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ABSTRACT. A cryoconite granule is a biologically active aggregation of microorganisms, mineral
particles and organic matter found on glacier surfaces, often within shallow pools or cryoconite holes.
Observations of the microstructure of a range of cryoconite granules from locations in Svalbard and
Greenland reveal their structure and composition. Whereas bulk analyses show that the mineralogy and
geochemistry of these granules are broadly similar, analyses of their microstructure, using optical,
epifluorescence and confocal microscopy, indicate differences in the location and quantity of
photosynthetic microorganisms, heterotrophic bacteria and organic matter. Using these findings, a
hypothesis on the aggregation of cryoconite is presented, centred upon multilevel aggregation by
bioflocculation and filamentous binding.

INTRODUCTION
Recent studies have revealed a fascinating range of glacier
ice ecosystems, with high biodiversity considering the
extreme environments in which they form (Hodson and
others, 2008). The microbial food web is both complex and
variable, comprising a variety of autotrophic and hetero-
trophic microorganisms, fungi and eukaryotic microfauna
(Margesin and others, 2002; Hodson and others, 2008).
Cryoconite, meaning ‘cold dust’, is granular organic-rich
debris found supraglacially, particularly within ‘cryoconite
holes’, small depressions within the ice. The existence of
these holes has been known since the 19th century (von
Drygalski, 1897), but only recently have advancements in
analytical techniques allowed us to begin to understand the
communities of microorganisms living within them and the
interaction between these and inputs into the ecosystem,
such as sunlight and inorganic nutrients.

Biogeochemical interactions on the surface of the glacier
play a key role in entraining and retaining aeolian particu-
late matter on glaciers, thereby enhancing melt. However,
the specific process by which cryoconite aggregates form
and sustain themselves has received little research attention.
Hodson and others (2010) suggest that both processes are
likely to be strongly linked to carbon balance. Further, given
the net ablation of many Svalbard glaciers, the aggregation
and evolution of cryoconite aggregates and their impact on
soil development in recently deglaciated forefield areas
need to be given attention. For example, Sigler and Zeyer
(2002) find that forefield successional gradients contain a
diverse microbial assemblage, increasing in both biomass
and activity with age, yet they note that the source(s) of this
community and the importance of specific pioneer bacteria
are still unclear.

Although the impact of cryoconite has been studied in
relation to supraglacial biogeochemistry (e.g. Hodson and
others, 2008; Štibal and others, 2008), and the microbiology
of cryoconite is now well characterized in various environ-
ments (e.g. Margesin and others, 2002; Christner and others,
2003), specific studies on the microstructure and biogeo-
chemistry of cryoconite are few (Takeuchi and others,

2001a,b). As noted by Dittrich and Luttge (2008), there is
increasing evidence that microorganisms obtain competitive
advantage through using their reactive cell surfaces as
interfaces to actively control water–solid interactions.
Microscopic imaging is becoming an increasingly important
tool for investigating hydrated, biologically active structures,
due to its being non-invasive, three-dimensional (3-D) and
having the ability to cover many spatial scales (Neu and
others, 2010). In recent years, a range of microscopic
imaging methods have been employed, with confocal laser
scanning microscopy (CLSM) leading the way. Using
specific fluorescent probes, the structure, composition and
microhabitats of biological samples have now been investi-
gated (Chen and others, 2007; Neu and others, 2010). For
example, CLSM has quantified the spatial distribution and
structural form of extracellular polymeric substances (EPS):
glue-like substances vital for the formation of aggregates and
composed of microbial polysaccharides, proteins, nucleic
acids and polymeric lipophilic compounds (e.g. Lawrence
and others, 2003). To hypothesize on the aggregation and
development of cryoconite, it is necessary to gain a
comprehensive understanding of its microstructure and the
variation of this microstructure across differing biogeochem-
ical environments. A novel combination of microscopic and
spectroscopic techniques is therefore used below to better
understand the microstructure and biogeochemistry of
cryoconite granules from three glaciers in Svalbard: Vest-
fonna (VF) in western Nordaustlandet, Midtre Lovénbreen
(ML) in the Kongsfjord region of western Spitsbergen, and
Longyearbreen (LY) in the Isfjord region of western Spitsber-
gen; and two areas on the Greenland ice sheet: Kronprins
Christian Land (KP) in northeast Greenland, and Kanger-
lussuaq (KG) in southwest Greenland.

