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Abstract: The caves of Grottedal, Kronprins Christian Land, northeast Greenland, are found within the continuous
Arctic permafrost zone. The caves contain several cryogenic features, including minerals and ice deposits.
Convection loops within the air of the caves appear to create a sublimation horizon, above which increasing
humidity leads to hoar frost formation. Below this sublimation horizon, dry and desiccating conditions lead to the
leaching of CaCO; and the formation of magnesian calcite and kutnohorite. Evidence of condensation corrosion
in these caves may also be responsible for the formation of a new type of cryogenic speleothem (called cryogenic
frostwork), which may form from freezing of this condensate on surfaces. Cave-air dynamics, driven by the cold
temperatures (measured as low as —17.1°C) and climatic conditions of these permafrost caves, are considered to
be responsible for the formation of these observed cryogenic features.
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Introduction:
Dissolution caves within the Odins Fjord and Samuelsen Hgj formations

(Llandovery, Silurian) (Smith et al., 2004; Smith and Rasmussen, 2020) of P P
Kronprins Christian Land, northeast Greenland (Fig.1), were first described by rrjr\*‘z\\'\?«“ 7 ]ﬂf H
Davies and Krinsley in 1960. At the time, twelve caves at multiple elevations, % JI./"R{“]

with entrances up to 12m in diameter, were identified along a tributary valley b T

in the southern wall of the larger Grottedal (Davies and Krinsley, 1960). The Y ;“ i
description of speleothems (flowstone and stalagmites) led to a renewed interest '3*4\9 -

in these caves as sites to research the palacoclimate of this region (Moseley et al., You i ‘{;N\
2016). In 2015, an expedition to Grottedal documented a total of 26 caves, where '\j i
16 different speleothem samples were collected (Moseley, 2016). U-Th dating S >
and stable isotope analyses revealed that these speleothems provided an important <
window into the interglacial palacoclimate of this area (Moseley et al., 2016). 'r"‘f‘g
In addition to speleothems, several other features were identified, including the ik 15%:\”«3%
presence of floor ice, ice crystals, wall-to-wall ice plugs, and extensive hoar frost :jc;‘g 3 N
(Moseley, 2016). @% - 3

Grottedal is a high arctic desert, situated about 40km to the west of the current
edge of the Greenland ice sheet. There are no specific climate records for the valley,
but Station Nord (205km to the northeast; Fig.1) has a continuous meteorological
record from 1961-1972, with a recorded mean annual surface temperature (MAST)
of —17.6°C (IAEA, 2015). According to Needleman (1960), the temperature range in
North Greenland is =51 °C to +16°C. The continental position of Grottedal would,
however, suggest that it has warmer summer temperatures and cooler winters.

Figure 1 (right): Outline map of Greenland, showing the geographical locations of the

Grottedalen Valley (red circle) and Station Nord (blue circle) in the northeast.
Major lines of latitude and longitude are provided for reference.
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Figure 2: Hoar frost observed in the Grottedalen caves.

2a: Needles of hoar frost on rock surfaces; the needles extended up to
10cm from the rock. 2b: Hexagonal platelet hoar frost, with platelets that
locally reach 30cm across, was identified in Crystal Kingdom Cave.

In May 1960, Needleman recorded mean average daily temperatures
ranging from —20°C to +6°C at Centrumse, with temperatures of
—1°C to +14°C in June, and above-freezing temperatures between
+2° and +16°C in July; however, seasonal cooling began again in
late July, suggesting a small warming window (Krinsley, 1960;
Needleman, 1960; Chiron and Loubiére, 1988). Additionally, the
Greenland Caves Project took spot weather measurements in August
2015 and July 2019 in the Centrumse and Grottedal region, finding
them to be in agreement with previous studies (Donner ez al., 2020).
Surface sediments in Grottedal show extensive patterned ground,
indicative of cryogenic activity, and whereas no specific data on
permafrost in Grottedal have been recorded, the area lies within the
Arctic permafrost zone (Needleman, 1960; Chiron and Loubiére,
1988). No cores have been collected to determine the depth of the
permafrost in this area, but on the far warmer and much wetter west
coast of Greenland (MAST —5.3°C), the permafrost exceeds 150m
in thickness (Van Tatenhove and Olesen, 1994; Box, 2002). These
data, together with below-freezing temperatures and extensive ice
within the caves (Fig.2), indicate that the observed caves are within
the continuous permafrost zone (Mavlyudov, 2018).

