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Abstract Little information exists on biogeochemical

transformations in aquatic ecosystems beneath polar ice

sheets (i.e., water-saturated sediments, streams, rivers, and

lakes) and their role in global elemental cycles. Subglacial

environments may represent important sources of atmo-

spheric CO2 and/or CH4 during deglaciation, thus acting as

amplifiers in the climate system. However, the role of

subglacial environments in global climate processes has

been difficult to assess given the absence of biogeochem-

ical data from the basal zones of inland polar ice sheets.

Here, we report on the concentrations of CO2, CH4, and H2

in samples of refrozen basal water recovered at a depth of

*3,042 meters below the surface during the North

Greenland Ice Core Project (NGRIP). CH4 and H2 con-

centrations in the NGRIP samples were approximately

60- and 700-fold higher, respectively, relative to air-equili-

brated water, whereas CO2 was *fivefold lower. Metabolic

pathways such as (1) methanogenesis, (2) organic matter

fermentation, carboxydotrophic, and/or methylotrophic

activity, and (3) CO2 fixation provide plausible biotic

explanations for the observed CH4, H2, and CO2 concentra-

tions, respectively.

Keywords Ice sheets � Subglacial environments �
Greenland �Microbial biogeochemistry � Greenhouse gases

Introduction

Glaciological processes under ice sheets provide habitats

for microbial metabolism via the production of liquid water

and biogeochemical substrates through basal melting and

the chemical weathering of sediments and comminuted

bedrock (Skidmore 2011). Metabolic and chemical oxygen

consumption in concert with the lack of ventilation would

lead to anoxic conditions in subglacial environments

(Wadham et al. 2010). Carbon cycling in subglacial

systems will be affected by the relative contributions of

species possessing autotrophic or heterotrophic metabo-

lisms and the presence of oxygen. Anoxic conditions are

compatible with microbial physiologies that use anaerobic

respiration (e.g., nitrate, iron, and sulfate reduction or

methanogenesis) or fermentation for their catabolism. In

particular, methanogenesis has been demonstrated in sub-

glacial sediments from alpine valley glaciers (Boyd et al.

2010) and may be significant beneath polar ice sheets

(Wadham et al. 2008; Stibal et al. in press). Given the vast

expanse of Earth’s polar ice sheets and the rapid changes

they are undergoing as climate warms (NRC 2011), an

understanding of subglacial microbial processes is critical

for accurately predicting the global ecosystem responses as

climate fluctuates (Priscu et al. 2008).

Studies of glacial and basal ice from the Greenland Ice

Sheet (GIS) indicate the presence of viable and novel

bacteria (e.g., Miteva et al. 2004, 2009; Yde et al. 2010).

Several studies have provided geochemical and isotopic

evidence for a biogenic origin of the CH4 in GISP2 basal

ice and suggested that the excessively high CO2 and CH4
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values were due to in situ microbial production by micro-

organisms within the basal ice (Tung et al. 2005; Miteva

et al. 2006; Rohde et al. 2008). Pink-to-orange-colored

basal water was encountered in 2003 by the North

Greenland Ice Core Project (NGRIP) during basal drilling

when sediment-laden subglacial water entered the borehole

and raised the fluid level 45 m (Andersen et al. 2004).

During the 2004 field season, portions of the 45-m long

column of the frozen basal water (Fig. 1) were collected by

the NGRIP consortium and cores were made available to

various investigators for study. We examined samples from

a section of this ice core and provide here a description of

the physical, chemical, and biological parameters derived

from analysis of the NGRIP basal water.

Methods

The NGRIP site (75.1�N, 42.3�W) is located near the

Greenland ice divide at an elevation of 2,930 m above sea

level. Although radar profiles provided no evidence for

basal water at NGRIP, measurements of the borehole

temperature during drilling operations indicated that the

basal geothermal heat flow was higher than anticipated and

the base was at or near the pressure melting point

(Andersen et al. 2004; Buchardt and Dahl-Jensen 2007).

