debrisrich ice from carbonate and silicate weathering. To determine the fraction of ions that
were presumably from the weathering of debris in the ice we calculated the percentage of
ions in each sample that were derived from seasalt. The percentage of ss- and nssderived ions provides a crude estimate of the portion of solute derived from
seawater/seasalt aerosol versus other sources in the ice. The nss-derived excess of SO42and Ca2+ in debris-rich ice was ~88% (s.d.=4.3, n=60) and 95% (s.d.=2.3, n=60)
respectively. This data indicates that there is a significant proportion of solute present in
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the meltwater that are not derived from seawater/the seasalt aerosol or highly soluble
mineral salts.
Solid Phase Mineral Analysis
The bulk mineralogy of sediment grains in debris-rich basal layers is shown in
Table S2. The major mineral phases identified were quartz, orthoclase feldspar,
plagioclase feldspar (both anorthite and albite), calcite, and ferrohornblende (see Figures
S3 and S4). The results of x-ray diffraction analysis and indicate that sediment in the
basal ice is primarily composed of quartz, plagioclase feldspar, and orthoclase feldspar
(Figure S3 and S4). Remaining major peaks (>10% maximum intensity) were assigned
to calcite for the 232-cm depth sediment sample (Figure S3) and to a mix of calcite and
ferrohornblende for the 234-cm depth sediment sample (Figure S4).
Energy dispersive x-ray analysis of sediment from 232 and 234-cm depth
identified quartz (Si and O) and lower amount of plagioclase feldspar (Si, Al, O, and
Ca/Na). Based on the relative prevalence of Ca versus Na, the plagioclase mixture is
likely dominated by members closest to the Ca-rich anorthite end-member. The
additional presence of very low amounts of K suggests that orthoclase feldspar is also
present in the samples. SEM-EDS spectrum for sediment from the 234-cm ice band
shows the presence of Si/O and Al/Ca/Na indicating that quartz and plagioclase feldspar
are present. Hornblende is also present as indicated by the presence of Si/O, Al, Ca/Na,
and Mg/Fe and the XRD data (Figure S4). The sediment from 234-cm also contained a
sulfate mineral indicated by the presence of a sulfur peak in the spectra (Figure S5). The
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relatively large amount of Ca, compared to Na and Fe likely indicates that calcite is also
present in the sample (Griggs and Montross, unpublished data).
The elemental composition of sequential digests of sediment from depths 228 and
230 cm are shown in Figure 4. The exchangeable fraction (Figure 4a) was composed of
Ca, Na, Mg, Al, K, and Fe in order of decreasing concentration. The carbonate fraction
(Figure 4b) was dominated by Ca and also contained Al, Na, K, Fe, and Mg in order of
decreasing concentration. The acetic acid leaches are designed to digest carbonate
material (e.g., calcite and dolomite), however, both leaches contained very low
concentrations of Mg, indicating that the dominant carbonate mineral phase in the
sediment was calcite. S (as SO42-) was also present in the exchangeable and carbonate
fractions indicating that gypsum or anhydrite was present in the sediment. The results of
sequential leaches of the sediment with acetic acid indicate that 0.6% (by weight) of the
sediment was CaCO3. The silicate fraction (Figure 4c) was composed of Al, Ca, Fe, K,
and Na in order of decreasing concentration. Loss on ignition experiments with sediment
from (185,195, 230, 231, 233, and 234-cm depths) indicate that the sediment contains
~1% carbonate. This number is within range of the results from the sequential digests
and also similar to the values reported by Foley (2005) for CaCO3 in soils and tills in the
Taylor Valley.
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Figure 4. Concentration of cations in leachate from sequential dissolution of basal ice
sediment from 228 and 230-cm depths. The total concentration of cations leached in
each step is shown below each pie chart as ∑(ueqs). a. cations from exchangeable pool,
b. cations from carbonate fraction, c. cations from silicate fraction.
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Indices for Weathering Reactions in Ice
The sulfate mass fraction (SMF) is a useful way to characterize the weathering
environment in natural systems (Tranter and others, 2002). The SMF is defined as:
SMF = [SO42-]/[SO42-] + [HCO3-]
where ion concentrations are in equivalents/L. The SMF provides an index that can be
used to determine the relative proportion of HCO3- derived from; (a) carbonation
reactions (SMF<0.5), (b) coupled sulfide oxidation and carbonate dissolution reactions
(SMF~0.5), and (c) sulfide oxidation coupled to silicate weathering (SMF>0.5). The
SMF of meltwater from debris-rich basal ice layers shows three distinct groups with
depth in the ice profile (Figure 5).
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Figure 5. Sulfate mass fraction (SMF) by depth of melted samples from debris-rich ice.
Shading denotes the sub-facies classification; banded solid 183-195 cm (open), laminated
solid (230-236), and dispersed banded (251-255) cm.
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Based on SMF values the layers were classified into; (a) Type I, that have SMF
values of <0.2, (b) Type II with intermediate values of ~0.4, or (c) Type III, >0.5. Type I
waters were sourced from laminated solid layers at depths 230-236 cm that had an
average SMF of 0.17 (n=7). Type II waters from banded solid layers from profile depths
252-255 cm had an average SMF of 0.42 (n=4). Type III waters are from debris layers at
183-185 cm and 191-195 cm and had an average SMF of 0.82 (n=8). The SMF values
indicate that carbonation reactions are likely responsible for a significant proportion of
HCO3- in Type I waters and to a lesser degree in Type II waters where SMF is ~ 0.4. A
SMF of ~0.5 would be expected if the HCO3- concentration was derived by coupled
sulfide oxidation and carbonate dissolution. Type III waters have the highest SMF (0.60.82) indicating that sulfide oxidation coupled to silicate weathering, or the precipitation
of carbonates influences the HCO3- concentration in these waters (Tranter et al., 2002).
The ratio of (Ca2++Mg2+):HCO3- in equivalents in Type I waters is 1.2:1
indicating that carbonate dissolution is the dominant source of Ca2+, Mg2+ and HCO3- in
debris-rich ice from 230 – 236 cm (Figure 6). Type II and III waters have higher
(Ca2++Mg2+):HCO3- ratios of 1.5:1 and 2:7:1 respectively, indicating a greater proportion
of Ca2+ + Mg2+ from gypsum dissolution or silicate weathering. XRD analysis of debris
from the Type I, II, and III layers indicate that both orthoclase and plagioclase feldspar
(anorthite and albite) is present. A significant proportion (~90%) of the measured Na+ in
the melted debris rich ice is attributed to either highly soluble halite and sulfate mineral
phases liberated into solution on melting or a seasalt source. Thus with the assumptions
involved with these dual corrections it is difficult to use the remaining Na+ concentration
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as a robust indicator of solute from a silicate weathering source. In contrast only minor
corrections were made to K+ concentrations and thus these are used to evaluate solute
contributions from silicate weathering.
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Figure 6. Scatterplot of Ca2+ + Mg2+: HCO3- for Type I-III ices.