Ice caves are defined by Harris (1979) as caves where the
temperature of the host rock remains below 0°C for more than
one season, which leads to the accumulation of ice crystals. This
is an important distinction from caves that are formed within ice
itself, which are termed glacier caves (Harris, 1979; Luetscher and
Jeannin, 2004). Ice caves have unique scientific value because
of their ability to preserve palacoenvironmental and biological
material through long-term ice preservation, along with providing
an environment for a unique fauna (Lauriol ef a/., 2001; Kern and
Persoiu, 2013; Persoiu, et al., 2017; Iepure, 2018; Persoiu and
Lauritzen, 2018; Moseley et al., 2019). Whereas ice caves have
been described at higher elevations worldwide, including in Canada
(Ford et al., 1976), Romania (Holmlund et al., 2005), the European
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Figure 3: Profiles of the caves examined in this study, showing measured
temperatures at their relative positions of measurement).

Locations of floor ice are shown in blue, the extent of hoar frost by the
jagged blue lines, and the locations of collected cryogenic frostwork
samples are shown by red dots.

Alps (Luetscher et al., 2003), Iran (Soleymani et al., 2018), and
China (Yang and Shi, 2015), there are limited observations of ice
caves within the low-elevation continuous permafrost zone (Ford
etal., 1976; Clark and Lauriol, 1992; Luetscher and Jeannin, 2004,
Lauritzen, 2006; Vaks et al., 2013). In this paper, observations
are described that were made during a return field campaign to
Grottedal in 2019. During this time, new caves were identified,
and a more detailed description of their cryogenic features was
recorded. These data suggest several features that appear to form
under the unusual cave-air dynamics that occur in these permafrost
caves (Luetscher and Jeannin, 2004).

Materials and methods

Cave temperatures and humidity were measured using an
Extech RH300 digital hygro-thermometer/psychrometer (Extech
Instruments, Waltham, MA), which uses the wet bulb method to
calculate relative humidity (RH). The RH300 has a resolution
of 0.1°C and an accuracy of + 0.6°C. The psychrometer has a
resolution of £3% RH and an accuracy of 0.1% RH, and it was
calibrated in the field at the beginning of the expedition using 33%
and 75% standards, with the calibration checked daily.

Whereas the RH300 pyschrometer has a theoretical wet bulb
range from —21°C to 100°C, RH measurements in the field could
only be taken down to —10°C. To calculate absolute humidity,
an air pressure of 950 hPa (equivalent to 510m above mean
sea level at 0°C) was used. The online absolute humidity (AH)
calculator ( planetcalc.com/2167 ) was then used to determine the
AH, based on the temperature and the relative humidity for each
of the measured sites in the cave profile (Fig.5b). The results are
presented as kg of water/m>.

Thin sections of cryogenic frostwork were prepared by
mounting samples of the needle-thin speleothems in Hillquist Thin
Section Epoxy C-D resin, and allowing them to cure at 130°C. The
samples were then trimmed with a Buehler Isomet low-speed saw,
and thin sections were ground to a thickness not less than 200um
using silicon carbide powder of 600 and 1000 grit, and aluminium
oxide powder of 1200 grit. Finally the thin sections were polished
with Buehler Micropolish 0.3um Alpha Alumina powder on a
Buehler Low Speed polishing wheel.

