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Abstract
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Ice cores preserve diverse materials as millennial-scale proxies for Earth’s history.
While major ions and elemental analyses are commonly investigated in palaeoclimate reconstructions, the integration of biological measurements is rapidly
developing. Although the limited number of data herein impose constraints on
broader generalisations, we show that microbial assemblages and organic matter
(OM) composition from Byrd Station and West Antarctic Ice Sheet Divide ice
cores may serve as palaeoecological markers from the Last Glacial Maximum
(LGM; section ~20.5 ka BP) and last deglaciation periods (LD; section ~14.5 ka
BP), reflecting environmental changes. Fluorescent analyses determined OM
from both cores to have similar amino acid-like signatures; however, more
comprehensive molecular characterisation showed only 12 % overlap in molecular formulae, with Byrd OM being more chemically labile. Microbial diversity
in both cores was low, and together with predicted metabolic capabilities, differed
significantly between communities. Variation in OM composition and microbial
diversity reflects changes in environmental sources and deposition patterns onto
the Antarctic Ice Sheet during distinct climate periods, with OM composition
potentially shaping microbial communities post-deposition. Combining detailed
microbial and OM composition analyses created a unique window into the past, providing a way to characterise carbon
composition and potential metabolic processes as a function of environmental change.
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Introduction
In reconstructing palaeoclimatic conditions, entrapped gases,
dissolved chemicals, and dust have served as millennial-scale
climate proxies in ice cores (Mahowald et al., 1999; Petit et al.,
1999). More recently, the integration of biology into palaeoclimate research is gaining recognition, with distinct microbial
assemblages and fluorescent organic matter (OM) signatures
in ice indicative of depositional events related to climate
(Miteva et al., 2009, 2015; D’Andrilli et al., 2017). We hypothesise that OM composition is conserved across climate periods,
providing a chronological record in ice, similar to trapped
gases and inorganic compounds.
Here we present OM molecular composition and microbial community structure within two sections from the Byrd
Station (Byrd) and West Antarctic Ice Sheet (WAIS) Divide
deviation #3 (WD_3) ice core sections (Fig. S-1) from the Last
Glacial Maximum (LGM) and last deglaciation (LD) periods.
Collecting ice cores for biological analyses is challenging due
to significant contamination risks from drilling, retrieval, and
processing. Rightfully, focus has been placed on developing
rigorous decontamination protocols (Christner et al., 2005;

Miteva et al., 2014), essential for producing credible results.
Therefore, stringent next generation sequencing protocols and
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) were applied in concert with bulk characterisation metrics (see Supplementary Information) to link deep ice
core microbial assemblages and OM molecular composition to
different climate periods.

Results
The ice core sections, Byrd and WD_3, correspond to approximately 20.5 ka BP (before present 1950) (Pedro et al., 2012) and
14.5 ka BP (WAIS Divide Project Members, 2013), respectively.
Decontamination removed hydrocarbon-based drilling fluid
constituents, with diesel range organic concentrations below
detection in both samples (Table S-1). The organic carbon (OC)
concentration in the Byrd sample was 445 µM, ~38 times higher
than the younger WD_3 (11.8 µM; Table S-2). Concentrations
of Cl-, NO3-, and SO42- were approximately two times higher
in Byrd compared to anion concentrations in WD_3 (Table
S-2). Phosphate (PO43-) concentrations were 2.77 µM for Byrd
and below detection limit in WD_3. Both Byrd and WD_3 OM
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Figure 1 Organic matter (OM) characterisation of Byrd and WAIS Divide deviation #3 (WD_3) Antarctic ice cores by (a-b) fluorescence
spectroscopy and (c-d) Fourier transform ion cyclotron resonance mass spectrometry van Krevelen diagrams.

