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Abstract

Antarctica's subglacial hydrological system is a unique and still largely unexplored source of geological, paleocli-
matic, and biological information that can be accessed only through direct investigation involving the sampling of
water, suspended particulate matter, and bottom sediments. Of greatest scientific value are sites that have remained
isolated for hundreds of thousands of years and preserve continuous sedimentary sequences containing thick deposits
of ancient bottom sediments unaffected by basal glacial erosion. Such sites occur in subglacial lakes, which are key
components of Antarctica’s subglacial hydrological system. The planning and implementation of direct investiga-
tions of Antarctic subglacial lakes beneath both relatively thin ice and more than 2500 m of ice remain subjects of
debate because experience with such operations is limited and there is no consensus on how compliance with envi-
ronmental requirements should be ensured and monitored when subglacial environments are accessed. This article
synthesizes the results of interdisciplinary studies of Antarctic subglacial lakes, including their locations, depths
below the ice surface, morphometric and hydrodynamic parameters, and bottom-sediment composition. Particular
attention is given to the technologies and equipment used to investigate subglacial lakes, including geophysical
surveys, access-borehole drilling, lake access, measurement of the water body's physical and chemical parameters,
and sampling of water, bottom sediments, and suspended particulate matter. The challenges and constraints associated
with investigating “stable” subglacial lakes are analyzed and discussed, and key priorities for advancing the relevant
technologies and equipment are identified.
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Introduction

Research into Antarctic subglacial hydrological systems remains a major priority in the Earth
sciences (geophysics, hydrology, geology, and paleoclimatology) and biological sciences (micro-
biology, molecular biology, ecology, and exobiology). Antarctica’s subglacial hydrological system
comprises marine environments beneath ice shelves, subglacial watercourses, and lakes, all over-
lain by ice that impedes direct investigation. Subglacial lakes are among the principal objects of
study and are classified as “stable” or “active” according to the constancy of their water volume
and the presence of hydraulic connections to other components of the subglacial hydrological sys-
tem. Antarctica currently contains 766 known subglacial lakes [1], 70 % of which have remained
isolated from the external environment for hundreds of thousands of years. Their scientific value
stems from the considerable age of their bottom sediments [2] and the possible presence of unknown
forms of life [3, 4].
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Current understanding of subglacial lakes has been advanced substantially by geophysical
methods (airborne and ground-based radar sounding, reflection seismic surveys, satellite radar al-
timetry [5-7], gravimetry and magnetometry [8], and transient electromagnetic sounding [9]), pre-
dictive computational methods (models of basal ice-sheet melting [10, 11]), and geostatistical
modeling [12]. Despite the advantages of these methods, the extensive experience gained in their
application, and the importance of the resulting data, they provide only indirect information about
the subglacial environment and cannot fully characterize its structure, the mineralogical and bio-
logical composition of its water and bottom sediments, or the lake's hydrological regime. Such
information is central to future subglacial lake research [13] and can be obtained only by direct
sampling, primarily through the recovery of sediment cores and the collection of water, and sus-
pended mineral and biological particles.

Direct investigations of subglacial lakes now span more than two decades, during which numerous
technologies and items of equipment have been developed and tested. The diversity of lake morphometry
and hydrodynamics, the lithological characteristics of bottom sediments, the broad range of overlying
ice thicknesses, and the remoteness of study sites from research stations require a tailored approach
to each lake.

No comprehensive account has yet been published of the most mature technologies and equip-
ment developed by different research teams and used at successive stages of lake investigation. This
article analyzes the principal parameters of Antarctic subglacial lakes and reviews both established
and emerging technologies and equipment used in preliminary geophysical surveys, access-borehole
drilling, lake access, and the collection of water, bottom-sediment, and suspended-particulate-matter
samples. It also examines the limitations of research into “stable” subglacial lakes — the least studied
and scientifically most valuable components of Antarctica's subglacial hydrological system, and iden-
tifies the main priorities for further research.

Characteristics of Antarctic subglacial lakes

Shielded from the atmosphere by thick ice, Antarctic subglacial lakes differ markedly from lakes
on other continents in their formation conditions, hydrological regimes, biodiversity, water chemistry,
and the mineralogical composition and age of their bottom sediments.