When the drill reached bedrock at a depth of 3,085 m on 17

July 2003, basal water entered the deepest 45 m of the

borehole and ‘‘approximately 10 kg of reddish, bubbly

frozen basal water’’ was recovered on the surface of the

drill (Dahl-Jensen et al. 2003). An ice core of the frozen

basal water recovered during drilling in 2004 at a depth of

*3,042 mbs (core designation ‘NGRIP BC-2004 Main

bag, Bag# 10’) was sampled to document variation of

chemical and biological analytes within different portions

of the ice (Fig. 1). Chemical and biological contamination

on surfaces of the ice core samples was removed using

protocols demonstrated effective in eliminating cells,

nucleic acids, and hydrocarbon-based drilling fluids from

ice core exteriors (Christner et al. 2005). The concentration

of SYBR Gold
TM

(Molecular Probes, Inc.)—stained cells

and major inorganic ions were determined as described by

Christner et al. (2006). Meltwater pH was estimated using

EMD colorpHast* pH strips (pH range 4–7).

Nuclear magnetic resonance (NMR) spectroscopy

(Bruker DRX500 NMR spectrometer) was used to deter-

mine the concentration and composition of hydrocarbons

present at a proton frequency of 500.13 MHz. Each sample

(0.5 mL) was amended with 0.05 mL of D2O, and proton

spectra were collected using a 1 s presaturation pulse for

water signal suppression. Scanning electron microscopy

(SEM) and energy-dispersive spectrometry (EDS) were

performed as described by Christner et al. (2006).

Samples of the ice were melted (33 mL water equiva-

lent) in sealed glass serum bottles (71 mL capacity) capped

with butyl rubber septa, the bottles were shaken for at least

1 h to facilitate the equilibration of dissolved gas species

with the air-filled headspace, and the concentrations of

CO2, CH4, and H2 in the headspace were quantified using

gas chromatography (GC). For each measurement, 1.5 mL

of the headspace gas was collected using an air-tight

syringe and injected into a Varian CP 4900 gas chro-

matograph (Varian, Palo Alto, CA, USA). All gas species

were analyzed using a thermal conductivity detector, CH4

and CO2 were analyzed with helium as the carrier gas and a

molecular sieve separator, and H2 was analyzed using

ultra-high purity argon as the carrier gas and a Poraplot-Q

column (Varian). The detection limits for CO2, CH4, and

Fig. 1 a Cross-sectional sample of the NGRIP ice core showing the

frozen, orange-colored basal water and the half-moon shaped portion of

relatively clear Eemian-age meteoric ice. b Cut plan strategy used to

analyze the biological and chemical components found in horizons of

the recovered NGRIP samples. The cut samples shown were used for

determining the cell concentration (1 and 3), SEM (1 and 4), and NMR

(1–4). The ice samples used for the gas analysis were sampled using a

similar cut strategy. The core diameter was 9.7 cm (color figure online)
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H2 were 2, 1, and 0.8 ppmv, respectively. Dissolved gas

concentrations in the melted ice samples were determined

using a mass balance approach and the temperature-

dependent Henry’s Law constant to define the proportion of

gas species between headspace and liquid, expressed as

follows: CtotalVtotal = CHVH ? CLVL; where Ctotal is the

sum of headspace and dissolved aqueous gas concentra-

tions, V is the volume, and H and L subscripts designate

either the gas concentration or volume associated with the

headspace and liquid, respectively.

Results and discussion

Annual layers at depths [2,900 m in the NGRIP ice core

are *1 cm thick, which is in contrast to the much thinner

annual layers typically observed near the bed of cold-based

glaciers or in the GRIP core (Andersen et al. 2004). The

excellent resolution observed in deep horizons of the

NGRIP record is attributed to the continual melting of ice

from the base, which reduces flow-induced disturbances

that thin annual layers due to plastic deformation (Paterson

1994). Estimates of the melt rate and geothermal heat flow

at NGRIP are 6.1 mm year-1 and 129 mW m-2 (Buchardt

and Dahl-Jensen 2007), respectively, which are values

higher than those estimated for the *4-km deep subglacial

environment at Vostok Station, Antarctica (4 mm year-1

and 46 mW m-2; Siegert et al. 2001) and Greenland’s

continental background (57 mW m-2; Fahnestock et al.

2001). The presence of basal water beneath the ice sheet

at NGRIP and NEEM (http://neem.dk/field_diaries_

folder/uk_diaries_2011/2011-07-08/) has confirmed that

wet-based conditions exist at certain locations at the bed

and suggests liquid water may be more prevalent beneath

the GIS than previously thought. Little is known about the

subglacial environment beneath the GIS, but the presence

of subglacial water beneath the NGRIP borehole implies

that either melting is occurring beneath portions of the GIS

or that there is ponding of water derived from moulin’s.

