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Abstract: The search for life on other planets is an active area of research. Many of the likeliest planetary
bodies, such as Europa, Enceladus, and Mars are characterized by cold surface environments and ice-rich
terrains. Both Raman and ultraviolet-induced fluorescence (UIF) spectroscopies have been proposed as
promising tools for the detection of various kinds of bioindicators in these environments. We examined
whether macro-scale Raman and UIF spectroscopy could be applied to the analysis of unprocessed
terrestrial frozen peat and clear ground ice samples for detection of bioindicators. It was found that this
approach did not provide unambiguous detection of bioindicators, likely for a number of reasons,
particularly due to strong broadband induced fluorescence. Other contributing factors may include
degradation of organic matter in frozen peat to the point that compound-specific emitted fluorescence or
Raman peaks were not resolvable. Our study does not downgrade the utility of either UIF or Raman
spectroscopy for astrobiological investigations (which has been demonstrated in previous studies), but
does suggest that the choice of instrumentation, operational conditions and sample preparation are

important factors in ensuring the success of these techniques.
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Introduction

The ability to detect and characterize or discriminate microor-
ganisms and biomolecules that may exist in cold environments
is relevant to a variety of science questions. These include
whether life existed or exists on Mars, and how microorgan-
isms may react to changes in the terrestrial global climate.
The importance of these questions necessitates the develop-
ment of analytical techniques that can be applied to address
them.

The search for life beyond the Earth is an area of active in-
vestigation. A wide array of techniques have been proposed for
detecting and characterizing signs of past or present life on
other planetary bodies using orbital and landed assets. Mars
is currently the planetary body where the search for extant or
extinct life is most advanced. Future landed missions, such as
the 2018 ExoMars rover and Mars 2020 rover have astrobiol-
ogy as one of their main science drivers (Mustard et al. 2013;
European Space Agency 2014).

Among techniques planned or proposed for deployment to
Mars to address astrobiology science goals are Raman spec-
troscopy (Rull ez al. 2013; Beegle et al. 2014; Maurice et al.
2015) and ultraviolet-induced fluorescence (UIF) spectroscopy
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(Beegle et al. 2014). The 2018 rover mission to Mars includes a
Raman spectrometer as part of the science payload (Bottger
et al. 2012), with capabilities comparable with the instrument
used in this study (i-Raman® System by B&W Tek). Both
Raman and UIF spectroscopy have been shown to be capable
of detecting the presence of a wide array of bioindicators (e.g.,
De Gelder et al. 2007; Sattler et al. 2010; Dartnell et al. 2012);
(in this paper we use the term ‘bioindicators’ as shorthand for
the range of possible indicators of the presence of past or pre-
sent life, including biomarkers, biomolecules and live/dead mi-
croorganisms). Bioindicators include photosynthetic pigments
such as a-chlorophyll and b-chlorophyll, as well as carotenoids
such as B-carotene and lycopene. The advantageous character-
istics of both Raman and UIF spectroscopy include the ability
to conduct stand-off measurements and to acquire usable spec-
tra with no sample preparation.

Raman scattering or the inelastic scattering of photons
caused by laser excitation (a 532 nm laser was used in this
study), allows for molecular characterization due to transition
between energy levels that may be unique for different mole-
cules. Similarly, UIF spectroscopy uses an active incident illu-
mination source (in the case of this study, a 365 nm wavelength
ultraviolet (UV) spotlight) and a fibre optic to the directly
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reflected and fluorescence-induced light from the sample to the
spectrometer.

The Martian surface is currently characterized by low aver-
age temperatures, low atmospheric pressure and the possibility
of widespread ground ice/permafrost (e.g., Farmer & Doms
1979; Paige 1992; Mellon & Jakosky 1993, 1995; Smith &
Zuber 1998; Heldmann et al. 2014). Ground ice has been de-
tected at high latitudes (Smith ez al. 2009), and inferred to be
present in mid and high latitudes from orbital observations
(Boynton et al. 2002; Mitrofanov et al. 2002; Byrne et al.
2009; Carrozzo et al. 2009; Vincendon et al. 2010). Thus, any
extant Martian life forms are likely to be cryophilic.
Additionally the Martian atmosphere has very little available
oxygen (0.13%) but has an abundance of CO, (95.32%) (Rapp
2013), consequently extant life may also be anaerobic. It is also
likely that any extant organisms will reside in the subsurface
where they are protected from the hostile surface environment
and wide swings in diurnal temperatures.