Antarctic subglacial lakes are thought to form primarily through basal melting of the ice sheet
caused by geothermal heat or frictional heating associated with ice flow. Most “active” lakes lie be-
neath fast-flowing ice streams in coastal Antarctica. Consequently, they are relatively shallow and
small, and their bottom sediments are comparatively young (about several hundred thousand years)
and often structurally disturbed [14].

“Stable” lakes occur where basal melting is slow or absent [15] and the overlying ice
flows slowly. Compared with “active” lakes, they are larger and deeper and contain areas of
undisturbed natural sediment accumulation. Some “stable” lakes are unique features formed by
tectonic [16-18] and hydrological processes before Antarctic glaciation; they may therefore pre-
serve relict biological material and geological and hydrological records from an extended preglacial
period [19]. In the basin of some of these lakes, the water column may be strongly stratified by
density, salinity, and temperature, while hot, highly mineralized geothermal water may occupy the
deepest layers [20].

Morphometric and hydrodynamic parameters of subglacial lakes. The principal morphomet-
ric parameters of subglacial lakes are water volume and depth, both of which depend on basin
geomorphology. Subglacial lake depths range from a few meters for coastal “active” lakes to
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1300 m for “stable” lakes (e.g., Lake Vostok [5, 21]), while water volumes range from 0.2 km3
to 5400 km? (Table 1). Other parameters include current velocity and direction, which govern the
mixing of water and suspended particulate matter and, together with bottom topography, affect

sedimentation rates and hence the age and structure of bottom sediments [22].

Table 1
Morphometric and hydrological parameters of the best-studied Antarctic subglacial lakes
and their bottom sediments
A Velocity
verage .
. . Depth, m | Volume, . Sediments of water
Name ice thickness, m [15] kmé [15] Lakes type Sediments type thickness, m | circulation,
[15] mm/s [23]
Whillans* 798 6 0.155 Active Silty diamicton comprising 8 % N/A N/A
[24] granules and pebbles, 33 % sand,
26 % silt, and 33 % clay
(D50 ~0.078 pm)
South Pole 2857 32 N/A*** Stable Density 1800 kg/m?3 150 0.1
[25]
Concordia 4055 126 31 Stable N/A N/A 0.83
[15]
Ellsworth 3400 156 1.37 Active Fine-grained silts (< 0.6 mm) with 6 0.69
[2] a porosity of 77 % (clay-silt-sand
80-18-1.6 %)
Vostok** 3945 Average 6100 Stable Fine-grained (clay-silt) 300 3.8
[26-28] 400 m; fraction of clay-mica minerals
max and micrometer-sized quartz
1200 m grains, with siltstone and
sandstone inclusions measuring
0.3 to 8 mm. Mean inclusion size
0.5-2.0 mm
90E [29] 4074 900 1800 Stable N/A N/A N/A
Mercer** 1149 15 0.43 Active Fine-grained silts or clays, N/A N/A
[30] D60 < 0.063 mm (porosity 77 %;
clay-silt-sand 80-18-1.6 %)
CECs [22] 2653 310 25 Active Fine-grained sediments dominated 15 0.97
by silt and clay, with a porosity of
77 % (clay 80 %; silt 18 %)
Snow Eagle 3600 115 21 Active Unconsolidated water-saturated 200 N/A
(LSE, PEL) sediments with a density
[31] of 1700 kg/m3
Hodgson* 4 90 N/A Former Gray sandy silt with numerous 3.8 N/A
[32] subglacial interbeds of coarser sediment
ranging from sand to gravel
Untersee* 3 64 0.7 Surface Organic-rich terrigenous black silts N/A N/A
[33] lake (silty clay, clayey silt, and sandy
silty clay)

* The lake was accessed and bottom sediments were subsequently sampled; for all other lakes, the inferred bottom-sediment structure

is shown.

** The lake was accessed, but bottom sediments were not sampled.

*** Not available.
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Locations and overlying ice thicknesses of subglacial lakes. Subglacial lake research is com-
plicated by the extreme isolation of the study sites (Fig.1, a), particularly the considerable thickness
of the overlying ice and the lakes’ distance from polar stations. The thickness of ice overlying the
lakes varies widely, from several tens of meters near the coast to 4661 m above LVS-12 [15] in the
Antarctic interior, while distances from polar stations range from 0 km for Lake Vostok to 791 km
for Recovery9 [15].