K+ concentrations are between 5 to 10 times higher in Type I waters than in Type
II and Type III waters (Figures 7 and 8). Further there a positive correlation between K+
concentrations relative to both SO42- and HCO3- concentrations for Type I waters. No
statistically significant correlation is evident between K+ and HCO3- for Type II and Type
III waters and only a weak correlation between K+ and SO42- is evident for these waters
(Figures 7 and 8).

96
89:0";

'!"

!"#$%&'()$(
*%"#$)%

&#"

,-"./01"23$4

&!"
%#"
%!"
$#"
89:0";;;
!"#$#,%&+#$*%"#$#.

$!"
#"

89:0";;
!"#$##(&+%$,
*%"#$##(

!"
!"

&!"

(!"

)!"

$%!"

$#!"

$*!"

%$!"

%'!"

%+!"

567&3"./01"23$4"

Figure 7. Scatterplot of K+: HCO3- for type I-III ices.
678/"9
!"#$%&'($(
)*"#$+(

'!"
&#"

+,"-./0"12$3

&!"
%#"
%!"
$#"
$!"

678/"99
!"#$#+&'#$%
)*"#$,(

#"

678/"999
!"#$#*&-#$.
)*"#$/+

!"
!"

$#"

&!"

'#"

45'%2"-./0"12$3"

Figure 8. Scatterplot of K+: SO42- for type I-III ices.

(!"

)#"

*!"