Rock samples for x-ray diffraction (XRD) were crushed in a
PM 100 ball mill (Retsch, Newtown, PA), while the cryogenic
frostwork (described below) was crushed in a metal mortar and
pestle. XRD was carried out using a Rigaku Ultima IV X-ray
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diffractometer, operated at 40KV and 35mA, with a Cu K-alpha
energy frequency (wavelength of 1.54A). Interpretation of
diffraction profiles was carried out using PDXL 2.1 software.

Samples for stable isotope (6'0., and 3"*C.; cc refers to calcite)
analysis were prepared inside a lamina-flow hood using a handheld
dentist drill fitted with a 0.3mm-diameter carbide burr-tipped drill-
bit. Samples of 0.15mg to 0.70mg were measured using standard
operating procedures (Spotl, 2011) at the University of Innsbruck
on a Thermo Fisher DeltaVP' isotope ratio mass spectrometer
linked to a GasBench II interface. Analytical precisions are
0.08%o and 0.06%o for 880, and 8"C,. respectively (1 sigma;
Spotl, 2011). All isotope results are reported relative to the Vienna
PeeDee Belemnite standard.

Temperature and humidity measurements were recorded from
sevencaves located within the Grottedal area. The caves arereferred
to as Lemming Cave (Narlumukaap Qaarusussuagq; Lat: +80.38°,
Long: —21.82°), U-Shaped Cave (U-Tut Ilusilik Qaarusussuag;
Lat: +80.38°, Long: —21.74°), Crystal Palace (cave) (Aligoq
Ilussaarsuaq Qaarusussuaq; Lat: +80.38°, Long: —21.73°), Cairn
Climb Cave (Inussuk Innartooq Qaarusussuaq; Lat: +80.38°,
Long: —21.72°), Crystal Kingdom (cave) (Aligoq Kunngeqarfik
Qaarusussuaq; Lat:+80.41°, Long:—21.68°), Crystal Crawl (cave)
(Aligoq Paarnguffik Qaarusussuaq; Lat:+80.41°, Long:—21.68°);
Swirly Cave (Sangujoraartoq Qaarusussuaq; Lat:+80.38°,
Long: —21.79°); Cove Cave (Eqik Qaarusussuaq; Lat: +80.25°,
Long: —21.93°). The names in parentheses are the Greenlandic
translation, and neither the English nor the Greenlandic names
have been approved officially by the Language Secretariat of
Greenland ( oqaasileriffik.gl/place-names ).

Results

Cave temperature

At the cave entrances (below the dripline), at approximately 1.3m
above the floor, the cave air temperature responded to external
temperature variations, ranging from +4.2°C to +5.6°C in the
meroclimate zone of the caves tested (during the expedition,
surface temperatures reached +16°C; Donner et al., 2020). The
temperatures then dropped quickly to below freezing within a
topoclimate zone of only a few metres, with the final ambient
temperature depending upon the general shape and size of the cave
(Fig.3). In U-Shaped Cave, an essentially horizontal cave with
two entrances (Moseley ef al., 2020), the temperature dropped to
—3.0°C, while the short but slightly ascending Cairn Climb Cave
had a temperature of —3.3°C (Fig.3). Crystal Palace and Lemming
Cave are both quite short :

— of the order of 50m —
(Moseley et al., 2020), but
accessing the back of these
caves required climbing
through constrictions and
over piles of gravel debris
(Fig.3). On the far side of
the constrictions, cave-air
temperatures fell to —6.1°C
in Crystal Palace and
—10.1°C in Lemming Cave.

Figure 4:

The entrance to Cove Cave
looking out (a), with the floor
ice and ice stalagmites, and (b)
looking in.

The hoar frost horizon was
particularly distinctive in Cove
(b) and Crystal Kingdom (c)
caves, where a dramatic horizon
of sublimation was observed on
the walls (d).
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These constrictions probably created traps for cold winter air,
resulting in the lower cave air temperatures.