Previous studies have demonstrated the suitability of both
Raman and UIF spectroscopy for astrobiology-focused micro-
biological investigations. While these analytical techniques
have been investigated by a number of researchers, best prac-
tices for how to optimize their deployment and operation and
maximize their science return in a ‘real world’ Mars setting are
not fully resolved (e.g., Groemer et al. 2014). For instance,
Raman spectroscopic detection of bioindicators in terrestrial
analogues of Mars often requires sample pre-processing such
as the production of thin sections (Fisk ez al. 2003), powdering
(Edwards et al. 2013), culturing, or the use of enhanced (sur-
face enhanced Raman spectroscopy — SERS), confocal and/
or microscale techniques (e.g. Serrano et al. 2014; Vitek et al.
2014). In samples where bioindicator abundances are high en-
ough to be visible (e.g. Antarctic endoliths), Raman spectros-
copy can be successfully applied to rocks where the endolith
layers have been exposed by fracturing (e.g. Wynn-Williams
& Edwards 2000).

Similarly, successful UIF spectroscopy detection of bioindi-
cators is greatly enhanced by pre-processing techniques such as
sample staining, sample pre-treatment/preparation, examining
a sample at the micro scale (Fisk et al. 2003; Storrie-Lombardi
& Sattler 2009), or otherwise concentrating any bioindicators.
Nevertheless, induced fluorescence techniques can be success-
fully applied to detection and characterization of different
types of bioindicators that naturally exist in cold terrestrial en-
vironments (e.g., Bay et al. 2005) and Mars-relevant materials
(Dartnell et al. 2012). Fluorescence imaging can also be com-
bined with Raman spectroscopy to provide more robust detec-
tion and characterization of bioindicators (Storrie-Lombardi
et al. 2001).

The ability of Raman and UIF spectroscopy to detect bioin-
dicators in cold environments and Mars-relevant samples has
been demonstrated in a number of studies, indicating that mi-
crobial/biomolecule abundances in such terrestrial environ-
ments, and other ‘extreme’ terrestrial environments such as
hyperarid deserts (Vitek et al. 2014) are sufficient to permit
their study by these techniques (e.g., Wynn-Williams &
Edwards 2000; Bay et al. 2005; Storrie-Lombardi & Sattler

https://doi.org/10.1017/51473550415000221 Published online by Cambridge University Press

2009; Edwards et al. 2013; Serrano et al. 2014). Jorge-Villar
& Edwards (2006) provided an excellent overview of Raman
spectroscopy applications to astrobiology. Additionally,
when implemented properly, neither of the above methods
damage or compromise the integrity of the samples (Serrano
et al. 2014) which allows for further manipulation of samples
after testing, such as culturing.

The ability to detect the presence of, and characterize, mi-
crobes in cold environments is also important for understand-
ing their role in terrestrial carbon cycling, as well as assessing
the impacts of warming of these regions on carbon release
(Zimov et al. 2007; Schuur et al. 2009; Schuur & Abbott
2011). Studies of microbial ecosystems in polar terrains have
shown that they exist in all types of polar environments (e.g.,
Price & Sowers 2004; Rohde & Price 2007; Steven et al.
2007, 2008; Rohde er al. 2008), and that differences exist
both in terms of microbial abundances and colony composi-
tions between clear ice, ice wedges and permafrost (Miteva
et al. 2009; Wilhelm et al. 2012). Various properties of micro-
bial communities can be used to infer paleoclimatic conditions.
Microbial diversity and abundance is generally highest in the
active layer, followed by permafrost, ice wedges and finally
ground ice (Steven ez al. 2008). Viable microorganisms can sur-
vive for extended periods of time at subzero temperatures (e.g.,
Rivkina et al. 2005). A number of studies have demonstrated
the relevance of polar regions to the search for life on Mars
(e.g., Tung et al. 2005).