97
Mass Balance Calculations
The results from XRD analysis (Table S2) and nss calculations were used to
construct a basal ice weathering mass balance to determine the relative contributions of
solute from silicate versus non-silicate weathering reactions occurring in debris-rich ice
layers. The reactions used for the weathering mass balance are shown in Table S3 and
are based on XRD results and the aqueous chemistry of the ice. Nearly all of the Ca2+ in
Type I and II waters is attributed to carbonate weathering (96% and 94% respectively).
The remaining portion of Ca2+ (4-6%) is derived from the weathering of silicates. K+ in
Type I, II, and III waters was assigned to the incongruent weathering of orthoclase
feldspar. The proportion of Ca2+ from carbonate or silicate weathering reactions in Type
III waters varied by depth. Meltwater from debris-rich ice at 183-185 cm had a higher
proportion of Ca2+ derived from carbonate weathering (~60-80%) than water from depths
191-193, 195 cm (7-39%). However, at profile depth 194 nearly 85% of the total Ca2+
was assigned to carbonate weathering.
In all debris layers it is clear that carbonate dissolution, either driven by protons
from sulfide oxidation, or carbonation is the dominant weathering reaction in the debrisrich layers (Figures 5 and 6). In Type I waters the SMF value indicates the carbonation
reaction as the dominant proton source. These waters are from ice at a depth of 230236cm where CO2 respiration by bacteria in the basal layers has been shown to contribute
a high proportion of CO2 to the ice, resulting in high CO2 concentrations similar to those
in soils (e.g. > 100 times atmospheric concentrations) (Chapter 3 of this dissertation).
Therefore, there is consistency between these two independent datasets. Type I waters
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have high Ca2+ and Mg2+ concentrations and are oversaturated with respect to calcite and
dolomite, however, there is evidence for silicate weathering in these waters given the K+
concentrations (Figure 7). Type II waters from debris rich ice at a depth of 250-255cm
have a SMF value much closer to 0.5 than Type I waters indicating carbonate dissolution
coupled to sulfide oxidation. Ca2+ and Mg2+ concentrations are in excess of HCO3suggestion a contribution of these cations from silicate weathering (Figure 6). The
positive association between K+ and SO42- suggests that sulfide oxidation may be driving
the weathering of K+ from silicates (Figure 8). Type III waters from debris-rich ice at a
depth of 183-195cm exhibit high SMF values likely indicating silicate weathering driven
by sulfide oxidation. In this case there is a significant excess of Ca2+ and Mg2+ over
HCO3- suggesting liberation of these cations, specifically Ca2+ from silicate mineral
phases such as anorthite.
Solute Generation in Basal Ice
The results indicate that carbonate and silicate weathering is occurring in debrisrich basal ice. In debris-rich layers a majority of the solute is produced by dissolution of
halite, sulfate, and carbonate minerals in the ice. The presence of halite and sulfate
minerals in the ice was confirmed by the results of the melting experiment, and there is a
seasalt/seawater component additional to this also. A subglacial hypersaline brine layer
or brine saturated sediments (< -7oC) approximately 6-8 km upstream of the terminus at
an over deepening of the glacial bed has been inferred based on ice penetrating radar and
modeling data, Hubbard et al. (2004). This analysis is supported by research on water
flowing from Blood Falls, a subglacial outflow from Taylor Glacier located at the
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terminus of the glacier at the west lobe of Lake Bonney, indicating that water flowing
from beneath Taylor Glacier resembles cryo-concentrated seawater, with ~ 1400 mM Clthat is of marine origin (Lyons et al., 2001; Lyons et al., 2005; Mikucki et al., 2009).
The seasalt correction only accounts for up to 22 % of the total solute and a
maximum of 0.2 strength seawater and thus indicates limited interaction with a salty
brine, for example of the composition of Blood Falls water. Furthermore, if the basal
layers were formed in the presence of a brine it would be unlikely that dilute (I=<.1)
clean ice layers 1-2 cm in thickness would be present between layers of debris-rich ice.
Also, abrupt changes in the chemistry of ice layers (clean vs. debris-rich) are an
indication that each debris layer and the solute generated in it is confined to the porewater
within the debris layer. Most importantly we consider the rapid and abrupt changes in the
chemistry of the ice (between clean ice and debris-rich ice) evidence that excess solute is
produced within each debris layer after entrainment and not a result of dissolution
reactions that are occurring beneath the ice in water saturated sediment.
Summary and Conclusions
Analysis of the solute content of meltwater from the debris-rich layers in basal ice
from Taylor Glacier, Antarctica has demonstrated carbonate and silicate weathering
occurring a result of localized mineral weathering reactions following debris entrainment
in the ice. Solute is also liberated from halite and sulfate mineral dissolution during
sample melting. The carbonation reaction (i.e. the production of carbonic acid) is the
dominant driver of mineral weathering in certain basal ice layers. These are the layers
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where high concentrations of microbially derived CO2 have been measured (Chapters 2
and 3), thus in these layers the geochemical mineral weathering is microbially driven, at
temperatures of - 15°C. In other debris-rich layers sulfide oxidation appears to be the
dominant proton source which is consistent with the findings of Raiswell et al. (2009).
Whether the sulfide oxidation is microbially mediated remains an open question.
However, in other glacial system there is strong evidence for microbially mediated
sulfide oxidation (e.g Tranter et al., 2002; Skidmore et al., 2005)
These findings have implications for adjacent ecosystems in terms of the delivery
of solute, sediment and microbes to; 1) marginal areas of the glacier where meltwater
streams acquire solute from direct melting of Taylor Glacier and ice rafted debris that is
of basal origin within the streambed, from dry calving, and 2) West Lobe Lake Bonney at
the Taylor Glacier terminus.
The weathering scheme developed for Taylor Glacier basal ice highlights the
importance of microbial processes at temperatures as low as -15°C and is also likely
applicable to other outlet glaciers and ice marginal environments that are composed of
debris-rich ice in this region of East Antarctica. More broadly it suggests solute
generated by biogeochemical weathering in debris-rich basal ice may also be important to
solute flux from basal material being melted into the ocean along the margin of the
Antarctic ice sheet (e.g. Raiswell et al., 2006; Statham et al., 2008).
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Layer thickness (m)

Incorporated debris
Concentration (g L

Name

Code

Definition

Very thin

VTn

< 10

Thin

Tn

10

2

to 10

Intermediate
Thick

I

10

1

to 10 0

Tk

10 0 to 10 1

Very thick

VTk

> 10 1

Name

2

1

Incorporated bubbles
1

)

Texture
Name

Concentration (mean
separation in mm)

