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Once thought to be inhospitable to life, 
glaciers and ice sheets are now considered 
microbially dominated biomes. Anesio et al. 
(2017) estimated there may be on the order 
of 1029 cells in all of Earth's glaciers and ice 
sheets, on the same order of magnitude 
as the reported total cell abundance for all 
aquatic systems on Earth (1.2 x 1029 cells; 
Whitman et al. 1998). Originally assumed 
to be preserved in a dormant state, studies 
over the past 20 years have demonstrated 
many of these cells are likely viable, and 
their presence and function have profound 
implications for a wide range of scientific 
fields including paleoclimatology, bio-
prospecting, and exobiology (D'Andrilli et al. 
2017; Balcazar et al. 2015; Tung et al. 2005). 
Despite this shift to a perception of glaciers 
as habitable, methodological challenges 
and the fact that biological studies are often 
secondary to other scientific goals on deep 
ice coring projects have limited the study 
of microorganisms in englacial ice. Looking 
forward, recent advancements in lab- and 
field-based methods have created new 
opportunities for investigating life in these 
unique ecosystems.

Implications of ice as a habitable space
Glaciers and ice sheets contain liquid 
water features which may be habitable for 
microorganisms throughout all three glacial 
zones (supraglacial, englacial and subglacial) 

(Boetius et al. 2015). Investigations of glacier 
microbial communities have focused primar-
ily on the relatively dynamic supraglacial and 
subglacial zones, emphasizing surface fea-
tures such as ephemeral meltwater streams 
and ponds, and cryoconites (depressions in 
the surface filled with dust and liquid water; 
Cook et al. 2015), and subglacial hydrologi-
cal systems (Mikucki et al. 2016; Walcott et 
al. p. 114). Much less is known about the biol-
ogy of englacial ecosystems, despite these 
environments comprising the bulk of glacier 
ice mass (Boetius et al. 2015).

Within the englacial environment, habitable 
spaces may be found on the micron scale in 
water-filled pore spaces between ice crystals 
and in thin layers of liquid water surrounding 
dust particles trapped within ice (Tung et al. 
2005). While a lack of energy sources and 
nutrients in these microhabitats may inhibit 
optimal growth, it is widely accepted that un-
der these conditions microbes can maintain 
the low levels of activity needed to sup-
port basic housekeeping functions (Dieser 
et al. 2013). These functions, for example 
DNA repair, allow the cell to remain viable 
and may result in the uptake or production 
of some greenhouse gases (Fig. 1). Over 
geologic timescales, the activity required 
for cellular maintenance may be adequate 
to offset ice-core gas records by produc-
ing anomalous, non-atmospheric signals of 

gases e.g. nitrous oxide, methane, and car-
bon monoxide (Miteva et al. 2016; Fain et al. 
2022; Banerjee et al. p. 104). At present, our 
understanding of in-situ microbial activity 
within glacier ice is limited to either theoreti-
cal (Tung et al. 2005), or in-vitro laboratory 
studies (Dieser et al. 2013); there has been 
no direct measure of microbial activity within 
deep glacial ice. Studies providing empirical 
evidence of microbial activity or quiescence 
would facilitate more robust paleoclimatic 
reconstructions, and understanding the 
resilience of these organisms may inform 
our search for life on Mars or other planetary 
environments containing water ice.

Challenges and considerations
The gap in knowledge regarding in-situ bio-
logical activity is largely due to the difficulty 
of performing biological measurements on 
ice-core samples. The primary hurdle for 
most studies is the inherently low biomass 
within glacier ice. Although cell concentra-
tions as high as 106 cells/mL have been 
reported (Miteva et al. 2016), these high 
numbers correlate with high dust concentra-
tions and, in general, englacial cell numbers 
tend to be much lower: between 101 and 104 
cells/mL (Santibáñez et al. 2018). 

The challenge of low biomass is exacerbated 
by limited sample volumes available from 
deep ice-core projects, contamination, and 
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Figure 1: Schematic of ice-core gas records and corresponding in-situ microbial metabolic strategies illustrating the potential for microbial metabolic activity to impact 
paleoclimatic records. Methanogenesis results in the release of methane (CH4) outside of the cell and chemolithoautotrophy results in the consumption of carbon dioxide 
(CO2).
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insufficient sensitivity of analytical methods. 
Core fracturing is a source of contamination 
that can easily be introduced during ice-core 
breaking and inconsistent temperature stor-
age. Contamination from mechanical drilling 
practices that use hydrocarbon-based drill-
ing fluids is of particular concern, as these 
fluids can contaminate both cores and the 
subglacial environment. Existing ice-core 
decontamination protocols are effective 
but can result in appreciable sample loss. 
Once samples have been transported to the 
laboratory and decontaminated, many tradi-
tional microbiological approaches lack the 
sensitivity required for low biomass englacial 
ice. Depending on final cell concentrations, 
relatively large sample volumes (5–500 mL 
meltwater) are often required for these 
approaches.

Recent developments
Fortunately, recent advancements in drilling 
systems, microbial analytical methods, and 
in-situ technology make this an exciting mo-
ment for probing questions about microbiol-
ogy in ice. Hot-water drilling and air-reverse 
circulation are alternatives to mechanical 
drilling with organic fluids and have been 
demonstrated to be effective and to limit 
contamination (Talalay and Hong 2021). 
In addition, engineering solutions which 
prevent vertical and diagonal fracturing of 
cores during drilling processes preserve 
more core sections suitable for microbial 
analysis (Talalay and Hong 2021). Use of a 
replicate ice-coring system can provide ad-
ditional sample volume at depths with high 
community demand for core sections by 
drilling replicate cores slightly deviated from 
the original borehole. Use of these systems 
could provide the sample volume required 
for microbial analyses.