To assist in determining what types of analytical techniques
may be most appropriate in searching for extinct or extant life
on Mars, we investigated the capabilities of macro-scale
Raman and UIF spectroscopy for characterizing untreated fro-
zen peat (supplementary Figure 1) from discontinuous perma-
frost and clear ice lens samples (supplementary Figure 2). Our
goals were to determine whether macro-scale Raman and UIF
spectroscopy of samples with no additional treatment (beyond
extraction from the field and sterilization of the outer surface)
could detect spectroscopic signatures that could be related to
bioindicators, and whether differences in Raman and UIF
spectra exist between clear ice lenses and frozen peat.
Follow-on work is planned to characterize the bioindicators
that are present in our samples.

The National Snow and Ice Data Centre defines ground ice
as a general term referring to all types of ice contained in freez-
ing and frozen ground and defines peat as a deposit consisting
of decayed or partially decayed humified plant remains com-
monly formed in waterlogged areas where oxygen is absent
or present at low levels (van Everdingen 1998). The terms
ground ice and clear ice lens are used interchangeably through-
out this paper.

Methodology

Study Site

This study was conducted in the vicinity of the Churchill
Northern Studies Centre located near the town of Churchill,
Manitoba, Canada. This is a sub-arctic region where
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Fig. 1. Study region and sample sites 1-8 near Churchill, Manitoba, Canada.

Table 1. Sample collection time, date and coordinates

Time Latitude Longitude Sample ID
8:40 N 58.72600 W 93.84173 1-1
1-2
9:02 N 58.72635 W 93.84037 2-1
2-2
2-3
9:13 N 58.72635 W 93.84037 3-1
3-2
10:22 N 58.73255 W 93.83920 4-1
4-2
4-3
4-4
4-5
4-6
16:00 N 58.71792 W 93.84253 5-1
5-2
16:30 N 58.76739 W 93.97609 6-1
6-2
6-3
17:00 N 58.76722 W 93.97401 7-1
15:30 N 58.63568 W 93.98967 8-1
8-2

discontinuous permafrost and subsurface clear ground ice are
present, making it a suitable analog for research on the micro-
bial composition of ground ice. Sample sites in the Churchill
area were chosen based on knowledge of areas containing
permafrost or clear ice lenses. Study sites 1, 2 and 3 are located
near Strange Lake, site 4 is directly south of sites 1-3 and site 5
is directly north of sites 1-3. Sites 6 and 7 are located on the
coast of Hudson Bay, and site 8§ is located east of Twin
Lakes (Fig. 1, Table 1).

Sample collection and analysis

Samples were collected in the field in late August 2014 using a
combination of shovels and rock hammers. We sampled both
clear ground ice, as well as permafrost that contained variable
amounts of rock-derived regolith and partially decayed plant
matter (peat). Table 2 describes the nature of the samples.
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The frozen samples were placed in sterile plastic sample con-
tainers and stored in ice in an insulated cooler. The samples
were transported to the laboratory within 2 h of collection
and placed in a chest freezer maintained at ~—20°C.

For the spectral measurements, one sample at a time was re-
moved from the chest freezer. The samples were handled with
sterile nitrile gloves. The frozen peat samples were lightly
rinsed with distilled deionized water prior to spectral measure-
ments. Spectral measurements were conducted on fractured
surfaces that had not been in contact with the sampling
tools. The clear ground ice samples were wiped with isopropyl
alcohol cotton swabs and then rinsed with distilled deionized
water prior to the spectral measurements. The rationale for
this minimal pre-treatment was to remove any contaminants
that may have been introduced during sample acquisition,
but to otherwise retain the characteristics of samples as they
would be encountered in the field. For the spectral measure-
ments, each sample was placed in an aluminium sample boat
that was also cleaned with the isopropyl alcohol swabs and dis-
tilled deionized water.