Code

Definition

Very
low
Low

vl

< 10 0

Mud

Code
m

l

10 0 to 10 1

Sand

s

Intermediate
High

i

10 1 to 10 2

Diamicton

d

h

10 2 to 10 3

gm

Very
high

vh

> 10 3

Muddy
gravel
Sandy
gravel
Gravel

gs
g

Definition

Name

%s < 50 and
%g < 1
%s > 50 and
%g < 1
1 < %g < 50
%s < 10 and 50
< %g < 95
%s > 90 and 50
< %g < 90
Either (i)
%g > 95 or (ii)
10 < %s< 90 and
50 < %g< 95

Code

Definition

Size (equivalent diameter
in mm)
Name

Code

Definition

Very
low
Low

vl

/ N

Small

s

<1

l

> 10

i

1 to 5

High

h

1–10

Intermediate
Large

l

>5

Very
high

vh

<1

Table S2. Bulk mineralogy of debris in basal ice layers
Debris layer depth (cm)

Bulk Mineralogy

Debris layer depth (cm)

Bulk Mineralogy

185

Plagioclase Feldspar
Anorthite
Albite
Quartz
Orthoclase Feldspar

232

Plagioclase Feldspar
Anorthite
Albite
Quartz
Orthoclase Feldspar

194

Plagioclase Feldspar
Anorthite
Albite
Quartz
Orthoclase Feldspar
Biotite

230

Plagioclase Feldspar
Anorthite
Albite
Quartz
Orthoclase Feldspar

Calcite
Dolomite
Gypsum
233, 234

Plagioclase Feldspar
Anorthite
Albite
Quartz
Orthoclase Feldspar
Calcite
Dolomite
Ferrohornblende
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Table S3. Weathering mass balance scheme for debris-rich ice
________________________________________________________________________
Step 1: Account for seasalt with remaining ClNaCl(s) →Na +(aq ) + Cl −

€

€

€

€

€

€

€

€

Step 2: Additional Cl- from CaCl2 dissolution
−
CaCl2(s) →Ca 2+(aq ) + 2Cl(aq
)
Step 3: Sodium from plagioclase weathering
Na0.68Ca0.32 Al1.32 Si2.68 +1.32H 2CO3 + 0.66H 2O →0.68Na + + 0.32Ca 2+ +1.32HCO3 − +1.36SiO2
Step 4: Sulfate from sulfide oxidation
FeS2(s) + 3.75O2(aq ) + 2H 2O →2SO42−(aq ) + 4H + + 0.5Fe2O3(s)
Step 5: Acid produced in step 3 used to weather carbonate
CaCO3(S ) + 2H + →Ca 2+(aq ) + HCO3−(aq ) + H 2O
or
Step 5b: Sulfate from gypsum dissolution
2−
CaSO4 →Ca 2+(aq ) + SO4(aq
)
Step 6: Potassium from orthoclase feldspar weathering
−
KAlSi3O8(s) + H 2CO3(aq ) + 0.5H 2O →K +(aq ) + HCO3(aq
) + SiO2 + 0.5Al2 Si2O5 (OH) 4(s)
Step 7: Magnesium and remaining calcium from carbonate dissolution
(Ca, Mg)CO3 + H 2CO3 →(Ca 2+ , Mg 2+ ) + 2HCO3(aq )−
____________________________________________________________________
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Figure S2. Diagram depicting the fractions of solute from halite/sulfate mineral
dissolution during melting and long term weathering in the ice. The dashed line
represents the ion concentration at a given melt fraction. The arrow denotes the melt
fraction of the ice where the concentration measured is assumed to be a result of solute
from weathering of debris in the ice and not from melt-induced halite/sulfate mineral
dissolution.
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Figure S3. X-ray diffraction spectra for sediment collected from the 232-cm debris band.
Quartz, plagioclase feldspar (anorthite and albite), and calcite are the predominant
minerals in the sample.

Figure S4. X-ray diffraction spectra for sediment collected from the 234-cm debris band.
Quartz and plagioclase feldspar are predominant mineral phases in the sediment. The
sample also contains calcite and ferrohornblende.
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Figure S5. SEM-EDS spectra for a mixed mineral assemblage from the 234-cm sedimentrich ice band. The presence of Si/O and Al/Ca/Na suggests that quartz and plagioclase
feldspar are present. Hornblende is also likely present, indicated by the presence of Si/O,
Al, Ca/Na, and Mg/Fe. This sample also contained a sulfate mineral indicated by the S
peak. The relatively large amount of Ca, compared to Na and Fe likely indicates that
calcite is also present in the sample.
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DISSERTATION SUMMARY
Summary
The research presented in this dissertation has demonstrated that (a) debris-rich
basal ice is a viable habitat for microbial life, (b) in situ microbial heterotrophic
respiration is a source of CO2 in debris-rich basal ice, and (c) mineral weathering of
entrained debris is a source of solute in the ice.
Chapter 2 demonstrates the importance of entrained debris to microbial activity in
basal ice. Debris-rich ice layers with high levels of CO2 and concurrent low levels of O2
contained viable heterotrophic bacteria and a significantly higher concentration of
dissolved organic carbon and nitrogen than adjacent clean ice layers.