exhibited fluorescence in nearly identical regions of the excitation emission matrices; however, intensities differed by an
order of magnitude (EEMs; Fig. 1a–b). Fluorescing OM was situated at low excitation and emission wavelengths (Ex: 240–300
nm and Em: 300–400 nm) with maxima in regions characteristic of tryptophan-like chemical species (Coble et al., 1990).
OM composition was comprised of CcH hOo (63.1 % and
74.4 %) and CcH hOoS1 (22.6 % and 19.3 %) chemical species
for Byrd and WD_3, respectively. Other molecular combinations containing N and/or S comprised <15 % for both samples
(Table S-3). Only 12.2 % of the molecular formulae identified in
both ice cores were compositional matches (Fig. S-2). Byrd OM
showed a wide range of hydrogen saturation (H/C: 0.3–2.4) at
lower oxygenation, indicative of reduced OM species (Fig. 1c).
Conversely, more oxygenated molecular species were observed
for WD_3 OM, characteristic of lignin-like, protein-like, and
polyphenolic compounds (Fig. 1d). Overall, Byrd OM exhibited more labile molecular formulae (D’Andrilli et al., 2015)
compared to WD_3 OM (33.1 % versus 21.3 %).
Microscopic analysis identified bacterial cells in both
cores, with filamentous cells only found in Byrd (Fig. S-3).
Bacterial cell concentrations ranged 1.92 x 10 5 ± 1.23 x 10 4
cells mL-1 for Byrd and 1.28 x 104 ± 2.48 x 103 cells mL-1 for
WD_3. Bacterial cell abundances in the outer ice core layers
removed during decontamination were two orders of magnitude greater.
Examination of 16S RNA gene amplicons, post quality
control and blank subtraction, produced 220,899 and 5,991

high quality bacterial sequences, clustering into 66 and 22
operational taxonomic units (OTUs) for Byrd and WD_3.
Overall, microbial assemblages differed significantly (Libshuff;
P < 0.001) between cores, with only two shared OTUs. Taxonomic analysis at the class level (Fig. 2) showed that the Byrd
microbial assemblage was dominated by Flavobacteria (74 %)
and Gammaproteobacteria (16 %), while Gammaproteobacteria
(67 %) and Bacilli (25 %) prevailed in WD_3. The dominant
microbial phylotypes from the two cores were phylogenetically
similar to taxa found in modern icy environments. OTUs 1
and 5, accounting for 65 % and 7 % of the Byrd assemblage,
had ≥97 % 16S rRNA gene sequence identity to Antarctic
strains Flavobacterium micromati and Rhodoferax antarcticus
(Madigan et al., 2000; Van Trappen et al., 2004). OTUs 8 and
12 encompassed 32 % and 4 % of the WD_3 library, with 96
% and 97 % sequence identity to Pseudomonas proteolytica from
Antarctic ponds (Reddy et al., 2004). An unclassified Actinobacter from Arctic sea ice (99 % sequence match, Brinkmeyer
et al., 2003), made up 9 % and 32 % of the Byrd and WD_3
microbial assemblages. Cumulatively, these abundant, yet low
numbers of OTUs described 81 % and 67 % of the microbial assemblages within Byrd and WD_3. Chao diversity was
43.5 (26.2–117.8; 95 % CI) and 156.3 (105.4–273.1; 95 % CI)
for WD_3 and Byrd; ~two times greater than the observed
number of OTUs. The Inverse Simpson estimated low biodiversity across both samples (Byrd: 2.2–2.2; WD_3: 3.9–4.0;
95 % CI) when compared to other deep ice core communities
(Miteva et al., 2015).
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Figure 2 Top: Relative abundance of 16S rRNA gene sequences representing the distribution of microbial assemblages within the
Byrd and WAIS Divide deviation #3 (WD_3) ice core sections. Bottom: Comparisons of predicted genes involved in lipid, carbohydrate,
and amino acid pathways for the dominant bacterial classes.

Using 16S marker gene datasets, 57 % (Byrd) and 51 %
(WD_3) of in silico predicted genes were attributed to metabolism. Of the 64 generally assigned functional classes, 58 of
the predicted functions differed significantly between the two