METHODOLOGY
All cryoconite was sampled in the field using sterile
implements and sterile containers, and was transferred
frozen and stored at –208C until just prior to analysis. To
enable microstructural analyses to be undertaken, a range of
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thin-section techniques were developed, as outlined below.
These techniques reduced problems associated with the
attenuation of light intensity (Barranguet and others, 2004).
This cross-sectional approach, combined with bulk and
surface analyses, therefore enabled the structure and com-
position of cryoconite granules to be studied in great detail.
The methodological approach can be split into mineralogical
and geochemical analyses, performed principally on dried
cryoconite, and microbiological and biochemical analyses,
performed principally on defrosted, hydrated cryoconite.

Mineralogical and geochemical analyses
Ten cryoconite granules were dried at low temperature
(358C), infiltrated with an Araldite resin under vacuum,
ground and polished until a thin section of �30mm thickness
was produced. These thin sections were analysed using a
bright-field, cross-polarizing microscope with single-lens
reflex (SLR) camera attachment. To complement the miner-
alogical characterization undertaken on thin sections, bulk
mineralogical investigations using powder X-ray diffraction
(XRD) and KBr-pellet Fourier transform infrared (FTIR)
spectroscopy were employed. Powder XRD was performed
on a Siemens D500 powder diffractometer (Cu-source), with
150mg of finely powdered cryoconite, at angles of 5–708, at
18min–1 and with a step size of 0.02. KBr FTIR was
performed on a Perkin-Elmer Spectrum One, with 3mg of
finely ground cryoconite and 150mg of KBr granules (1 : 50
ratio), pressed into a disc under 10N force in a die press;
100 scans were sequentially recorded and averaged. The
absorbance of KBr was accounted for by running blanks
consisting of solely KBr powder.

Granule size, constituent-particle size and organic-matter
analyses were also undertaken on dried cryoconite sub-
samples. Granule size analyses were performed in order to
assess the morphology of the whole cryoconite granules and
its variability. An ‘imaging chamber’ was constructed by
cutting a well into cellophane tape that had been layered on
a glass slide. Five hundred milligrams of cryoconite granules
from each location were deposited into the well and imaged
using a dissecting microscope with charge-coupled device
(CCD) camera attachment (bright-field reflected light and
1� magnification). The raw images were subsequently
adjusted for brightness and contrast, and, using ImagePro
Plus (Media Cybernetics, Silver Springs, USA), the ‘area’
function was used to calculate the projected two-dimen-
sional area of the granules; any touching granules were
manually separated. The average diameter of each granule
was calculated using the formula (length + width)/2.

Particle size analyses of constituent particles followed
disaggregation by boiling the aggregates in a 30% hydrogen
peroxide solution for 1 hour and until effervescence ceased.
Analysis was then undertaken in triplicate (following stand-
ard operating protocols) on a Horiba LA950 laser diffraction
particle sizer.

Bulk organic matter content and composition were
determined using step-wise thermogravimetric analysis,
based on the protocol of Kristensen (1990). Five hundred
milligrams of each sample was heated in a muffle furnace at
1058C, 2008C, 3508C and 5208C, for 4 hours at each
temperature, allowed to cool within a desiccator and
weighed. This procedure enables the calculation of total
organic carbon (TOC) contents, as well as the differentiation
of thermo-labile (200–3508C) and thermo-stable organic
matter (350–5208C) (Cuypers and others, 2002).

Microbiological and biochemical analyses
Fully hydrated cryoconite granules were dropped into a
small amount of ultrahigh-quality (UHQ) water and im-
mediately frozen using liquid nitrogen. These blocks of
cryoconite and amorphous ice were then sectioned at –158C
within a cryostat, to a thickness of 60 mm, and deposited on
a SuperfrostTM glass microscope slide. Sections were
allowed to dry for 1 hour at room temperature and were
then stained with various fluorescent biological stains.