Laboratory

respiration experiments at 2°C indicate debris in the ice is a source of trace chemical
compounds that are essential to supporting life in these aqueous incubations and thus
presumably in the ice. The identification of heterotrophic organisms belonging to the
genus Sporosarcina in multiple samples collected from different locations at Taylor
Glacier implies that members of this genus are likely widespread across the abundant
debris-rich ice bands in the basal ice zone of Taylor Glacier. Laboratory experiments on
Taylor Glacier isolate Sporosarcina sp. B5 have also verified that this organism is
capable of respiring carbon compounds to CO2 in both ice and brine at sub-zero
temperatures (Skidmore et al., 2009; Bakermans and Skidmore 2011a,b). This suggests

111
that in situ microbial respiration is a plausible source of CO2 in debris-rich basal ice
layers of Taylor Glacier.
Chapter 3 builds upon the results of Chapter 2 using gas isotopic compositions to
demonstrate that in situ microbial heterotrophic respiration is a source of CO2 in debrisrich basal ice layers. In debris-rich basal ice heterotrophic respiratory pathways impose
changes in both the concentration of CO2 and O2 and carbon isotopic composition of CO2
and oxygen isotopic composition of O2 trapped in the ice. The isotopic composition of
these gases indicate that bacteria are metabolically active in situ, at temperatures as low
as -15°C, and the associated activity has a profound effect on the gas chemistry of the ice.
Chapter 4 assesses the degree of mineral weathering occurring in the debris-rich
basal ice, demonstrating biogeochemical weathering driven by protons from both sulfide
oxidation and carbonation reactions, the latter being microbially mediated as
demonstrated in Chapters 2 and 3.
Collectively the thesis demonstrates that the basal ice environment is a prime
microbial habitat since it remains insulated from fluctuations in temperature and provides
protection from DNA damaging UV radiation. Debris-rich ice likely contains a greater
fraction of liquid water present as thin films along the surface of mineral grains and
various electron acceptors other than O2 (e.g., NO3-, MnIV, Fe3+, and CO2) that have been
measured in the ice, that can be utilized by organisms under anoxic conditions. Basal
debris may also function as a “seeding” mechanism that delivers cells into the ice. The
unique physical, chemical, and biological attributes of polar debris-rich ice provides a
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model habitat for studies on the metabolic potential of cold-adapted organisms and
survival strategies employed by bacteria in permanently frozen environments.
Further, the observations indicate that in situ gas production by microbial
respiration could be widespread in debris-rich basal ice layers of cold-based polar
glaciers and at the base of the Antarctic and Greenland ice sheets. Recent reports by Bell
et al. (2011) indicate that widespread bodies of basally accreted ice likely exist at the base
of the Antarctic ice sheet, that are of a comparable size to Lake Michigan-Huron (8260
km3), the world’s fourth largest freshwater lake (Bakermans and Skidmore, 2011a,b).
This indicates that basal ice, and the enhanced microbial habitat it creates is likely a more
significant component of ice sheets than previously considered.
Prior to this dissertation there was no comprehensive data set demonstrating that
bacteria are metabolically active in basal ice layers at temperatures as cold as -15°C. The
results show that microbial respiration is a significant source of CO2 in the ice that is far
greater than the amounts of CO2 produced via physical and/or chemical mechanisms.
The magnitude of CO2 produced in the ice by biological respiration is evidence that an
active microbially-mediated carbon cycle exists in debris-rich basal ice layers.
Subglacial microbial activity in the basal layers of Taylor Glacier, and presumably
at other outlet glaciers in the McMurdo Dry Valleys, likely plays a major role in the
distribution of carbon and other chemical compounds to streams and lakes that are fed by
glacier meltwater. This effect is likely enhanced where debris-rich basal layers interact
with lake water at the terminus of the glacier. These observations indicate that there is an
intrinsic link between glacier-fed aquatic ecosystems and microbial activity in basal ice.
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Debris in the ice leads to a higher fraction of liquid water in the ice and provides
both organic and inorganic substrates that support an active microbial population. This
work only investigated the potential for heterotrophic activity in the basal layers.
However, it is plausible to assume that cold-adapted organisms in the ice may utilize
other modes of metabolism that can be detected by additional experimental research
using methods similar to those used in this study. Thus these terrestrial glacial systems
and the isotopic and geochemical biomarkers therein provide good analogues for guiding
exploration of debris-rich ices in extraterrestrial settings, for example, the basal ice layers
of the Martian north polar ice cap.
Future Directions in Geobiological
Studies of Debris-rich Ice
There are numerous challenges related to conducting geochemical and
microbiological based studies of debris-rich basal ice. The greatest is our lack of ability
to conduct non-destructive analysis of the microbial habitat and metabolic state of the
organisms in native (frozen) samples of glacier ice. The following section is an
adaptation of my contribution to a review paper that focused on the use of geophysical
methods in detecting microbial activity in natural settings. The development of nondestructive methods for the identification of biological signatures in ice remains a high
priority in the field of cryospheric microbiology. Promising technologies for determining
unfrozen water content and the distribution of gas, liquid and solid phases are Magnetic
Resonance Microscopy and micro CT (Computed Tomography) respectively. If these
methods and/or others prove applicable and feasible they would significantly enhance
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studies aimed at using biological signatures in ice to search for habitats in icy
environments that currently support life, or may have during previous times.
Biogeophysical Applications to Cryosphere
Studies: Looking for Microbial Hot Zones in Ice
(Contribution by S. Montross to Atekwana and Slater (2009) in Reviews of Geophysics
and reproduced by kind permission of the American Geophysical Union)
Subglacial environments remain one of the least explored frontiers on Earth
(Christner et al., 2008). The discovery of liquid water at the base of polar ice sheets more
than 3 decades ago (Ueda and Garfield, 1970) raised the interesting possibility of the
existence of life under such extreme cold conditions. Most interesting is the discovery of
more than 140 subglacial lakes in Antarctica (Siegert et al., 2005), with subglacial Lake
Vostok being the largest (Christner et al., 2008). Investigations into the geomicrobiology
of glaciated environments have identified bacterial populations under temperate valley
glaciers (Sharp et al., 1999; Foght et al., 2004; Skidmore et al., 2005), an Arctic
polythermal glacier (Skidmore et al., 2000), and subglacial lakes (Karl et al., 1999; Priscu
et al., 1999; Christner et al., 2001, 2006; Gaidos et al., 2004) and in subglacial discharge
from Taylor Glacier, Antarctica (Mikucki and Priscu, 2007). The presence of viable
microbial communities at the base of liquid water beneath polar ice sheets has direct
implications for the existence of life on Mars or other icy terrestrial bodies (e.g., Europa
and Enceledus). Molecular and biogeochemical analysis of accretion ice and glacial ice
collected from above Lake Vostok has revealed the presence of micro-organisms from
numerous taxa, which implies that the lake may contain a complex microbial community
(Priscu et al., 1999; Karl et al., 1999; Christner et al., 2001, 2006; D’Elia et al., 2008).
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The discoveries of microbial life in glacier ice have opened new avenues for biologically,
chemically, and physically based research of the cryosphere. However, the exploration
and direct sampling of the base of ice sheets, where liquid water is present, in order to
understand the biogeochemistry of these environments poses some significant
technological challenges. These challenges raise the possibility of the use of geophysical
techniques to detect biological signatures in ice.
The attractiveness of geophysical studies again lies in the noninvasive nature of
these techniques. Although geophysical techniques are being used in polar environments,
most of the applications have been focused on basal topography, hydrologic conditions at
the glacier bed, and studies of ice thickness (e.g., Sharp et al., 1993; Pattyn et al., 2003;
Hubbard et al., 2004). We are not aware of any biogeophysical studies that have been
conducted specifically to address issues related to geomicrobiology in subglacial or
englacial environments, however, enormous potential exists for the application of
geophysical techniques in the search for discrete signatures of in situ microbial activity in
subglacial ice systems. For example, bacterial heterotrophic respiration may be an
important contributor to excess CO2 concentrations measured in sediment-rich basal ice
from a polythermal glacier in Antarctica (S. Montross et al., unpublished data, 2009).
Biogenic gas production can have a significant impact on both seismic and electrical
properties. In this scenario, biogeophysical techniques may be employed to directly
detect the presence of anomalous gas concentrations. Other potential microbial
signatures that may be detected using biogeophysical techniques include the presence of
biofilms or liquid water content, which can then be used to infer microbial activity and
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direct further studies within these basal ice systems. Such biogeophysical signatures
could be exploited to guide high-resolution microbial and geochemical sampling of these
microbial ‘‘hot’’ zones.
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APPENDIX A
GEOCHEMICAL DATA