microbial assemblages (P < 0.012). Of relevance were carbohydrate (Byrd: 10.1 %, WD_3: 10.0 %), lipid (Byrd: 3.7%, WD_3:
3.5 %), and amino acid (Byrd: 9.8 %, WD_3: 9.7 %; Fig. 2)
metabolism.
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Discussion
Studies proposing OM as climate proxies have come from
aquatic sedimentary records (e.g., Meyers, 1994; Pailler and
Bard, 2002; Cartapanis et al., 2016). Fundamental differences
exist, however, between sedimentation processes and aeolian
deposition in these environments. Varying amounts of dust in
ice attest to both hydro- and lithospheric changes on the continents and long distance transport (Palais and Legrand, 1985;
Mahowald et al., 1999; Petit et al., 1999; Sigl et al., 2016). Ion
loads in Byrd and WD_3 corroborate these reports, with OM
quantity and quality assessments, alongside traditional climate
indicators, proving suitable as palaeoecological markers.
Although the limited data impose constraints on broader
generalisations, the concentration, fluorescence intensity, and
molecular composition of OM stored in the examined cores
varied on glacial-interglacial timescales (Fig. 3). Fluorescent
OM chemical species and intensities were consistent with a
larger dataset of LGM and LD comparisons (D’Andrilli et al.,
2017). Byrd OM consisted of reduced chemical species of less
degraded carbon character, indicative of greater bioavailability.
Correlations between less degraded OM fractions (i.e. amino
sugars, amino acids, and non-humic-like chemical species)
and aridity have previously been reported (Scott et al., 1998),
agreeing with our interpretation of the OM molecular characteristics (higher chemical lability) found in the drier climate
of the LGM. Conversely, OM in WD_3 was representative of
more lignin-like species (Fig. 3). Although other compounds
(carboxyl-rich alicyclic molecules and material derived from
linear terpenoids) can occupy the lignin-like region on the van

Krevelen diagram, the presence of more lignin-like species
may reflect vegetation shifts between glacial-interglacial
periods (Lamy et al., 1999).
While we argue that transport and deposition patterns
of biotic and abiotic material onto the ice sheet is the result
of climate induced changes at the source, there is evidence
for post-depositional OM processing in near surface environments (Antony et al., 2017). Further, the chemical composition
of OM is believed to drive microbial community structure and
underlying metabolic strategies (McCarren et al., 2010; Landa
et al., 2016). Flavobacteria, for instance, are largely involved
in the degradation of amino acid-like OM (Kirchman 2002).
Predicted lipid, carbohydrate, and amino acid pathways identified in Flavobacteria and Actinobacteria suggest genetic evidence
for the utilisation of more bioavailable OM and its degradation
products; traits which were significantly less (P < 0.022) prominent in Bacillii and Deinococci (Fig. 2). Hence, variations in OM
composition between Byrd and WD_3 (Fig. 1c–d and Fig. S-2)
could favour microbial communities based on their metabolic
capabilities; a concept of community evolution supported by
recent findings on microorganisms in Antarctic snow (Antony
et al., 2016). Although metabolic functions can be inferred from
16S RNA gene datasets (Bowman and Ducklow, 2015), obvious
limitations exist compared to more detailed ‘omics’ studies;
thus, our interpretations should be viewed as highly conservative, first approximations.
Overall, phylogenetic diversity in the Byrd and WD_3
cores were low compared to microbial communities found
in Arctic ice during similar time periods (Miteva et al., 2004,
2009, 2015), potentially from higher deposition rates on the

Figure 3 Schematic depicting Antarctic palaeoecological markers of organic carbon (OC) and microbial community structure from
the Last Glacial Maximum (LGM) and last deglaciation (LD).
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Greenland Ice Sheet (GIS) (Mahowald et al., 1999). Winds from
nearby land masses intersect the GIS (Biscaye et al., 1997),
while distant locations (i.e. Patagonia) have been suggested
as the source for palaeo-deposits in Antarctica (e.g., Sugden
et al., 2009). Assuming a positive correlation between dust and
attached microorganisms in ice (Abyzov et al., 1998; Miteva
et al., 2009), effects of climatic and environmental changes on
their distribution would be expected. From their study on the
vertical profile of microorganisms in ice, Zhang et al. (2006)
concluded that less dust and microbial species were deposited
during warmer periods. The three-fold lower numbers of OTUs
and lower dust concentrations in the WD_3 core (Sigl et al.,
2016) follow this trend. It is important to note that although
both cores were retrieved from West Antarctica (separated by
~161 km), aerosols over ice sheets may differ between locations
(Rothlisberger et al., 2000).