As a rule, “stable” lakes have thicker overlying ice than “active” lakes: 90 % are covered by
more than 2500 m of ice, compared with 26 % of “active” lakes (Fig.1, b).

“Active” lakes tend to be farther from polar stations: 73 % are located more than 200 km away,
compared with 44 % of “stable” lakes (Fig.1, ).
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Fig.1. Location and accessibility parameters of Antarctic subglacial lakes: a — Antarctic ice-thickness map showing
the locations of subglacial lakes (based on data from [34]); b — distribution of ice thickness above subglacial lakes
(based on data from [15]); ¢ — distribution of distances from lakes to the nearest polar stations (based on data from [15])
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Lithological characteristics of bottom sediments. Because direct sampling of Antarctic subgla-
cial lakes remains limited, current understanding of their bottom sediments is based on geophysical
surveys and interpretation of the resulting data, together with analyses of sediment cores recovered
from beneath ice shelves, from subglacial streams, from two “active” lakes, and from lakes formerly
covered by ice. Subglacial lake sediments may be either strongly stratified, with interbeds that differ
in their physical and mechanical properties, or homogeneous. Sediment structure depends on the
origin and evolution of the lake and on the dynamics of the overlying ice. Analyses of cores from
subglacial water bodies, including two “active” subglacial lakes, indicate that Antarctic subglacial
sediments are less homogeneous than sediments in ice-free temperate lakes and may have high shear
strength (more than 70 kPa at a depth of 2 m [35]), and comprise unconsolidated water-saturated
diamictons, silts, or sands containing interbedded coarse clastic layers (4-64 mm) of inorganic terri-
genous origin [36] (Table 1). The occurrence of coarse clastic interbeds depends on the distance from
the depositional site to the glacier outlet at the coast. With increasing distance from the outlet, the
sediment becomes finer grained and the sedimentation rate decreases [37]. Steep basin slopes and
vigorous circulation promote gravity-driven downslope transport and the formation of sediment ac-
cumulations near the lake bed; these processes disrupt the natural depositional sequence and must
therefore be considered when selecting sampling sites.

Thus, lake location, overlying ice thickness, morphometric and hydrodynamic parameters, and
sediment lithology not only determine the scope and scale of the scientific questions that can be ad-
dressed but also dictate the technologies and equipment required for a project.

Technologies and equipment for subglacial lake research

A comprehensive investigation of a subglacial lake includes:

« Characterization of the water column by vertical profiling, scanning, depth-discrete water sam-
pling, and filtration of water to collect suspended particulate matter from the “ice — water” interface
to the lake bed, providing information on the physical, chemical, and biological characteristics of
subglacial lakes [15, 19].

« Analysis of bottom-sediment cores and mineral inclusions in congelation ice, providing es-
sential information on geological, tectonic, hydrological, and paleoclimatic processes in Antarctica
and on organisms that may have inhabited the lakes’ water columns before continental glaciation
began [4, 35]. For example, studies of ice cores recovered from the ice sheet overlying Lake Vostok
led to the hypothesis that geothermal springs occur within its basin, as they do in lakes of tectonic
origin [26].

A direct investigation of a subglacial lake consists of several main stages:

« Geophysical surveys.

* Access-borehole drilling.

« Subglacial lake access.

» Sampling of water, bottom sediments, and suspended particulate matter, and measurement of
subglacial lake parameters.

Geophysical surveys. Before a subglacial lake is investigated directly, its physical charac-
teristics and topographic setting must be determined [38-40]. Predictive models of basal ice-sheet
melting [41], combined with satellite altimetry and surface-based geophysical surveys (Fig.2, ¢),
provide the only practical means of identifying subglacial water bodies. Together, these methods
can determine lake location and size, track volume changes, and, in some cases, estimate water
salinity [38]. Seismic surveys provide the most detailed information on sediment structure
and thickness and can also constrain lake depth [5, 20, 22]. Acoustic impedance inferred from the
seismic data is used to estimate sediment consolidation, grain-size distribution, and stratigraphy
(Table 1).
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Fig.2. Technologies and equipment for Antarctic subglacial lake research:

a — bottom-sediment sampling with a modular device through a borehole drilled using an electromechanical drill
and filled with an environmentally safe borehole fluid; b — thermal-probe drilling; c — geophysical identification of lakes
and determination of their parameters; d — bottom-sediment and water sampling with a single-unit device through
a hot-water-drilled borehole

Geophysical data and mathematical modeling can be used to estimate sediment age, construct
depositional models, and thereby provide a sound basis for selecting both the lake bed sampling site
and the drilling location on the ice surface [22].