The development of a multiple fluorescent staining
protocol to stain thin sections of cryoconite material and
image using CLSM requires the consideration of autofluor-
escence, particularly from photosynthetic microorganisms,
which can directly interfere with the fluorochromes used
(Neu and others, 2002). Consequently, a three-pronged
approach was employed, using 4’,6-diamidino-5-phenyl-
indole (DAPI) to stain cellular material, AlexaFluor 488
(concanavalin A conjugate) to stain the polysaccharides
within EPS, and autofluorescent emission to visualize
photosynthetic microorganisms. This approach was devel-
oped based on the protocols of Neu and others (2004) and
Chen and others (2007). The autofluorescence of photo-
synthetic microorganisms was excited at 543 nm and
detected between 650 and 700 nm. Each thin section was
therefore covered with 100 mL of DAPI stain (12.5 mgmL–1

final concentration) and incubated for 5min in the dark. This
stain solution was then removed by pipette, and the thin
section was washed with a 100 mL drop of UHQ water, three
times for 5min durations. Following this, a 100 mL drop of
AlexaFluor 488 (concanavalin A conjugate) fluorescent dye
was added (at 100 mgmL–1 final concentration), incubated
for 20min in the dark and then washed as described above.
Each thin section was subsequently imaged on a Zeiss LSM
510 META microscope with two-photon capabilities.

To characterize the bulk microbial biomass of cryoconite
debris, a small amount (10mg) of thawed cryoconite was re-
suspended in 1mL of UHQ water, buffered with phosphate-
buffered saline (PBS), and incubated with DAPI stain as
described above, filtered onto a 0.2 mm black polycarbonate
filter paper and mounted onto a glass slide. These slides were
analysed and imaged under fluorescent light using a Zeiss
Axioplan 2 epifluorescence microscope with a DAPI filter
cube. Autofluorescence of both photosynthesizing micro-
organisms and certain inorganic particulates was detected
using the FITC broad filter. Due to the attachment of biota to
mineral surfaces, a z-section technique was employed,
whereby 15 random fields of view were imaged at 0.5 mm
z-intervals and cell counts undertaken on these images.

RESULTS

Geological and geochemical
Figure 1 illustrates some of the typical spectral profiles
obtained using powder XRD and KBr FTIR. XRD analyses
indicate a prevalence of silicate minerals and their weather-
ing products (Cullity, 1978; Ruffell and Wiltshire, 2004). The
strongest peaks correspond well to the International Centre
for Diffraction Data (ICDD) file 46-1045, indicating an
abundance of quartz. Cryoconite from KP shows the simplest
diffraction pattern, indicative of a mineralogy dominated by
quartz, with contributions from orthoclase and plagioclase
feldspar. Cryoconites from VF and ML show similar diffrac-
tion patterns, with data suggesting a dominance by quartz,
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with significant contributions by mica, kaolinite-type clays,
and orthoclase feldspar. Silicates and dolomite dominate the
diffraction pattern from LY, as outlined by Hodson and others
(2010). Cryoconite from KG shows the most complex signal,
suggesting a broader mineralogy with a greater dominance
by plagioclase feldspar, and contributions from calcareous
minerals and apatite. FTIR spectra complement the XRD
data, in that the peak assignments indicate a prevalence of
quartz andweathered silicates. The peaks at�3430 cm–1 and
�1640 cm–1 can be attributed to ‘free’ water within the
sample. The labelled groups of peaks can be attributed as
follows: (i) stretching of inner hydroxyl groups between
tetrahedral and octahedral sheets of phyllosilicates (e.g.
kaolinite, illite and smectite), (ii) aliphatic C–H stretching
indicative of organic acids and lipids, (iii) calcite and
dolomite peaks at�1430 cm–1 and�1450 cm–1 respectively,
(iv) Si–O stretching vibrations of phyllosilicates, (v) vibrations
that can be largely attributed to quartz, and (vi) Si–O–metal
bending bands (Madejová, 2003; Madejová and others,
2009). When the phyllosilicate vibrations are studied in more
detail, it is clear that all cryoconite samples show a peak at
�1026–1034 cm–1, indicative of biotite, illite and kaolinite
(A. Matteson and M.A. Herron, http://www.scaweb.org/
assets/papers/1993_papers/1-SCA1993-08.pdf). Most cryo-
conite samples also show a shoulder at �1016–1000 cm–1,
indicative of muscovite and orthoclase feldspar, with KG
cryoconite showing a pronounced peak at 1004 cm–1,
indicative of glauconite (Matteson and Herron, 1993).