the original author and source are credited. Additional information is available at http://www.geochemicalperspectivesletters.org/copyright-and-permissions.
Cite this letter as: D’Andrilli, J., Smith, H.J., Dieser, M.,
Foreman, C.M. (2017) Climate driven carbon and microbial
signatures through the last ice age. Geochem. Persp. Let. 4,
29–34.
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Methods
Sample collection and decontamination
Ice cores were obtained from the National Ice Core Laboratory
(NICL), originally recovered from West Antarctica at the Byrd
Research Station (80.01 °S, 119.32°W, elevation 1,553 m) in
1968, and at the West Antarctic Ice Sheet Divide (deviation
#3; WD_3: 79.48°S, 112.1°W, elevation 1,759 m) in 2013 (see
Fig. S-1). The analysed ice core sections depths were 2,225.00
m and 1,344.00 m below the surface, respectively. There were
strict sample volume limitations imposed by working with
decontaminated ice cores so as to obtain enough ice core meltwater for the biological and chemical analyses, yet maintain
0.5 m of total ice core to preserve a relatively low grouping
of annual layers (estimations include <50 years for the Byrd
sample from the Last Glacial Maximum and approximately six
years for the WD_3 sample from the last deglaciation period).
Outer ice core layers (2–3 mm) were removed to decontaminate
the ice cores using UV-irradiated clean razor blades within a
class 1000 clean room in the Subzero Science and Engineering
Research Facility at Montana State University maintained at
-10 °C, following protocols developed for use on the Vostok
ice core (Christner et al., 2005). Ice core sections containing
fractures (cracked ice or broken sections) which provide the
means for contaminants to penetrate to the core interior, were
removed prior to melting. Meltwater from the outer layers was
collected to identify potential contaminants at the bulk level
(i.e. organic matter [OM] fluorescence signals, OM concentration, and bacterial cell abundances). Decontaminated inner
core samples were placed in a clean, combusted (450 °C for
5 hr) glass carboy, and sealed for controlled melting at 5 °C
for 72 hr. The inner ice core meltwater (~3 and 5 L) was then
aliquoted into combusted glassware and stored in the dark at
4 °C for the suite of bulk and molecular level chemical and
biological experiments.

Bulk geochemical concentration and fluorescence
analyses
Total organic carbon concentrations were measured on ice
core meltwater in quadruplicate with a GE Sievers 900 Total
Organic Carbon Analyzer. Milli-Q water samples were run as
blanks in between each ice core sample. The organic carbon
analyser had an internal acidification step; therefore acidification of samples prior to analysis was not required.
Samples for anion analyses were filtered through 0.4
μm, 47 mm nucleopore filters, deionised water was used as
a filtration blank, and 2 mL of each sample were analysed in
triplicate on a Dionex ICS-1100 ion chromatography system
(Thermo-Scientific) for trace element and nutrient concentrations. Excitation Emission Matrices (EEMs) of fluorescent
OM were obtained on a Horiba Jobin Yvon spectrofluorometer. For fluorescence spectroscopy measurements, detailed
descriptions of UV/Vis absorbance and data acquisition specifications are provided in D’Andrilli et al. (2017). Due to the
limited number of samples, multivariate parallel factor analysis
was not appropriate for further decomposition of this data.