UIF spectra

We used an Ocean Optics Maya 2000 Pro for measuring the
UIF spectra, due to its high resolution (0.42-0.46 nm) and
wide spectral range (2001133 nm). For the UIF measure-
ments we constructed a light-proof enclosure. The samples
were illuminated at 45° from normal with a 365nm UV
lamp (UVP Model B-100AP operating at 100 W). The Maya
spectrometer was equipped with a fibre optic cable positioned
normal to the sample that directed the emitted/reflected light
from the sample to the Maya. A dark scan was completed
prior to the spectral measurements. The integration time was
set to 10 000 ms, and 10 successive scans were averaged to op-
timize signal to noise. The fibre optic cable was placed ~25
mm from the sample, providing a spot size of ~20 mm.

Raman spectra

Raman spectra were acquired with a B&W Tek i-Raman®
System. It uses a 532 nm laser for Raman excitation and a
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Table 2. Name and ice type of each sample

Sample type

(FP = frozen
peat;
Site Sample name CI =clear ice)
1 1-1 FP
Side A Side B
1-2 FP
Side A Side B
2 2-1 FP
Side A Side B
2-2 FP
Side A Side B
2-3 FP
Side A Side B
3 3-1 FP
Side A Side B
3-2 FP
Side A Side B
4 4-1 FP
Side A Side B
4-2 FP
Side A Side B
4-3 FP
Side A Side B
4-4 FP
Side A Side B
4-5 FP
Side A Side B
4-6 FP
Side A Side B
5 5-1 CI
Side A Side B
5-2 CI
Side A Side B
6 6-1 CI
Side A Side B
6-2 CI
Side A Side B
6-3 CI
Side A Side B
7 7-1 CI
8 8-1 CI
82 CI

fibre optic probe to provide illumination and measure emitted
light. A polystyrene block was used to calibrate the instrument
before and after sample measurements. A dark scan was ac-
quired before each sample spectrum. Each sample was scanned
once with the laser output level set to 100% at integration times
ranging from 500 to 20 000 ms. Integration times were varied
to optimize signal to noise.

Results

To ensure that the analysis did not include unexpected contribu-
tions from any background materials, Raman and UIF spectra
of the aluminium boat and alcohol-infused cotton swab were
measured prior to the sample measurements. The UIF spectra
exhibit an expected strong emission peak in the 365 nm region,
as well as a weaker overtone doublet in the 740-810 nm region
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Fig. 2. Ultraviolet-induced fluorescence (UIF) spectra of the
aluminium boat used to hold samples (thin line) and alcohol-infused
cotton swab (thick line).
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Fig. 3. Raman spectra of the aluminium boat used to hold samples
(thin line) and alcohol-infused cotton swab (thick line).

from the UV lamp. The cotton swab showed a region of overlap-
ping emission peaks in the ~400-500 nm region attributable to
the cotton (Fig. 2) (Gavrilov & Ermolenko 1966). The Raman
spectra of the non-sample materials (Fig. 3) show that the alu-
minium boat exhibits a broad doublet of fluorescence with
peaks near 1600 and 2100 cm™!, and no discernible Raman
peaks (Ponosov & Stretslov 2012). The cotton swab spectrum
has a broad peak centred near 2600 cm ™! and additional narrow
peaks near 2800 and 2950 cm™". There are also a series of weak
Raman peaks in the ~1000-2000 cm™' region (Gremlich &
Yan 2001).

The illumination conditions for the UIF spectra were such
that contributions from the aluminium boat could not be com-
pletely removed, particularly for the clear ground ice samples.
As a result, we confined our search for UV-induced fluores-
cence peaks to wavelength regions outside of those attributable
to the UV light source and aluminium boat. While the UIF
spectra of the frozen peat samples did exhibit evidence of fluor-
escence, none of the features could be confidently attributed to
their organic material (Fig. 4). The most promising wavelength
region, 400-450 nm, is also the region where the aluminium
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Fig. 4. Ultraviolet-induced fluorescence (UIF) spectrum of frozen
peat sample 5-1.
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Fig. 5. Ultraviolet-induced fluorescence (UIF) spectrum of clear
ground ice sample 6-1.

boat exhibits a broad fluorescence peak. The clear ground ice
sample UIF spectra also exhibited this weak 400-450 nm peak
as well as an additional peak near 520 nm that is also seen in
the UIF spectrum of the aluminium boat (Fig. 5). Once again,
the clear ground ice samples did not exhibit any fluorescence
features that could confidently be attributed to any embedded
organic material.