Access-borehole drilling. Access-borehole drilling is the most labor- and energy-intensive
stage of the work. Because the operating conditions are unique, every ice-drilling technology
currently in use incorporates purpose-built engineering solutions, each with its own advantages
and disadvantages. The key parameters are maximum drilling depth, drilling time, borehole dia-
meter, borehole lifetime, equipment mass, total fuel consumption during drilling, and compliance
with environmental requirements. The following ice-drilling technologies are currently the most
mature:

Cable-suspended electromechanical drilling (Fig.2, a) has low energy consumption and
can create a long-lived research borehole when a nonfreezing borehole fluid is used. Its principal
disadvantage is a low overall drilling rate because tripping operations are time-consuming. A long-
lived borehole permits periodic sampling over an extended period, yielding information on
hydrological-system dynamics, the stability of microbial communities, and rates of ecosystem
change [15].

Hot-water drilling (Fig.2, d) provides high penetration and overall drilling rates and is environ-
mentally safe, but it has high energy demand and a short borehole lifetime. At an ice temperature of
—25 °C and an initial borehole diameter of 100-240 mm, the borehole refreezes within 4-23 h [13].
Completing the investigation within several days substantially reduces the cost of supplying a tem-
porary station.
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Thermal-probe drilling (Fig.2, b) offers autonomous drilling, portable equipment, and extended
in-lake operating time. Its limitations include technical difficulties at great drilling depths and sensi-
tivity to the mineral-particle content of the ice.

The main parameters of existing access-borehole drilling systems are presented in Table 2.

Table 2
Key parameters of existing and emerging access-borehole drilling technologies for subglacial lakes™
Borehole Reached/ - . . -
Technology System diameter,  |expected drilling Drilling Equipment weight Drilling power?, | Lake access
speed, m/day (fuel weight), t kw technology
mm depth, m

IBED 136 541/1400 20 25 (N/A) 3+11
Cable-sus- Closed
pended electro- |\ e 4o 135 138 3765/4500 30 35 (N/A) 2.2+182 staged,
mechanical isolated

drilling Foro 3000 129.6 — 12800 17 18 (31,93) 1.79+8.7
EHWD 600 2500/ - 2160 566 (N/A) 4700 + 300
WISSARD 300 1092/ — 720-1480 230 (40) 1000
Hot-water SLCEC .

drilling CHWD [42] 300 2154/2700 max 2880 88 (N/A) 1000 + 120 Direct

Ellsworth 360 — /3400 N/A 111 (51) 1500

DeepRAD? N/A 3413/3800 480 N/A N/A
Thermal- RECAS [43] 180 200/3800 36 330 kg (N/A) 9.7 Isolated
o solate

probe drilling | TRIPLE [44] 200 52/4000 84 320 kg (N/A) 25
Notes:

1 For hot-water drilling systems, thermal and electrical power are reported; for electromechanical drills, the power ratings of the
drill motor and drilling winch are reported.
2 Based on the presentation by Wu Xiong, “Progress in polar scientific drilling research of CUGB” (09.04.2026).

Subglacial lake access. The access-borehole drilling method and the borehole fluid determine
which lake-access methods can be used (Fig.3):

+ Closed access, in which the pressure in the access borehole is maintained below the lake pressure
so that lake water rises into part of the borehole and subsequently freezes. This method yielded the first
frozen water samples from Lake Vostok [45]. A variant uses a thermal drill with a pilot bit to penetrate
the subglacial lake [46].

* Direct access, providing immediate access to the lake when the borehole is filled with meltwa-
ter or another environmentally safe fluid [47, 48].

« Staged access, using a buffer of environmentally safe nonfreezing fluid or meltwater while the
remainder of the borehole contains a toxic borehole fluid [46, 49].

* Isolated access, in which a layer of ice isolates the lake environment from the borehole envi-
ronment [43].

The parameters of this stage directly affect the choice of methods for sampling water, bottom
sediments, and suspended particulate matter, as well as for measuring subglacial lake parameters.