FT-ICR MS analysis
OM was extracted from the ice core meltwater prior to FT-ICR
MS with 100 mg Bond Elut PPL Solid Phase Extraction
cartridges (Agilent Technologies) following a procedure previously reported (Dittmar et al., 2008). Samples were eluted with
2 mL of HPLC grade methanol. A blank control was generated with Milli-Q Water passed through the SPE cartridges
and eluted with methanol. All samples were stored in a 4 °C
refrigerator in the dark prior to experimentation. Mass spectra
were generated by a custom-built Electrospray Ionisation (ESI)
source, operated in negative mode, coupled to a custom built
superconducting 9.4 tesla magnet FT-ICR mass spectrometer
at the National High Magnetic Field Laboratory (NHMFL), in
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Tallahassee, Florida (Blakney et al., 2011; Kaiser et al., 2011).
Sample syringes were triplicate rinsed with methanol between
samples and spectra were collected between samples to ensure
no sample-to-sample contamination within the instrument.
Singly charged, negative gaseous ions were produced by
a custom-built micro-electrospray ionisation source (Emmett
et al., 1998). Positive ESI and atmospheric pressure photoionisation were also considered for this work, however were
not included based on the sample volumes available and
the further use of chemicals needed for efficient ionisation
(e.g., formic acid, ammonium hydroxide, and toluene). ESI
and FT-ICR MS experimental parameters were as follows:
50 µm i.d. fused-silica tube, syringe pump flow rate 0.5 µL/
min, needle voltage -2700 V, tube lens -350 V, heated metal
capillary operated at 3.37 W, ion funnels -120 and -70 V, chirp
rate of 50 Hz/µs ranging between m/z 100–1500, and octopole
ion guide frequencies set at 2.0 MHz. Multiple time domain
acquisitions were co-added (50–200), Hanning apodised,
and zero-filled once before rapid Fourier transformation and
magnitude calculation (Marshall and Verdun 1990). FT-ICR
MS mass resolving power (m/Δm50%) was reported >800,000
at m/z 400 for both samples.
NHMFL software was employed for mass spectral
calibration and to generate peak lists for molecular formula
assignment limited to mass spectral peaks 6x the baseline
rms noise, a conservative threshold. Ice core mass spectra
were internally calibrated with two known methylene homologous compound series ranging 200–700 Da and the data
were sorted for molecular formula assignment by established
methods (Stenson et al., 2003). Elemental composition assignments of singly charged OM species included all possible
naturally occurring molecular combinations of C, H, N, O,
and S, confirmed with individual monoisotopic mass spectral
peaks, rms error < 1 ppm, and homologous series, a robust,
unambiguous method for individual molecular formulae
assignments; details described in D’Andrilli et al. (2015). Such
constraints greatly reduce the possibility for error in molecular formulae determination, and monoisotopic mass spectra
spacing patterns were used to confirm each molecular assignment individually. Only molecular formulae assigned above
the S/N threshold were compared between samples in this
work. Any molecular formulae above the S/N threshold (6σ) in
the blank control sample were removed from Byrd and WD_3
ice core mass spectral peak lists prior to further interpretation.
Singly charged chemical species were confirmed by the 13C
isotopic mass spectral peak separations of m/z 1.0034 between
ions differing in elemental composition by 12Cc vs. 12Cc-1-13C1.
Ice core molecular formulae were analysed to compare
and contrast chemical speciation in compound classes,
molecular heterogeneity, hydrogen saturation, oxygenation,
aromaticity, and chemical lability (Kim et al., 2003; Koch and
Dittmar 2006; D’Andrilli et al., 2015). OM characterisation is
readily visualised on Van Krevelen diagrams, and composition
percentages (molecular heterogeneity, aromaticity, and chemical lability) were calculated based on the numbers of molecular formulae within compound class boundaries (modified
from Hodgkins et al., 2014) relative to each sample.

Bacterial cell abundances and imaging
Samples for bacterial cell enumeration were preserved with
prefiltered (0.2 μm) formalin to a final concentration of 2 % v/v.
Ice core meltwater (5 mL) was filtered onto polycarbonate
membranes (0.2 μm pore size) and stained with SYBR® Green
(final concentration 25X, Invitrogen). A Nikon E800 epifluorescence microscope was used to count at least 30 randomly
selected fields, with each field containing a minimum of

20 cells per grid (Lisle et al., 2004), resulting in the enumeration of a minimum of 600 cells. Triplicate filters for each sample
were prepared and counted.
Samples for Field Emission Scanning Electron Microscopy (FE SEM) were filtered onto a 0.02 μm, 10 mm diameter
PES membrane filter. Filtered volumes included 10, 50, and
100 mL. Filters were sputter coated with 10 nm of Au-Pd and
both filters and cell like structures were imaged with a Zeiss
SUPRA 55VP FE SEM.