Raman spectra of major components of peat can be used to
interpret the sample spectra. Lignin’s most prominent Raman
features are as follows: broad peaks in the 1000-1500 cm ™' and
31003600 cm ' regions, and sharper features near 1650 and
2950 cm™! (Barsberg et al. 2005; Gierlinger et al. 2012).
Raman spectra of cellulose are characterized by broad features
near 2900 and 400cm~', and sharper peaks near 1100
and 1350 cm™! (Schenzel & Fischer 2004). Chlorophyll
Raman spectra exhibit a broad rise in emission from 200 to
1000 cm ™", and the most prominent sharp Raman peaks are
located near 1000, 1300, 1350, 1550, 2950 and 3000 cm™'
(e.g., Cai et al. 2002). Raman spectra of ice exhibit a broad
emission crest in the 3000-3600 cm ™" region, with peak near
3170cm~" and an additional shoulder near 3400 cm™'
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Fig. 6. Raman spectra of two frozen peat samples: thick line: sample
1-1; thin line: sample 4-1.
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Fig. 7. Raman spectra of ground ice samples: thick line: sample 7-1;
thin line: sample 8-1.

(Bakker 2004; Park et al. 2010). Additional weaker lower-
frequency bands can be present near 200 and 300 cm ' (Faure
& Chosson 1978), as well as a weak hump near 1600 cm™!
(Fukazawa & Mae 2000).

Our Raman sample spectra exhibit some variability and dif-
ferences between frozen peat and clear ground ice. The frozen
peat samples are characterized by a broad fluorescence peak
that may mask any organic-specific Raman peaks (Fig. 6).
They all exhibit the fluorescence ‘absorption band’ near
1900 cm ™! that can be attributed to the aluminium sample
boat. In addition, they have a broad Raman hump near
3800 cm ™' and a weaker shoulder near 3400 cm™'. These fea-
tures are likely attributable to some combination of ice and de-
cayed organic matter; more specific assignments are not
feasible. There are occasional weaker Raman humps near
2850 cm™~! that may be attributable to cellulose/lignin, but
this feature is not ubiquitous or strong.

Clear ground ice Raman samples also exhibit some variability
(Fig. 7). The aluminium boat absorption band near 2900 cm™!
is nearly ubiquitous. The dominance of ice is evident in the sam-
ple 8-1 spectrum: it shows weak but resolvable ice peaks near
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Fig. 8. Ultraviolet-induced fluorescence (UIF) spectra of a moss tuft
and green leaf.

200 and 300 cm™" and the ice-associated peak and shoulder near
3170 and 3400 cm~'. Any organic-associated Raman peaks are
not apparent in the clear ground ice sample spectra. In all cases,
fluorescence is present.

Discussion and conclusions

To better understand the spectral properties of our samples, we
measured UIF and Raman spectra of various ‘extraneous’ ma-
terials that may contribute to or explain the spectral properties
of our samples; such materials included limestone (the domin-
ant contributor to the local regolith), and moss and shrub
leaves (as proxies for the biomass contributing to peat forma-
tion). The UIF spectra of live moss and green leaves are shown
in Fig. 8. The spectra are dominated by reflected light from the
UV light source (peaks in the 365 and 740-800 nm region).
While the moss spectra do not display any robust additional
emission features, the green leaf exhibits an emission feature
ranging from ~400 to >500 nm and centred near 440 nm,
that can be attributed to various relevant organic compounds
such as chlorophyll, polycyclic aromatic hydrocarbons and mi-
crobial cells (e.g., Papageorgiou 2004; Bay et al. 2005; Dartnell
et al. 2012). The lack of this feature in our frozen peat samples
has a number of possible explanations. Even though these sam-
ples contain vegetative matter, it has likely degraded to the
point that any UV-active compounds are not present in suffi-
cient abundances to generate a detectable amount of fluores-
cence in this wavelength region. It is also possible that the
peat matrix is sufficiently absorbing that there is not enough
interaction of incident UV light with the sample or the sample
effectively absorbs any UV-generated visible region photons. It
is also possible that the molecular complexity of the vegetative
matter results in numerous, but weak, overlapping Raman
peaks that collectively result in no discernible Raman peaks.
These results also suggest that the mere presence of abundant
vegetative matter is insufficient to ensure detection by macro-
scale UIF.