Optical microscopy of geological thin sections revealed
that mineral particles were typically <100 mm in diameter
and showed evidence of weathering and organic coatings.
The organo-mineral groundmass showed evidence of zoning
and clustering, and varying degrees of humification. In
agreement with the XRD and FTIR data, it was also found
that the three principal mineralogies were quartz, orthoclase
feldspar and micas, with calcite, clays, trace minerals and
organic matter making up a varying proportion of the
remaining solid material. For example, KP cryoconite in
Figure 2 shows an abundance of quartz, low quantities of
mica and feldspar, and small regions of organic material (i),
some organic coatings on particles and a rich organic layer
around one edge (ii). ML cryoconite in Figure 2 shows a
heterogeneous distribution of quartz, orthoclase feldspar
and mica, with a higher and more variable quantity of clay-
sized particles, with larger quantities and regions of organic

matter (iii), as well as a dark, organic layer near the edge of
the granule (ii). Differences in granule composition were
evident between granules from the same sampling location,
especially from KP, where thin sections revealed a con-
tinuum between aggregations of minerals with near-trans-
parent organic matter between the mineral particles, and
rarer aggregations of minerals surrounded by near-opaque
green to black organic matter. The opacity and colour of
organic matter within the granule may well be directly
influenced by the age of the aggregate, though other factors
such as the accumulation of microbial pigments or colloidal
black carbon particles may also be significant.

Cryoconite particle size analyses found that silt was the
dominant particle size (following Gale and Hoare, 1991) at
four of the five sampling locations. Cryoconites from KG and
VF were found to have the highest clay contents (<3 mm),
cryoconite from ML showed the highest sand content
(>63 mm), and cryoconites from KP and VF showed the
highest silt contents (3–63 mm). The median and mean
particle sizes varied from 64.754 and 80.492 mm at ML, to
16.315 and 28.830 mm at VF, respectively. It must be noted,
however, that the majority of particle size data were non-
normal in form.

Comparing the aggregate size distribution, cryoconites
from KG and KP showed the smallest mean aggregate sizes
(�400 mm), while ML and LY showed mean aggregate sizes
of �500mm, and cryoconite from VF showed the highest
mean aggregate size (�600 mm). A more comprehensive
study of aggregate size on LY using field-based imagery
(Hodson and others, 2010) found a considerably larger
aggregate size (median 6.74mm), perhaps indicating that in
situ, hydrated aggregates are significantly larger.

Triplicate thermogravimetric analyses found that organic
matter content (as a percentage of dry weight) varied from
1.30% for cryoconite from KG, to 6.07% for VF. Cryoconite
from KP, LY and ML exhibited TOC values of 1.48%, 2.76%
and 3.27% respectively. These are in agreement with TOC
values determined for cryoconite from other Svalbard
glaciers (e.g. Štibal and others, 2008). The Rp values
(Kristensen, 1990) for Arctic cryoconite, a ratio of mass loss
between 2008C and 3508C and mass loss between 3508C
and 5208C, were all <0.5, indicating that the majority of
organic matter present within these aggregates is thermo-
labile, i.e. dominated by carbohydrates (Kristensen, 1990;
Siewert, 2004).