DNA Extraction and PCR Amplification
For microbial community analysis of ice core samples, ice core
meltwater (500 mL) was filtered onto 47 mm Supor®-200
(0.2 μm pore size) sterile membranes (PALL) under low pressure (<7 psi). Filters were transferred to cryovials and stored
at -80 °C until DNA extraction. Genomic DNA was extracted
using the PowerSoil DNA extraction kit (MoBio, Carlsbad, CA,
USA) following manufacturer’s recommendations. Extracted
genomic DNA was quantified using the high sensitivity Qubit
DNA Assay Kit (Molecular Probes, Eugene, OR, USA) and was
found to be below the detection limit (<0.2 ng).
The low biomass in ice cores combined with the age of
DNA has been shown to impede the amplification of genomic
DNA. Multiple displacement amplification (MDA) has been
successfully used to amplify genomic DNA from low biomass
samples (Binga et al., 2008); however, it has also been shown
to be biased in study. In this study subsamples were both analysed directly and with MDA. No difference was found between
the MDA amplicons and the corresponding extraction blanks,
therefore, our MDA treated samples were not considered for
further analysis.
A n initial PCR was performed w ith primers
9F (5’ -G AGT T TG ATCC TGGC TC AG) a nd 1492 R
(5’-GGTTACCTTGTTACGACTT) (Stackebrandt et al., 1993).
The partial 16S rRNA gene was amplified in 50 μL PCR
reactions. PCR reactions contained extracted genomic DNA,
0.1 μM of each primer, a 1X final concentration of Bull’s Eye
PREMIUM Taq 2X Mix (Midwest Scientific, St Louis, MO,
USA), and an adjusted volume of nuclease free water. The
amplification protocol consisted of an initial denaturation at
94 °C for 4 min, followed by 30 cycles of denaturation at 94 °C
for 30 s, annealing at 56 °C for 1 min, extension at 72 °C for
1 min, and a final extension step at 72 °C for 10 min. Subsequently, 16S RNA gene amplicons were subjected to a nested
PCR using primers specific to the V3-V4 regions of the 16S
rRNA gene. Primer complexes included the Illumina adaptor
sequences followed by either the universal primers 341F
(5’acactctttccctacacgacgctcttccgatctCCTACGGGNGGCWGCAG-3’) or 805R (5’gtgactggagttcagacgtgtgctcttccgatctGACTACHVGGGTATCTAATCC-3’) (UW Biotechnology Center,
Madison, WI, USA). The 50 μL PCR reaction contained 2.5
µL of PCR amplicon and concentrations of PCR reagents akin
to the protocol above. The nested PCR amplification consisted
of an initiation denaturation at 95 °C for 3 min followed by 12
cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s, extension at 72 °C for 30 s, and a final extension step at
72 °C for 5 min. PCR was performed in an Eppendorf Mastercycler pro S. The presence of PCR products of the correct
size was confirmed by band visualisation in a 0.8 % agarose
Tris-acetate EDTA gel stained with GelRed™. Locus-specific,
amplified DNA was submitted to the University of Wisconsin-Madison Biotechnology Center. Both blank samples for
the nested PCR, and extraction procedure were included in
the sequence libraries. Paired end, 250 bp sequencing was
performed using the Illumina MiSeq Sequencer and a MiSeq
500 bp (v2) sequencing cartridge. Images were analysed using
the standard Illumina Pipeline, version 1.8.2.
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library. The libshuff method using the Cramer-von Mises test
statistic was implemented to determine differences between
the communities (Singleton et al., 2004). The construction of a
potential functional profile for ice core bacterial assemblages
was predicted with the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)
bioinformatics tool (Langille et al., 2013) from OTUs classified with Greengenes within Mothur. PICRUSt takes the
relative abundances of 16S rRNA gene sequences to predict
gene family abundances from a database of reference genomes.
The generation of functional profiles using PICRUSt is based
on the assumption that there is an association between 16S
rRNA detected phylogeny and genetic content (Bowman and
Ducklow, 2015). Functional gene profiles were subsequently
generated with the Statistical Analysis of Metagenomic
Profiles (STAMP; version 2.1.3) software.

Forward and reverse sequence libraries were joined with the
Quantitative Insights Into Microbial Ecology (QIIME) toolkit
version 1.9.0 (Caporaso et al., 2010), sequences were overlapped
with a minimum overlap of 50 base pairs and a minimum
quality score of 30. The resulting overlapped sequences were
analysed with the Mothur platform v.1.34.4 (Schloss et al.,
2009). Sequences containing ambiguous bases, homopolymers
longer than eight bases, or an average quality score below
30 over a 50 bp window were excluded from further analysis
(Schloss et al., 2011). The maximum sequence length from
a bidirectional MiSeq run was 467, and sequences shorter
than 450 bp were removed. The processed sequences were
aligned against the SILVA Gold database in Mothur. Chimeric
sequences were identified and removed with UCHIME (Edgar
et al., 2011), in combination with the SILVA Gold database
in Mothur, and a second chimera check using the sequence
collection from the present study as a database. Sequences
were classified with a Bayesian method (Wang et al., 2007),
using the Mothur formatted version of the RDP classifier. An
operational taxonomic unit (OTU) was defined at ≥97 % 16S
rRNA sequence identity. All OTUs found in the sequenced
blank samples (extraction and PCR) were removed from each
ice core sample to eliminate any potential source of contamination. Only OTUs unique to the ice core samples were further
analysed. All raw sequences were deposited in GenBank NCBI
under the following accession numbers SRP090439.