To overcome the lack of expected fluorescence, a number of
approaches are possible. As mentioned before, sample pre-
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processing can provide viable UIF detection of organic matter,
even when relevant fluorescing substances are present in low
concentrations (in extreme environments). Further improve-
ments may be possible by examining samples at the micro-scale
and focusing on organic-rich areas. In addition, it is possible
that our samples may possess fluorescence features in the
700-900 nm region, and detection of such features was not pos-
sible with our current set-up. The use of blocking filters would
enable this wavelength region to be more effectively interro-
gated. Finally, any background materials that may contribute
to the spectrum measured by the spectrometer should have
minimal or no native fluorescence. It was hoped that the
clear ground ice samples would show spectral features indica-
tive of any bioindicators, based on the fact that because the UV
light is only weakly absorbed by the ice, it would interact with a
large sample volume. However this was not the case either due
to low bioindicator abundances (Steven et al. 2008) or because
of fluorescence interferences from background materials such
as the sample holder.

The Raman spectra were generally more effective at provid-
ing useful information on the peat and clear ground ice sam-
ples. Once again, however, induced fluorescence was present
in the spectra, from the samples and/or background materials.
As with the UIF spectra, it is likely that the organic matter in
the peat samples was either so degraded and/or compositional-
ly complex, that molecule-specific Raman peaks were sup-
pressed by the fluorescence or ‘masked’ due to multiple
overlapping Raman peaks. In the case of the clear ground ice
samples, the Raman spectra did display features attributable to
the ice, but there was also significant fluorescence. Once again,
it appears that bioindicator abundances may have been too low
to allow for detection of specific Raman peaks, particularly in
light of the substantial induced fluorescence.

One of the goals of our investigation was to determine
whether frozen peat would be amenable to characterization
by UIF and Raman spectroscopies. However, it appears that
our approach (macro-scale, no appreciable sample pre-
processing or pre-treatment) is not suitable for interrogating
such samples, and we attribute this to appreciable induced
fluorescence and possibly to the complexity of the organic mat-
ter that results in a ‘washing out’ of any discrete Raman peaks.
In the case of the clear ground ice samples, it was hoped that
the large interrogated volume of the sample would overcome
presumed low abundances of bioindicators. Again, however,
it appears that induced fluorescence, in this case from back-
ground materials, was of sufficient magnitude to suppress
any material-specific Raman or fluorescence peaks, with the
exception of water ice. To improve the utility of Raman spec-
troscopy for detecting bioindicators in clear ground ice, work-
ing at the micro-scale, perhaps combined with fluorescence
spectroscopy to identify regions of interest (Storrie-Lombardi
et al. 2001), would be more effective. Again, ensuring that any
background materials that could contribute to the fluorescence
background are minimized should be emphasized. The choice
of excitation wavelength can also improve suppression of fluor-
escence (Eshelman er al. 2014). Another approach for over-
coming fluorescence would be the use of time-resolved
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Raman spectroscopy, as Raman excitation and fluorescence
lifetimes differ (Skulinova et al. 2014).

While macro-scale UTF and Raman spectroscopy would be
most easily implemented on a planetary lander, as opposed to
micro-scale techniques or requiring sample pre-processing
prior to spectral measurements, our results suggest that the sim-
plified approach examined here is unsuitable for detection and
characterization of bioindicators in frozen peat (supplementary
Figure 1) and clear ground ice (supplementary Figure 2).

Supplementary materials

For supplementary material for this article, please visit http:/
journals.cambridge.org/S1473550415000221
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