Sampling water, bottom sediments, and suspended particulate matter and measuring
subglacial lake parameters. The following sampling configurations are used in subglacial
lakes (Fig.3):

« a single-unit device, in which the research equipment is lowered directly through the borehole
into the lake [50];

* Boeckmann G., Kuhl T., Moravec E. Basal Access and Sampling Feasibility Study. White Paper. 2022, p. 26.
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Toxic borehole fluid

Ice

Meltwater

1
Ice sheet flow

Debris-rich basal ice

Silicone fluid
water sampler

Delivery module
|
Thermal drilling unit with

s S i latte Mtk Rt sk,

Suspension sampler

Sedimentation dis-
turbance zone with
large inclusions

Water and sediment sampler
Thermal probe with water
sampler

~ Subglacial sediments

Undisturbed zone Preglacial sediments

with natural sedi-
mentation

Bedrock Lake water

Fig.3. Equipment for direct investigation of Antarctic subglacial lakes and subglacial lake-access methods:
1 - staged; 2 — direct, followed by use of a modular research device; 3 — closed; 4 — direct, followed by use
of a single-unit research device; 5 — isolated

 a modular device incorporating an intermediate component — a delivery module [51, 52] that
isolates the research equipment from the borehole environment.

Water can be sampled from subglacial lakes using either a standard suite of hydrological in-
struments adapted to borehole conditions or purpose-built systems such as RECAS [43] and the
Lake Ellsworth exploration system [53].

In studies of aquatic systems, sediment coring is generally used to characterize the sedimentary
succession and thereby reconstruct the evolution of the water body. The principal sampler parameters
are selected based on seismic surveys of the subglacial lake bed that provide a preliminary identifi-
cation of sediment type.

Sediment samplers are classified by sampling method as follows:

« gravity corers (for soft sediments) [54];

« piston corers (for soft sediments) [55];

« percussion corers (from soft sediment to sand) [56];

« vibratory corers (from soft sediment to sand) [57];

* push corers (for soft sediments) [53];

* reciprocating rotary corers (for all sediment types, including bedrock) [26].

Mesh filters [58] are used to collect biological and mineral particles suspended in lake
water; their operating principle involves pumping water through mesh cartridges with different
aperture sizes. One such device, originally developed for oceanographic research and subsequently
adapted for use in subglacial lakes, was deployed during the investigation of Mercer Subglacial
Lake [30].

To maximize the information obtained from direct investigations and guide sampling-site selec-
tion, instruments are used to measure the following lake parameters in real time: hydrostatic pressure,
temperature, dissolved-gas concentrations, pH, redox potential, electrical conductivity, and subgla-
cial-water-body geometry using acoustic and laser ranging.
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During an investigation, equipment operation should be monitored using both analog readings
transmitted to the surface and video recordings. Compact video systems can be integrated into a mul-
tifunctional research platform with limited maneuverability [59] or mounted on a separate remotely
operated floating vehicle [44, 60].

Challenges and limitations of Antarctic subglacial lake research

Technologies and equipment for lake research have continued to advance since the first access to
Lake Vostok. Nevertheless, despite numerous studies that yielded important results at Lake Vostok,
Mercer Subglacial Lake, Subglacial Lake Whillans, and Lake Ellsworth, bottom sediments have yet to
be sampled directly from deep “stable” subglacial lakes. This is attributable to the following distin-
guishing characteristics of ““stable” subglacial lakes.

The ice thickness covering 90 % of this type of lakes is more than 2500 m. Increasing the target
drilling depth substantially complicates drilling-system design, increases total equipment mass, and
consequently raises logistical costs.

Relatively large lake depths — more than 50 m, together with underwater currents increase the
area over which a suspended sampler may drift. Overlying ice thickness and water-column depth
determine the hydrostatic pressure and therefore the design of pressure housings for electronic and
propulsion components that cannot operate unprotected in water. Hydrostatic pressure also com-
presses gas inclusions in the sediment; their expansion during decompression may disrupt the core
structure [61]. In deep lakes, the sampler cable or load-bearing tether may deviate from the vertical,
hindering penetration into the bottom sediments.

A wide range of temperature differences, from —57 to 0 °C, from the surface of the glacier to the
surface of the lake, determines the power of the hot water heating system during drilling, as well as
additional heaters to prevent the well from freezing during lake exploration.