Volatile organic carbon and hydrocarbon
contamination assessment
Samples of ice cores were sent to Energy Laboratories, Inc.,
(Billings, Montana, USA) for diesel range organics (DROs)
and total extractable hydrocarbons analysis to confirm or deny
the presence of drilling fluid contamination present in the ice
cores. DROs and petroleum hydrocarbons were analysed by
the methods SW8015M, and volatile organic compound (VOC)
concentrations were measured by method SW8260B. Furthermore, samples were tested for Isopar-K drilling fluid contamination using the 8015B method for diesel range organics
with a slight modification to specifically detect the fluid. A
low-level liquid chromatography reference experiment was
run to provide a chromatogram for the Isopar-K drilling fluid.

Statistical analyses were performed calculating alpha
diversity defined by Chao 1 (Chao, 1984) and inverse Simpson,
an estimator for eveness and richness (Simpson, 1949), on
the Mothur platform. For pairwise comparisons, both ice core
sequence libraries were rarefied to n = 5,000 sequences per

Supplementary Tables and Figures
Table S-1 Volatile organic compounds, diesel range organics, and total extractable hydrocarbon concentrations for the inner ice core
of Byrd and WAIS Divide deviation #3 (WD_3), and the outer shavings removed during decontamination procedures of the WD_3 ice
core. Environmental Protection Agency (EPA) detection methods were used for contaminant analyses.
EPA
Method

Byrd
(inner core)

WD_3
(inner core)

WD_3
(outer shavings)

Volatile Organic Compounds (VOCs)
(1,1-Dichloro-1-fluoroethane)

SW8260B

0.00061 mg/L

0.017 mg/L

0.9 mg/L

Diesel Range Organics (DROs)

SW8015M

ND
RL = 0.24 mg/L

ND
RL = 0.31 mg/L

7.7 mg/L

Total Extractable Hydrocarbons

SW8015M

ND
RL = 0.24 mg/L

ND
RL = 0.31 mg/L

7.9 mg/L

Volatile Organics and Contaminants

RL: Analyte reporting limit
ND: Not detected

Table S-2 Antarctic ice core location, approximate ages, climate descriptions and concentrations of organic carbon (OC), bacteria,
Cl-, NO3-, PO 43-, and SO 42- (± 1 SD) for Byrd Research Station and the WAIS Divide deviation #3 (WD_3) ice core samples of the Last
Glacial Maximum (LGM) and the last deglaciation (LD) climate periods.
Ice Core
Sample

OC
(µM C)

Bacteria
(105 cells/mL)

Cl(µM)

LGM

445 (±5.3)

1.92 (±0.13)

LD

11.8 (±0.29)

0.13 (±0.03)

Age
(ka BP 1950)

Climate
Period

Byrd

20.458

WD_3

14.528

NO3 (µM)

PO43(µM)

SO42(µM)

2.90 (±0.07)

5.16 (±0.16)

2.77 (±2.08)

8.08 (±4.18)

1.95 (±0.07)

0.156 (±0.020)

ND

1.01 (±0.08)

ND = Below detection limit
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Table S-3 Molecular composition of CcHhNnOoSs containing organic matter from Byrd Research Station and WAIS Divide deviation
#3 (WD_3) ice core sections determined by negative ion electrospray ionisation 9.4 tesla Fourier transform ion cyclotron resonance
mass spectrometry.
Byrd
(%)

WD_3
(%)

CHO

63.10

74.40

CHOS1

22.60

19.30

CHON1

2.40

1.60

CHON1S1

2.40

1.33

CHON2

6.51

2.26

CHON2S1

2.91

1.13

Molecular Species

Figure S-1 Geographical location of the Byrd and WAIS Divide drilling sites.
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Figure S-2 H/C and O/C molecular formulae of organic matter (OM) characterised in the WAIS Divide deviation #3 (WD_3) and Byrd
Antarctic ice core OM sections, highlighting the degree of overlap, and exact composition matches between both samples on a van
Krevelen diagram. Chemically labile OM (easily altered) is shown as a function of hydrogen saturation.

Figure S-3 Field emission scanning electron microscopy (FESEM) images from (a-b) WAIS Divide deviation #3 (WD_3) and (c-d) Byrd
Antarctic ice core sections. Scale bar is 1 µm.
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