* in ug L-1

Depth
180
181
183
184
185
186
187
191
192
193
194
195
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
221
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223
224
225
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227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
249
250
252
253
254
255

pH
4.5
4.5
6.0
5.5
6.1
5.5
4.5
4.5
5.2
5.1
5.6
6.1
4.5
4.5
4.5
4.5
4.5
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.5
4.5
4.5
4.5
6.0
4.5
4.0
5.2
4.5
6.0
7.0
6.0
6.5
7.0
7.0
7.0
6.5
6.5
6.2
6.0
4.5
4.5
4.5
5.0
6.0
5.2
4.7
5.5
6.1
6.0
5.9
6.0

Detection Limit

I
0.0004
0.0006
0.0482
0.1138
0.1041
0.0008
0.0005
0.1027
0.2330
0.2037
0.1922
0.0585
0.0001
0.0003
0.0001
0.0001
0.0002
0.0002
0.0002
0.0002
0.0003
0.0002
0.0003
0.0002
0.0007
0.0009
0.0003
0.0004
0.0006
0.0019
0.0004
0.0020
0.0602
0.0005
0.0107
0.1635
0.0005
0.1352
0.3457
0.4089
0.4751
0.5110
0.3758
0.2690
0.0700
0.0276
0.0167
0.0283
0.0011
0.0003
0.0003
0.0101
0.0656
0.0041
0.0029
0.0360
0.1024
0.3459
0.1135
0.3526