Caves with dipping entrance passages, including Crystal
Kingdom, Cove Cave, and Swirly Cave (Moseley et al., 2020),
had far lower ambient temperatures: Crystal Kingdom had a
temperature of —9.9°C at the lowest point; Swirly Cave reached
—14.1°C; while at the bottom of a pit in Cove Cave —17.1°C was
measured (Fig.3). The lower temperatures in these caves are likely
the result of density-induced convection or forced advection of
colder air into the cave during the winter, whereas the descending
passage creates a summer cold air trap (Wigley and Brown, 1976;
Smithson, 1991; Covington and Perne, 2015). A diligent literature
search failed to find published data recording other ice caves
reaching such low temperatures, including permafrost caves in
Siberia (lat: +60°), northern Canada (lat: +61° and +67°), and
Svalbard (lat: +78°) (Ford, 1976; Ford et al., 1976; Lauriol et al.,
1988; Lauritzen, 2006; Vaks ef al., 2020).

Hoar frost

The caves that contained the most impressive hoar frost (Cove,
Crystal Kingdom, and Swirly) had floor ice inside the entrance.
Initially it was presumed that this floor ice formed from residual
snow that had blown into the cave and melted, although Lauriol et
al., (1988) suggest that such ice is formed through the intrusion of
warm air during the summer, melting the hoar frost, which drips to
the floor or flows down the walls (Lauriol et al., 1988; Gabrovsek
et al., 2010). In support of this latter hypothesis, the floor ice was
transparent, had a smooth, ablated surface, and was associated with
ice stalagmites (Fig.4a). If the ice had been formed from snow, it
would have been opaque, possibly stratified from diurnal melting/
freezing, scalloped by airflow, or contain debris that would blow
in with the snow (Luetscher and Jeannin, 2004). Ice floors were
also observed deeper into the caves than the immediate entrance
zone; in Cove Cave, the floor ice was observed only a few metres
from the dripline (Fig.4), whereas in Crystal Kingdom, Swirly, and
Lemming caves the ice was at least 10m into the cave (Fig.3). The
exception to this pattern was Crystal Crawl, which had extensive
hoar frost, but contained scalloped snow (rather than ice) at the
entrance (Luetscher and Jeannin, 2004).

In Cove, Lemming and Crystal Kingdom caves, a significant
ice horizon could be seen (Figs 4b—d).. Above this horizon, hoar
frost was abundant on the ceilings and walls heading into the cave,
but below this horizon no hoar frost was observed (Figs 4b—d).
Cave climate is known to influence the formation of the hoar
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frost, and whereas this distinct horizon has been observed by other
researchers, it has not been described in the literature (D C Ford,
personal communication, 2020). Detailed temperature and relative
humidity measurements were taken around the hoar frost horizon
in Cove Cave (Fig.5). At floor level, the air within the cave was
cold (—5.4°C) and dry, ranging from 39.2 — 66.5% RH, depending
upon depth into the cave (the RH meter could only record RH
values down to —10°C). A 0°C isotherm occurred at 39cm above
the floor, where the relative humidity approached 100% (Fig.5b)
(Lauriol et al., 1988). Above the isotherm (at 1.28m), the air was
above freezing (+3.5°C and RH 87.3%), while closer to the ceiling
(1.70m) it was warmer (+6.0°C), but the relative humidity had
dropped (RH 70.4%; Fig.5b). At the 0°C isotherm, wall ice had
created a shelf that protruded up to 30cm into the passage (Fig.5a).
This wall ice appears to have formed from the seeping of water
from above, but has been carved away underneath, possibly from
sublimation of the ice directly to water vapour. The ceilings above
the wall and floor ice were essentially frost-free (Fig.5), whereas
the hoar frost horizon was observed at approximately the same
level as the isotherm (Fig.4).