Geological uncertainty and variations in the physical and mechanical properties of stratigraphically
diverse sediment layers present further challenges. Sediment consolidation, porosity, water satura-
tion, and grain-size distribution strongly influence resistance to penetration by the sampler’s core
barrel and therefore affect the size of the recovered sample [62]. Together, these parameters also
determine the rheological properties of the sediment mass, which affect the force required to detach
the core, the performance of dynamic sampler systems, and the likelihood of disturbing the core
structure during sampling.

Logistical difficulties in conducting research on lakes that are remote from polar stations, which
leads to higher transportation costs per kilogram of cargo and, as a result, increased requirements for
the weight and size of the equipment used and the amount of fuel.

Technological difficulties in complying with the mass and size restrictions of the equipment that
is lowered into the lake, which is caused by the cramped conditions of the access well, which narrows
over time.

Environmental requirements for preserving the relic ecological system of subglacial lakes, which
significantly complicate the research technology and design of the devices used, and increase the cost
of the work.

Some phenomena and conditions may remain unidentified because few subglacial lakes have
been investigated directly and experience remains limited. For example, analyses of bottom-sediment
cores from the “active” Mercer Subglacial Lake (1087 m of overlying ice) and Subglacial Lake Whil-
lans (800 m of overlying ice) showed that their sediments did not preserve a record of natural lacus-
trine sedimentation but consisted instead of particles transported by subglacial flows. Their compo-
sition therefore did not differ from that of cores collected beneath ice streams and on the continental
shelf in the same region of Antarctica [22].
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Future priorities for technological development
Given these distinguishing characteristics of “stable” subglacial lakes, the following priorities

can be identified for developing and improving the technologies and equipment used to investigate
them:

« Ensuring environmentally safe access to subglacial lakes during cable-suspended electrome-
chanical drilling by using a silicone borehole fluid (e.g., polymethylsiloxane fluid PMS-3), a compo-
site polymer cable, and systems for cleaning the borehole walls [47].

* Increasing borehole diameter and both penetration and overall drilling rates during deep cable-
suspended electromechanical drilling by using improved cleaning systems, cutting tools, and tripping
equipment.

* Increasing hot-water drilling depths and borehole lifetime, particularly in East Antarctica,
where ice thickness commonly exceeds 3000 m.

* Increasing thermal-probe drilling depths by upgrading the built-in winch and overcoming con-
straints imposed by mineral inclusions in the ice using directional-drilling systems [13, 43].

* Increasing the length of recovered bottom-sediment cores while reducing the sampler’s power
demand [56].

» Expanding the area accessible for bottom-sediment sampling by fitting the sampler with pro-
pulsion units.

* Preserving the integrity of recovered bottom-sediment cores during drilling, recovery, and
transport, as disturbance at these stages biases analyses of the sample’s physical, geochemical, and
biological properties [61].

« Ensuring reliable operation of electronic devices under high pressure and at low temperatures.

Conclusion

The investigation of Antarctic subglacial lakes is a complex interdisciplinary undertaking that
requires advanced geophysical methods, drilling technologies, environmentally safe lake-access tech-
niques, integrated characterization of water bodies, and methods for analyzing the resulting data. This
article has examined the distinctive geographic and geotechnical settings of subglacial lakes and the
established and emerging technologies and equipment used to investigate them.

Over decades of remote and direct subglacial lake research, the technologies and equipment em-
ployed have steadily advanced through the efforts of engineers and scientists worldwide. Despite
substantial progress, particularly in identifying subglacial lakes by geophysical methods, many
questions remain unresolved. Foremost among them is the challenge of obtaining samples from
“stable” subglacial lakes while meeting environmental-protection requirements. Addressing this chal-
lenge requires integrated planning that explicitly aligns scientific objectives, logistical and infrastruc-
ture capabilities, access-borehole drilling, lake-access procedures, and sampling technologies. Before
field deployment, experimental studies should be conducted under conditions representative of actual
operations to assess the reliability, energy efficiency, and environmental safety of the proposed tech-
nologies. At the current level of scientific and technological development, direct investigations of
subglacial lakes present a set of formidable challenges. Successful implementation of such projects,
however, could produce discoveries that fundamentally reshape our understanding of Earth’s climate
history, past and present biogeochemical processes in isolated ecosystems, and the future dynamics
of Earth’s cryosphere.
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