Na
13.1
21.8
16174.2
48996.0
46225.0
30.6
17.5
56000.0
124803.5
111790.4
100000.0
17248.9
8.7
8.7
13.1
8.7
8.7
8.7
8.7
8.7
8.7
13.1
13.1
8.7
30.6
26.2
13.1
13.1
17.5
78.6
13.1
104.8
3192.1
21.8
214.0
16462.9
26.2
9257.6
65109.2
93580.8
107991.3
117161.6
77030.6
36550.2
21353.7
4244.5
2264.6
5745.4
369.9
207.4
208.7
2198.7
18078.6
1066.8
734.1
9093.9
53580.8
72314.4
55807.9
73842.8

+

6.0
Ca
109.8
169.7
8375.0
14022.0
12475.0
232.0
144.7
9079.0
20394.2
16371.5
18977.3
10171.2
5.0
72.4
5.0
2.5
49.9
62.4
62.4
62.4
77.3
67.4
67.4
49.9
184.6
232.0
57.4
94.8
127.2
511.5
99.8
516.5
17432.6
114.8
1075.3
41517.0
139.7
39970.1
67714.6
73952.1
74825.3
82210.6
73378.2
59555.9
12462.8
6356.8
4612.8
5821.4
116.8
8.5
2.5
1384.5
7791.9
477.5
412.4
4618.3
16636.7
18427.4
13877.2
18402.9

2+

1.0
K
0.0
2.6
945.0
747.6
313.3
5.1
2.6
1113.1
1218.2
2634.2
1880.4
537.6
bd
3.1
bd
2.6
bd
bd
bd
bd
bd
2.6
2.6
bd
5.1
5.1
2.6
bd
bd
15.3
bd
7.7
102.3
0.0
17.9
289.0
2.6
631.7
26190.6
26676.6
38851.1
37572.3
21382.2
16650.5
808.2
685.5
309.2
537.1
22.8
4.9
2.0
103.8
895.2
52.2
38.6
444.3
1919.0
2912.9
2121.8
2712.2

+

1.0
Mg
4.2
16.6
8198.1
8000.0
6652.1
4.2
bd
5450.0
16598.4
13564.3
12073.2
3557.2
4.2
4.2
bd
8.3
4.2
bd
bd
4.2
bd
bd
4.2
8.3
20.8
33.3
29.1
12.5
58.3
58.3
4.2
54.1
3295.9
25.0
607.6
16437.8
16.6
8547.6
39242.6
47482.3
66208.9
70661.7
43029.5
26009.2
3962.1
1206.4
90.3
1342.1
38.3
3.3
7.5
930.1
8081.6
168.1
111.5
6100.7
40372.0
62505.2
79052.4
44372.0

2+

1.0

Table S1. Analytical results for melted basal ice samples in uM.

Cl
12.1
15.5
16892.7
48163.8
46000.0
29.7
17.5
45621.5
112598.9
95197.7
93700.6
19519.8
7.6
1.7
7.1
7.1
5.1
7.3
7.3
5.9
10.2
6.8
7.3
6.2
24.6
25.1
8.5
12.1
10.7
69.5
7.9
87.6
2059.3
19.2
181.6
13573.7
21.5
7212.4
76497.2
113531.1
139717.5
167062.1
96581.9
39943.5
22598.9
4596.3
1613.0
6937.6
212.1
60.2
58.2
1368.1
24012.4
568.6
350.3
10796.6
64717.5
96949.2
96186.4
96723.2

-

0.1
2-

SO 4
5.3
14.0
10437.5
17635.4
18854.2
23.6
12.9
15300.0
36958.3
34250.0
28822.9
10552.1
2.4
0.7
2.4
2.4
1.1
2.3
1.8
1.9
2.0
3.5
3.6
1.9
24.5
26.9
1.8
2.7
8.6
101.0
3.9
131.0
3434.4
8.0
3593.8
9312.5
12.6
7339.2
21403.1
23625.0
23708.3
29020.8
21885.4
15687.5
12281.3
3871.9
1331.3
5015.1
186.1
2.3
2.7
1657.9
10467.7
645.8
691.5
6191.7
21968.8
28104.2
27354.2
27781.3

0.1
-

HCO 3
218.2
353.6
12101.4
10352.5
1084.3
431.1
266.1
10170.5
13491.4
10598.4
12635.1
4619.3
14.6
161.7
11.2
21.1
109.5
121.6
122.6
132.1
149.3
136.5
144.1
115.2
373.0
483.1
176.7
210.1
360.5
961.8
205.4
904.0
35823.4
266.1
235.3
100462.7
294.8
85034.0
185910.7
202345.1
241776.7
235374.5
190875.6
153012.3
7850.5
7716.3
7704.5
3641.6
118.3
221.2
167.1
2247.8
5772.9
550.0
87.4
7796.2
60862.3
83935.1
92894.3
49819.2

nm
F
0.05
0.05
0.21
0.21
0.11
0.11
0.16
0.11
0.16
0.16
0.16
0.16
bd
bd
bd
bd
bd
0.11
bd
bd
bd
0.11
bd
0.11
bd
bd
bd
bd
bd
bd
bd
bd
7.95
bd
0.74
bd
bd
bd
2.63
60.87
55.08
55.45
47.60
44.02
bd
13.59
bd
0.05
1.32
0.11
0.05
bd
0.11
bd
bd
0.05
0.16
0.21
0.21
0.21