The frozen basal material recovered at NGRIP has pro-

vided the first opportunity to explore the range of microbial

biogeochemical reactions that may be occurring beneath

the GIS.

The concentration of major ions (i.e., Ca2?, Mg2?, K?,

Na?, SO4
2-, Cl-, and HCO3

-), sampled in bulk from a

single horizon of the NGRIP basal ice core, was

*30 times higher than that found in the adjacent glacial

ice (
P

ions 465 and 14.5 leq L-1, respectively; Table 1;

Royston-Bishop 2006). Solute partitioning into the liquid

phase during freezing would be expected as a concentrating

mechanism; however, with the bulk sampling technique

used, the samples were effectively homogenized. If freezing

occurred from the top of the water column down and from

the outside to the inside of the borehole, the highest con-

centration of salts and microbial cells would be expected in

the middle and deepest portion of the core. As such, the

horizontal concentration of ions and cells would not follow

typical freeze back patterns. Nevertheless, the lower con-

centration of Cl- observed in the NGRIP basal water (1.99

leq L-1) compared to the glacial ice (2.75 leq L-1) does

not support basal freezing as a process responsible for

solute concentration. Therefore, the additional solutes

observed in the NGRIP basal water are likely to have a

crustal provenance (Royston-Bishop 2006). This interpre-

tation of the major ion geochemistry agrees with geo-

physical data supporting melting as the overriding phase

change process at the ice sheet bed (Buchardt and Dahl-

Jensen 2007). Macroscopic particles were present in the

NGRIP refrozen water imparting an orange color to the ice

(Fig. 1), and visually, the material appeared similar to the

iron oxide deposits formed in the subglacial outflow of

Blood Falls (Taylor Glacier, Antarctica; Mikucki et al.

2009). Indeed, much of the orange material in the NGRIP

basal water was acid soluble, and SEM–EDS analysis

indicated the presence of K-feldspar and biotite minerals

with iron oxide coatings. Most of the particles observed in

the NGRIP basal water were 1–5 lm in diameter and

composed of primary rock forming siliceous minerals,

consistent with expectations for a subglacial till (Fig. 2).

Table 1 Biogeochemical data obtained from the NGRIP refrozen

water recovered at *3,042 m

Constituent Results obtained

Cell concentration

(cells mL-1)

1.6 ± 0.38 9 103

SEM–EDS K-feldspar and biotite minerals with iron

oxide coatings; particles observed were

1–5 lm in diameter and composed of

siliceous minerals

Gas chromatography (nmol L-1)

CH4 70–79

H2 200–550

CO2 1,000–4,100

pH 5.0–5.3

NMR Ethanol, ethylene glycol, and aromatic and

other hydrocarbons present

Major ions (mg L-1)a

Na? 1.1

K? 0.44

Mg2? 0.23

Ca2? 3.1

Cl- 0.070

NO3
- 0.021

SO4
2- 0.073

a Data from Royston-Bishop (2006)
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Surface decontaminated samples of the NGRIP refro-

zen basal water recovered at 3,042 m contained

1.6 ± 0.38 9 103 DNA-containing cells mL-1 of melt

water (mean ± SD), which was tenfold higher than that

observed in an adjacent horizon of the Eemian glacial ice

(Fig. 1; 1.6 ± 0.19 9 102 cells mL-1, Table 1). Bulat

et al. (2005) reported the successful amplification of bac-

terial 16S rRNA gene sequences from DNA extracted from

the refrozen NGRIP water recovered at depths of 3,039 m

and 3,045 m, but they were only able to amplify archaeal

16S rRNA from the former depth and did not quantify the

total number of cells in their samples. These authors also

reported that the ice samples from 3,039 m appeared to

have more ‘reddish’ sediment and mixed heavily with the

drilling fluid, compared with the sample analyzed from

3,045 m, which was composed of a cleaner ice containing

sediment inclusions. Based on these observations and the

vigorous manner in which the basal water entered the

borehole, it is possible that microbial cells present in the

drilling fluid may have contaminated the basal water before

freezing. The drilling fluid at NGRIP is 67% Exxsol D60

and 33% Frigen 141B (densifier) but also contains traces of

Solkane 123, n-butyl acetate, Frigen 113, Invarol (aviation

lubricant), ethylene glycol, and ethanol (J. P. Steffensen,

pers. comm.). These fluids were not sterilized or filtered

previous to use, and it has been shown that hydrocarbon-

based ice core drilling fluids contain significant quantities

of microbial cells (Christner et al. 2005; Alekhina et al.