Fig. 1. Mean combined powder XRD profile, an example to illustrate interpretation, showing the dominance of silicate minerals and their
weathering products. Typical KBr FTIR profiles for each of the cryoconite samples; features of interest (i–vi) are discussed in the text.
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Biological and biochemical
Total counts of DAPI-stained cryoconite indicated between
�1.95�103 cellsmg–1 for KG cryoconite and 1.05� 104

cellsmg–1 for VF cryoconite. Cryoconite from KP showed a
similar total count to VF (9.07� 103 cellsmg–1), with LYand
ML cryoconite showing 2.18� 103 and 2.57�103 cells
mg–1 respectively. The majority of DAPI-stained microorgan-
isms were found to be either coccoid in shape or filamentous,
with some rod and a few vibrio also present. Autofluores-
cence imagery indicated the presence of variable quantities
and types of photosynthetic microorganisms. Microscopic
analysis has identified, based on the classification system of
Rippka and others (1979), a dominance of filamentous
cyanobacteria, particularly thinner Leptolyngbya sp. (diam-
eter 0.7–2mm), and thicker Phormidium sp., Lyngbya sp. and
Oscillatoria sp. (diameter 4–11 mm). Unicellular cyano-
bacteria, probably Synechococcus sp. or Gloeocapsa sp.,
various algae and diatoms have also been identified.

Low-magnification CLSM images (Fig. 3a–d) indicated the
heterogeneous distribution of photoautotrophs within cryo-
conite. KG cryoconite (image not shown) contained a
relatively low microbial content. KP cryoconite showed a
dominance of heterotrophic bacteria and infrequent clusters
of unicellular photoautotrophs (Fig. 3a), whereas ML and LY
cryoconite (Fig. 3b and c respectively) showed a greater
prevalence of photoautotrophs and clusters of heterotrophic
bacteria, and VF cryoconite (Fig. 3d) aggregates showed the
highest prevalence of photosynthetic microorganisms, as
well as a prevalence of heterotrophic bacteria. While it is
appreciated that chemoautotrophic bacteria and archaea
may also be present, the differentiation of photoautotrophs
and heterotrophs using autofluorescence and nuclear stain-
ing has been the traditional approach when studying
phototrophic biofilms (e.g. Neu and others, 2004). ML and
LY aggregates supported a greater number of thicker

filaments (Phormidium sp. and Oscillatoria sp.), whereas
VF aggregates seemed to principally contain a far denser
network of thinner filaments (Leptolyngbya sp.). Unicellular
photosynthetic microorganisms were rarely seen to domin-
ate, and were often found associated with clusters of
filamentous microorganisms. Larger single-celled photo-
trophs, likely green algae, were found sporadically through-
out the granule, either singly or as small colonies. As
evidenced in Figure 3d, aggregates enriched with filamen-
tous cyanobacteria tended to exhibit a denser network of
filaments at or just below the surface, in this case extending
for �50–70 mm into the granule and providing structural
support for the aggregate. Aggregates impoverished in
filamentous cyanobacteria (Fig. 3a) showed disruption when
cut with a microtome blade, indicative of a more fragile
aggregate structure. Within cryoconite aggregates, filament
orientation was generally random and encapsulated mineral
particles. Aggregates with a dense network near the surface
showed a slightly greater tendency for filaments to orient
parallel to the surface of the granule, perhaps to maximize
the surface area exposed to sunlight. Figure 3a–d also
illustrate that polysaccharides could be found covering the
surfaces of mineral particles, with greater concentrations of
polysaccharides nearly always associated with clusters of
photoautotrophs. Furthermore, high concentrations of poly-
saccharides were most evident at or near the surface of
cryoconite granules (Fig. 3d). Those aggregates showing a
relatively homogeneous distribution of polysaccharides
throughout, such as those from LY (Fig. 3c), showed a finer
fabric, suggestive of strong clay–organic-matter interactions.