-

0.01
Br
bd
bd
bd
bd
bd
bd
bd
bd
0.11
0.08
0.08
0.01
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
2.84
bd
0.06
bd
bd
bd
bd
178.35
165.84
161.45
96.88
38.92
bd
2.06
bd
bd
0.08
bd
0.16
bd
0.01
bd
bd
bd
0.04
0.06
0.06
0.08

-

0.01
Si
bd
bd
1.8
42.9
52.1
6.28
2.39
15.5
9.42
56.78
75
39.4
nm
bd
bd
bd
bd
bd
bd
bd
8.8
bd
bd
bd
bd
bd
bd
58
bd
7.12
15.7
42.1
131
bd
bd
bd
bd
35.01
69.5
59
135
68.3
150
69.24
30
27.9
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
46.4
85.2
78.5
65.48

+4

0.01
Li
bd
bd
bd
44.5
bd
bd
bd
30.8
bd
112
bd
15.7
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
2.16
0.43
0.43
14.1
0.43
7.65
111.7
97.1
129.7
138.7
79.5
40.6
26.5
2.89
1.44
4.39
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd

+

0.4
Sr
0.02
bd
bd
21.8
bd
bd
bd
14.7
bd
34.6
bd
11.1
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
0.1
0.1
bd
bd
bd
0.2
0.0
0.2
3.4
0.02
0.4
9.4
0.03
7.6
44.1
34.1
42.6
42.6
30.5
20.4
14.8
4.5
1.6
5.8
0.3
bd
bd
2.1
10.3
0.9
0.8
5.7
27.8
26.0
46.3
33.3

+2

0.005
B
bd
bd
bd
bd
bd
bd
bd
bd
bd
85.1
bd
28.3
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
bd
17.8
8.69
bd
bd
bd
11.1
bd
bd
12.4
bd
bd
66.9
49.6
75.9
64.5
33.3
25.8
14.1
bd
33.4
bd
bd
bd
bd
bd
118
bd
bd
63
96
100.8
259
199.8

+

0.5

0.01
NO2 -N*
0.3
0.4
1.7
0.8
4.4
0.3
0.3
0.3
0.3
1.6
4.9
1.8
0.2
0.4
0.2
0.2
0.2
0.3
0.2
0.2
0.3
0.2
0.2
0.2
0.3
0.3
0.2
0.4
bd
0.3
bd
bd
bd
bd
0.2
0.4
bd
0.5
1.6
2.3
2.8
3.1
1.9
1.3
2.6
2.3
2.6
1.8
2.0
1.3
1.4
0.1
bd
bd
bd
0.2
1.4
2.3
2.0
2.1

0.1
NO3 -N*
17.4
13.4
7.4
11.0
10.9
9.1
12.8
15.6
15.1
17.8
6.6
8.9
13.7
17.2
16.4
14.9
14.4
14.9
15.3
15.1
14.3
14.6
15.5
14.5
15.0
14.4
13.4
13.0
15.5
20.5
12.7
19.0
18.0
13.8
17.8
17.3
6.9
20.4
17.1
11.5
11.9
10.7
12.8
14.8
13.9
12.3
20.8
8.4
8.5
7.4
7.7
12.1
6.4
3.5
5.7
6.1
15.7
15.4
14.3
23.5

0.9
NH4 -N*
4.5
4.2
104.6
136.8
213.0
3.9
1.8
2.1
1.4
346.5
316.8
147.8
bd
4.4
1.9
bd
bd
1.1
bd
1.0
3.3
6.9
4.8
3.4
7.4
10.0
1.9
4.4
bd
27.6
bd
1.9
37.2
1.9
14.8
127.9
2.3
76.1
415.4
569.3
659.2
661.0
486.9
295.6
178.1
75.0
46.4
73.0
56.9
43.0
42.9
34.8
145.8
20.8
35.6
112.1
263.0
432.2
423.6
408.0

0.1
PO 4 -P*
2.9
2.1
0.3
0.2
1.3
2.2
2.0
1.9
2.2
0.6
bd
0.0
2.2
3.6
3.6
2.5
2.2
2.0
2.3
2.5
2.8
3.1
2.8
2.8
2.4
2.3
2.5
2.5
2.6
3.7
2.4
2.7
2.1
8.3
1.6
1.7
3.2
2.4
3.5
2.8
3.1
5.5
2.6
2.1
0.2
0.1
bd
3.4
3.0
3.1
3.5
0.6
0.3
0.3
0.9
0.9
1.2
1.8
0.4
1.1
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