2007).

NMR was used to determine whether hydrocarbons and

other compounds in the drilling fluid were incorporated

into the basal water before freezing. Our analyses revealed

that known components of the drilling fluid were present in

the interior portions of all the basal samples examined

(Table 1). While NMR is not an analytical approach

ideally suited for the high-precision quantification of

hydrocarbons and other compounds, signals obtained in the

resonance regions for ethanol were strong enough to esti-

mate its concentration in some samples of the NGRIP basal

material at concentrations as high as *0.02 mol L-1

(*900 ppm). These results indicated that the unfrozen

basal water had mixed with the drilling fluid during entry

of the water into the borehole before freezing. Based on the

extent of drilling fluid contamination and its potential to

contain microbial cells, we were unable to produce

unequivocal data on the microbiological properties of the

NGRIP basal material. Since the drilling fluid is hydro-

phobic and the ions are polar, salts would not dissolve in

the drilling fluid. However, if the water and drilling fluid

were an emulsion and the ions were excluded from the

hydrophobic drilling fluid, then their concentrations in the

basal water would be underestimated because the volume

containing ions would be lower than the bulk volume. This

would not be the case for gases, which are soluble in the

drilling fluid.

Visual observation of the approximately 10 kg of sedi-

ment-laden frozen water recovered in the drill’s inner core

barrel during drilling in 2003 revealed that the ice retrieved

was unconsolidated, indicating possible degassing of the

water as the core was brought to the surface. The compo-

sition of gases that were present the drilling fluid was not

measured and is assumed here to have been atmospheric in

origin and composition. An expected source of gases

beneath NGRIP is basal melting, which continually intro-

duces water and ice-entrapped atmospheric gases that

became captured during bubble close-off in the metamor-

phosis of firn to glacial ice. Hence, analysis of the gases

entrapped in the refrozen subglacial water provided a

means to investigate the range of biogeochemical reactions

that may be occurring beneath the GIS. Based on analysis

of 4 samples from a single horizon of the recovered NGRIP

basal profile, the dissolved concentration of CH4, H2, and

CO2 ranged between 70–79, 200–550, and 1,000–4,100

nmol L-1, respectively (Table 1). Owing to gas exclusion

during freezing of the water in the borehole, the gas content

at a particular depth or portion of the core will not precisely

reflect the actual subglacial water gas content, as revealed

by the variation observed in the concentrations of gases in

samples from different sections of the same horizon. When

the gas data for the NGRIP basal water are compared to

predictions for air-equilibrated freshwater at 25 �C and

1 atm, the CH4 and H2 concentrations were approximately

60- and 700-fold higher, respectively, whereas the CO2

concentration was approximately fivefold lower (Fig. 3).

The pH of the melt water ranged from 5.0 to 5.3 (Table 1),

which is similar to values observed in samples of the

Fig. 2 Scanning electron microscopy (SEM) of particles present in

samples of the frozen NGRIP basal water recovered at a depth of

*3,042 mbs. The image was obtained by cryogenic SEM (JEOL-

6100 SEM with an Oxford instruments cryogenic preparation stage)

on particles captured by 0.2 lM filtration of melted ice
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accreted ice from Subglacial Lake Vostok (pH 5.2–5.8;

Royston-Bishop 2006). It is important to note that acidic

conditions would be expected to enhance carbonate dis-

solution and other chemical reactions that produce CO2.

Thus, the initial dissolved CO2 concentration in the NGRIP

basal water was probably lower than that determined by

our wet extraction technique. As such, our measurements

essentially represent the total dissolved inorganic carbon

concentration in the basal water.

While there are caveats in using the refrozen NGRIP ice

core samples to infer the composition and concentration of

gases present in the basal water, our data imply that the

subglacial environment beneath NGRIP is a source for CH4

and H2, and a sink for CO2 (Fig. 3). Potential sources and

sinks for CO2, CH4, and H2 in the subsuglacial system are

summarized in Table 2. Methane and H2 are produced

abiotically in hydrothermal systems and physical processes

in cold debris-laden ice may concentrate and redistribute

atmospheric gases during basal freezing (i.e., Samyn et al.