In the lab, continuous flow analysis provides 
detailed temporal resolution of decontami-
nated ice (Santibáñez et al. 2018), which is 
particularly useful for biological applications 
to monitor contamination (e.g. the detec-
tion of drilling fluids or other anomalies). 
Innovative and highly sensitive analyti-
cal techniques, such as nanoSIMS, stable 
isotope probing, and other next-generation 

physiology measurements can reveal cel-
lular function on the single-cell level (Fig. 2). 
Excitingly for ice-core studies, many of these 
next-generation approaches are also nonde-
structive, which enables crucial downstream 
analyses of individual cells such as cultiva-
tion, sequencing, and "omics" approaches. 
These methods have been demonstrated for 
studies of microbial diversity and physiology 
in a variety of low-biomass natural samples; 
however, they have yet to be applied to 
studies of deep ice cores. Hatzenpichler et 
al. (2020) provide a full review of next-gener-
ation physiology techniques.

Field-deployable technologies are comple-
mentary to lab-based methods and are 
capable of detecting cells or biorelevant 
compounds within the solid ice matrix 
(Eshelman et al. 2019). Cells and compounds 
that may become too dilute once melted (ex: 
102–104 cells/mL), can be concentrated at de-
tectable levels (106–108 cells/mL) within the 
grain boundaries of solid ice (Mader et al. 
2006). Since most biological measurements 
traditionally require samples to be melted 
before analysis, the development of non-
destructive technologies could result in new 
approaches to studying englaciated life in 
situ. Additionally, the incorporation of these 
technologies into the drilling process creates 
the potential for real-time data collection 
within the ice borehole. This could provide 
a means to detect areas of interest based 
on organic or microbial content during the 
drilling process and allow for data-driven 
decision-making during ice-core collection, 
for instance in determining the depths of 
interest for replicate coring.

Conclusion
Ice-core research has traditionally focused 
on reconstructing Earth's climate and 
environmental history using measurements 
of stable water isotopes, gases, and other 
inorganic compounds preserved within the 
ice. However, we now have the capability to 
better understand the abundance and func-
tion of microbial communities in ice. These 
organisms may have a profound impact on 
paleoclimatic records preserved in ice chem-
istry, may be used as additional indicators 

of past depositional events related to 
climate, and may serve as proxies for life in 
extraterrestrial water ice elsewhere in our 
solar system. If considerations for biological 
measurements are taken into account early 
in planning future drilling projects, there 
will be greater opportunities to discover the 
englacial microbiome. 
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Table 1: Analytical targets relevant to biology are categorized with examples of techniques for measuring these analytes in ice cores.

Elements Biomolecules Cells

Geochemical measurements 
(of C, N sources and electron 
acceptors/donors) may offer 
insight into the habitability of 
ice. The concentration and 
distribution of key elements 
may indicate the availability of 
nutrient and carbon sources 
required to sustain life in ice. 
One example analysis is Total 
organic carbon (TOC) which 
measures the complete organic 
carbon content, including cells 
and their carbon sources, 
within the ice. 

Raman microspectroscopy 
(RM), nano scale secondary 
ion mass spectrometry 
(nanoSIMS), and 
microautoradiography (MAR) 
are minimally invasive and, in 
combination with isotopic 
tracers, can provide quantitative 
information on substrate 
assimilation of an individual 
microbial cell. Of note, RM is a 
non-destructive method that may 
be used without tracers to 
produce a unique fingerprint of 
an organism’s native chemical 
composition.

Biomolecules are compounds 
produced by living organisms. 
Examples of biomolecules 
include lipids, carbohydrates, 
nucleic acid polymers such as 
DNA and RNA, and amino 
acids both free and bound in 
the form of proteins.

C

Å-scale nm-scale μm-scale

The elemental composition of 
ice may be linked to the 
underlying biology. Bio-relevant 
elements include carbon, 
hydrogen, nitrogen, oxygen, 
phosphorous, sulfur and their 
isotopes. 

Intact microbial cells and 
spores have been isolated from 
deep ice cores and current 
methods may allow for future 
investigation of individual cells 
to determine physiological 
function and phylogenetic 
identity.

Meta-omics are sequencing 
techniques which examine the 
pooled genetic material, DNA 
or RNA, of a whole microbial 
community. These methods can 
be used to study the function 
and structure of a microbial 
community. Complementary 
single cell genomics 
techniques can determine the 
metabolic potential and 
taxonomic identity of individual 
cells within a larger community, 
potentially revealing the 
communities functional and 
genetic diversity. 

Structure

mm-scale

The physical structure of ice 
may also be linked to the 
underlying biology. The 
presence of cells as impurities, 
and the possible expression of 
ice-binding proteins by 
microbial cells may alter ice 
lattice structure.

Cross polarized light  and 
micro-CT scanning can be 
used to study the physical 
structure of ice by visualizing 
crystal structure, bubble 
structure, inclusions, lithic 
matter, and temporal 
stratigraphy. When combined 
with geochemical and 
molecular measurements, 
physical measurements could 
offer insight into the habitability 
of ice. 
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