Figure 3e indicates two separate autofluorescent emis-
sions captured using short pass filters covering the wave-
length ranges 650–700nm (pink) and 590–650nm (yellow),
in this case for a biofilm mechanically removed from the
surface of a cryoconite granule from ML. It can be seen that

Fig. 2. Low-magnification (20�) bright-field imagery of, from left, ML cryoconite granule and KP cryoconite granule. Zoning of mineral
grains and organic matter is evident, with translucent green-yellow organic matter clustering near the granule edge (i), and opaque near-
black organic matter evident both as a layer around/near the granule edge (ii) and as clustering within the centre of an organic-rich granule
(iii); scale bar is 100 mm.
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the stronger fluorescent emissions (coloured pink) emanated
from the unicellular microorganisms. In fact, emission
spectra for these unicellular microorganisms, taken from
lambda stack images using a ‘region of interest’ filter,
showed a fluorescence peak at �678 nm, which can be
correlated with chlorophyll a content (Barranguet and
others, 2004). The slightly weaker fluorescent emissions
(coloured yellow) emanated from the filamentous micro-
organisms, with emission spectra indicating a fluorescence
peak at �645 nm, which can be correlated with phyco-
cyanin, a cyanobacterial phycobiliprotein.

Both CLSM- and epifluorescence-based analyses of
heterotrophic bacteria confirmed their heterogeneous oc-
currence throughout cryoconite aggregates. The low-
magnification CLSM images in Figure 3 indicate that they
tend to cluster in greatest numbers in areas often associated
with photoautotrophic activity and the presence of organic
matter. In cryoconite from KP, greater concentrations of
heterotrophic bacteria were found at the edge of the granule,
clearly visualized in Figure 3f. This is in direct contrast to the

filament-rich surface layer dominating in cryoconite from VF
(Fig. 3g), for example.

DISCUSSION

Microstructure and biogeochemistry of Arctic
cryoconite
In summary, optical microscopy, XRD and KBr FTIR analyses
found that Arctic cryoconite granules are dominated by
phyllosilicate, tectosilicate and quartz minerals, showing a
dominance of small particle sizes (<100 mm) and a varying
but significant quantity of organic groundmass, character-
ized by varying degrees of pigmentation and/or humifica-
tion. Mineral coatings are also prevalent, with constituent
mineral particles showing both organic and metal oxide/
hydroxide coatings. These findings are in agreement with
other biogeochemical and structural investigations of
cryoconite from the Arctic and elsewhere in the world
(Takeuchi and others, 2001a,b; Štibal and others, 2008;

Fig. 3. CLSM images showing (a–d) variation in photoautotrophic microorganism (red; autofluorescence), heterotrophic microorganism
(blue; DAPI) and polysaccharide contents (green; AlexaFluor 488) of cryoconite aggregates (e is outer edge of aggregate); (e) differentiation
of photosynthetic pigments using their fluorescent emissions; (f, g) epifluorescent images detailing a heterotroph-rich and an autotrophic
filament-rich granule respectively; scale bars are 50 mm.
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Hodson and others, 2010). Clear differences in the miner-
alogy and geochemical aggregate structure can be seen both
when comparing cryoconite from different glaciers and
when comparing cryoconite from one sampling location on
a single glacier. This structural heterogeneity allows for the
existence of microenvironments exhibiting different phys-
icochemical and structural characteristics (Ranjard and
Richaume, 2001); indeed Carson and others (2009) find
that mineral heterogeneity directly contributes to the spatial
variation in bacterial communities. Fine-textured sediment
can be seen to promote microbial abundance, in accord
with Štibal and others (2006). In addition, the data indicate a
relationship between mean organic matter content and
mean aggregate size, most clearly seen when comparing
cryoconite granules from VF and KP. This relationship can
also be seen in soil micro-aggregates, whereby the inter-
action of microbial biomass within the soil, governed by
variations in the microbiology and soil properties (particu-
larly texture, clay mineralogy, pore-size distribution and
aggregate dynamics), can culminate in the protection of
microbially produced organic matter through aggregation
(Six and others, 2006). Arctic cryoconite has been shown by
thermogravimetry to be dominated by thermolabile carbo-
hydrates, suggesting that microbial EPS contributes signifi-
cantly to the stabilization of these aggregates, both through
its own cohesive properties and by moderating the surface
chemistry of nearby substrates, promoting cation exchange
and interaction with fine clay and colloid fractions (Kögel-
Knabner and others, 2008).