2005). Currently, there is no evidence for active hydro-

thermal systems beneath the GIS, and the geothermal heat

flow at NGRIP indicates net losses of basal ice due to

melting (Buchardt and Dahl-Jensen 2007). Serpentinization

of ultramafic rocks in subsurface environments beneath the

oceans and in continental crust produces H2, CH4, and a

variety of other low molecular weight hydrocarbons (Sleep

et al. 2004). It is currently not known whether the geological

conditions beneath the GIS are appropriate for serpentini-

zation to occur in groundwater systems, but this process

could supply reducing agents to support a subsurface

microbial community, as has been observed in oceanic crust

environments (Mason et al. 2010; Schrenk et al. 2010). An

alternative cause of the elevated CH4 and H2 concentrations

in the NGRIP basal water can be explained by microbial

activity, with CH4 being produced by methanogenesis and

H2 as a product of organic matter fermentation, carbo-

xydotrophic, and/or methylotrophic activity. If the bedrock

is comprised of calcite-containing limestone and/or there

are alkaline conditions (e.g., a serpentinizing system),

carbonate precipitation is a plausible abiotic sink for CO2;

however, these scenarios are not compatible with the

slightly acidic pH of the basal water (Table 1). Biotic sinks

for CO2 include its methanogenic reduction to CH4 and

consumption by autotrophic pathways (i.e., CO2 fixation).

A key point about CO2 fixation is that in the absence of

sunlight, chemolithoautotrophic activity would be ecologi-

cally important for the production of organic carbon

beneath the ice sheet. Chemolithotrophically produced

organic carbon could also be advected to downstream

environments and drive heterotrophic biogeochemical pro-

cesses in oxic ice-marginal and marine settings.

Fig. 3 The average ratio of dissolved CO2, CH4, and H2 in frozen

NGRIP basal water relative to air-equilibrated water. Measurements

and calculations were as described in the text and based on the ideal

behavior of gases at 298 K and 1 atm. Bars indicate ratio values

based on the minimum and maximum concentration of gases

observed in the NGRIP samples

Table 2 Potential sources and sinks for CO2, CH4, and H2 in the subsurface beneath the GIS

Gas Biotic Abiotic

Sources Sinks Sources Sinks

CO2 Respiration and fermentation Autotrophy and as an
e-acceptorb

Carbonate dissolution Carbonate precipitation; freeze
concentrationa

CH4 Methanogenesis Methanotrophy Hydrothermal; serpentinization Freeze concentrationa

H2 Fermentation, methylotrophy, and
carboxydotrophy

Lithotrophy Hydrothermal; serpentinization;

freeze concentrationa
?

Italics denote processes required to produce the gas data observed in Fig. 3
a Following the arguments of Samyn et al. (2005) for selective gas redistribution in cold debris–laden ice
b i.e., in H2-based methanogenesis
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Microorganisms inhabiting water and sediments at the

bed of glaciers and ice sheets are thought to represent a

globally significant reservoir of biomass and biological

diversity (Christner et al. 2008; Priscu et al. 2008; Lanoil

et al. 2009). The biogeochemical activities of subglacial

microbial communities are known to drive chemical

weathering and influence meltwater chemistry (Sharp et al.

1999; Skidmore et al. 2005; Mikucki et al. 2009). Recent

work has also shown that solute fluxes from beneath ice

sheets rival those of the largest rivers (Wadham et al. 2010)

and microbially-derived dissolved organic matter and

iron from glacial systems can positively influence marine

productivity (Statham et al. 2008; Hood et al. 2009). While

there are no other biogeochemical datasets from inland

polar ice sheets with which to compare our results, the

metabolic activities we have inferred are consistent with

those predicted for other sub-ice sheet environments

(Siegert et al. 2001; Wadham et al. 2010). Our analysis of

the NGRIP basal water indicates that biogeochemical

cycling of carbon and other elements occurs beneath the

GIS and supports the notion that microbiological processes

beneath Pleistocene mid-latitude ice sheets could act as

climate amplifiers during periods of deglaciation (e.g.,

Wadham et al. 2008). Based on our results, we contend

that microbial transformations beneath the Earth’s polar

ice sheets have a significant role in global biogeochemi-

cal cycles, which can influence atmospheric greenhouse

gases.
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