Fluorescence microscopy techniques indicated that
cryoconite granules are rich in microorganisms, with total
counts comparing favourably with recent literature (Štibal
and others, 2008). CLSM images illustrated a heterogeneous
distribution throughout the granule and evidence of cluster-
ing and association with organic matter. In agreement with
Takeuchi and others (2001a,b) and Hodson and others
(2010), the majority of aggregates of organic-rich cryoconite,
such as upon VF, showed a network of filamentous
cyanobacteria on or near the surface. Cyanobacterial
filaments showed a broad range of morphotypes, as
evidenced in other glacial environments (de los Rı́os and
others, 2004). This network did not appear to show a
dominant orientation, but does entangle mineral particles
and support clusters of unicellular photoautotrophs, hetero-
trophic bacteria, and a prevalence of organic matter within
its surround. Not all cryoconite can be said to conform to the
above description, however, as cryoconite from KP in
particular shows a greater concentration of filamentous
and unicellular heterotrophic bacteria, dominating the near
surface of the granule, and a sporadic distribution of
photoautotrophs, chiefly unicellular cyanobacteria and
algae. In contrast to aggregates from VF, which show little
change in size upon light agitation, aggregates from KP
disaggregate into smaller micro-aggregates (or flocs). These
are generally composed of a cluster of heterotrophic
bacteria surrounding an aggregation of organic matter, with
some small mineral particles entrained and occasionally a
single cyanobacterial filament. Indeed these micro-aggre-
gates show a similarity to ‘marine snow’: suspended
aggregates rich in microbia, organic matter and trace metals
(Simon and others, 2002). Furthermore, fluorescent images
of cryoconite aggregates indicate that, in general, there is a
positive relationship between the number of photo-
autotrophic microorganisms and aggregate size. This is

likely to be due to filamentous binding and the presence of
cyanobacterial EPS. It has been shown that cyanobacterial
filaments actively form ligand–metal complexes (Yee and
others, 2004) and, as such, can interact and readily bind
with clays and organic matter. A long summer without
disruption by snowfall has been identified as a key factor in
the proliferation of cyanobacteria and algae on the glacier
surface (Yoshimura and others, 1997).

EPS plays an important role in the microstructure of
aggregates from other environments, since it can assist cell–
cell attachment by forming bridging complexes, alter the
surface charge of dispersed cells or filaments, allowing
coagulation, and also provide protection from abiotic stress
and predation (Schmidt and Ahring, 1994; Adav and others,
2010). Further, the trapping of particulate matter and
adsorption of nutrients by EPS in aquatic environments
enables functional advantages, such as assisting in the
formation of sedimentable aggregates and providing diverse
microenvironments for nutrient uptake (Leppard, 1995).
Zulpa de Caire and others (1997) found that aggregate size
and stability both increase when either EPS or cyanobacteria
are inoculated into soil, with solely EPS showing only a
short-term aggregating influence, as opposed to cyanobac-
teria, which show a long-term influence. It has been
proposed (de Winder and others, 1999) that the exopolymer
sheaths of cyanobacteria are, to an extent, recalcitrant to
mineralization, and as such their cohesive binding effect on
sediment can be maintained. Consequently, it may be said
that microbial composition can fundamentally affect the
microstructure and composition of cryoconite granules. A
continuum is evident, between cryoconite aggregates that
are dark, dense structures compiled of a large number of
cyanobacterial filaments, and cryoconite aggregates that are
lighter, gelatinous structures compiled of smaller micro-
aggregates showing greater dominance by heterotrophic
microorganisms. While one end-member is more akin to
microbial mats and soil micro-aggregates, the other is more
akin to sludge flocs and marine snow.

Implications for cryoconite aggregate formation
The data reported above, as well as current knowledge
within the literature, allow a hypothesis for cryoconite
aggregation to be developed. Given the prevalence of
photosynthetic microorganisms within cryoconite, it is clear
that they are actively involved in the aggregation of
cryoconite granules. As such, it is proposed that:

1. Photosynthetic blooms in near-surface suspension (wit-
nessed at sites across Svalbard; personal communication
from A. Hodson, 2010) result in micro-aggregations of
EPS and both filamentous and unicellular photoauto-
trophs in wet snow and slush. Here aeolian colloidal
particulates also aggregate through physico-chemical
interaction, such as hydrophobic interaction of black
carbon and perikinetic and orthokinetic flocculation
(Folkersma and others, 1999), while interactions be-
tween planktonic bacteria and clay-sized particles result
in biofilm development (Zavarzin and Alekseeva, 2009).
These are all potential precursory steps that could take
place on glaciers, with the ‘straining’ of particulates from
meltwaters percolating through snow physically promot-
ing interaction.

2. EPS-rich micro-aggregates will grow further by acting as
sticky sieves that trap suspended or settling particulates

Langford and others: Microstructure and biogeochemistry of Arctic cryoconite granules92

https://doi.org/10.3189/172756411795932083 Published online by Cambridge University Press

https://doi.org/10.3189/172756411795932083


in transit across the glacier. EPS provides an extensive
surface area for binding, with total concentrations of
electrostatic binding sites being >20 times higher than for
cell surfaces (Liu and Fang, 2002), as well as containing
both hydrophobic and hydrophilic polymers (Jorand and
others, 1998) and having the ability to partially overcome
a cell’s negative charge (Tsuneda and others, 2003).

3. Increasing aggregation leads to a greater settling ability
and, due to dark particulate matter within these micro-
aggregates, differential melt into the ice (Wharton and
others, 1985). As with other bio-aggregates, it is likely
that filamentous binding then takes over as the dominant
influence on aggregate structure and development.
Given the CLSM observations discussed above, it is
considered that certain aggregates and locations do not
support a proliferation of cyanobacterial filaments. These
aggregates, as in KG for example, are therefore weakly
bound with sporadic cyanobacterial filaments, meaning
that they can be disrupted by increases in shear strength.
In aggregates and locations where the biogeochemistry is
conducive to cyanobacterial proliferation, such as in VF,
filaments do indeed proliferate, mechanically and
chemically binding the aggregate substrate. Cyanobac-
teria, being slow-growing, should positively influence
the density and stability of bio-aggregates (de Kreuk and
Van Loosdrecht, 2004).

4. The fate of cryoconite aggregates after the above growth
stages is most likely dominated by stochastic transport
events that result from glacier ablation during the
summer. On gentle sloping ice surfaces, the persistence
of cryoconite for several years appears possible (Hodson
and others, 2010), while those aggregates that combine
to form cryoconite holes in close proximity to migrating
supraglacial streams are at greater risk of transfer from
the system (Takeuchi and others, 2000).

CONCLUSIONS
It is clear that the cryoconite granule is a complex,
heterogeneous entity showing broad similarities in structure
and composition across the Arctic region, yet showing
variability even between granules within the same cryoco-
nite hole. The dominance of filamentous microorganisms
within the strongest granules, particularly cyanobacteria,
points towards the pivotal role these bacteria play in the
stable aggregation of supraglacial sediments. However, the
roles of other photosynthetic microorganisms and hetero-
trophic bacteria are clearly elevated in some granules.
When combined with the fact that polysaccharides were
present in all granules studied, this suggests that EPS also
has an important role to play in the aggregation of
cryoconite. The tight clustering of organic matter, photo-
trophs and heterotrophs in many granules suggests a
relationship between autotrophy and heterotrophy within
cryoconite, with implications for carbon cycling within
aggregates. Furthermore, it is clear that various geochem-
ical factors can support aggregation, in particular the
availability of weathered minerals and colloidal particles.
A theory of cryoconite aggregate formation has been
hypothesized, centred upon multilevel aggregation, with
bioflocculation and filamentous bulking the two key steps.
Knowledge of the roles of photosynthetic microorganisms
and EPS in aggregation is still, however, in its infancy, and it

is thought vital to further this research in order to better
understand supraglacial ecosystems.
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