Ice plugs

Another type of ice formation observed within the caves
(specifically Cairn Climb and Lemming caves) were wall-to-wall
ice plugs (Fig.6), which were discovered beyond the entrance
zone, making it unlikely that they formed from snow blown into
the cave. The centres of these ice plugs generally contain trapped
air bubbles, making them opaque; however, around the sides the
ice is so clear that it is possible to see passages beyond continuing
into darkness (Fig.6). In Lemming Cave, one of the ice plugs was
found beyond a blocked constriction where the air temperature
was measured at —10.1°C, and was transparent for >2m, making
it possible to see into a continuing cave passage. In both cases,
the ice appeared to be emerging from an existing cave passage,
rather than having been formed from the convective freezing/
melting of hoar frost. Whereas ice plugs have been described in
caves before, these have been formed via occlusion of an existing
passage by hoar frost, intrusion of ice from a nearby glacier or
from the remnants of a larger deposit that has melted (Wigley
and Brown, 1976; Luetscher and Jeannin, 2004; Lauritzen, 2006,
Ford and Williams 2007; Persoiu and Lauritzen, 2018). Intrusive
ice has been described only in Castleguard Cave, Canada,
where glacial ice has been forced into the cave under pressure
(Wigley and Brown, 1976; Ford and Williams, 2007). There are
no glaciers directly above the caves in Grottedal; however, it is
possible that either water below the permafrost, or super-cooled
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water created by pressure within the permafrost, entered the
passages and froze to create the observed wall-to-wall ice plugs
(Pounder, 1965; Luetscher and Jeannin, 2004). The shape of these
ice plugs, particularly the one in Lemming Cave, which appeared
to be “oozing” out of a passage like an enormous soap bubble,
suggests that the ice is being forced out of an existing cave passage
(presumably due to the plastic properties of ice under pressure;
Pounder 1965). It is unclear whether such ice may be contributing
to the enlargement of these passages or, more likely, filling an
extant void. Nonetheless, whatever the mechanism, without these
ice plugs, some of the caves might have a far larger footprint.

Calcite

Among the features observed in many of the examined caves
were small calcite spires that had formed on surfaces near the
entrance where the ceiling dipped into the passage, but only on
the entrance-side of the hoar frost zone (Fig.7). The calcite spires
had a unique morphology (resembling mini-stalactites), were c.7—
10mm long and approximately 1-2mm in diameter (Fig.7). This
small diameter rules out precipitation by dripping water, which
generally produces a minimum speleothem diameter of c¢. Smm
(the average diameter of a water drop; Hill and Forti, 1997). Given
that development of these speleothems occurs at distinct locations,
generally on the entrance side of the hoar frost zone, they might
be the result of water condensation on rock surfaces warmed by
surface air (Gabrovsek et al., 2010). Closer examination of the
spire material suggested that they were emerging from a film of
calcite precipitated on the edge of the ceiling protrusion (Fig.7b).
This could suggest that a film of condensing water forms on the
rock and moves, via gravity flow, to the lowest point, where the
speleothem forms through carbonate precipitation driven by either
freezing or evaporation (Gabrovsek et al., 2010). Thin sections
indicate that the spires are built up in layers (Fig.7c), suggesting
that their development is cyclic, although it is unclear whether
this would be on a seasonal or diurnal cycle. Each of the layers is
of the order of 50—100um in thickness, with each band of material
appearing to form along the length of the speleothem (Fig.7c),
possibly supporting capillary water flow along its surface. Bulk
XRD analysis revealed that the speleothems comprise aragonite
and calcite, likely through initial aragonite precipitation followed
by water-driven diagenesis (Dominguez-Villar et al., 2017).
Given the absence of water in the caves, it was not possible to
obtain cave-water samples for chemical analysis; hence it is not
known whether impurities (e.g. Mg?") are involved in polymorph
formation. Given the preference for the nucleation of calcite at
low temperatures, this is a possibility (Kawano ef al., 2009).

6.0°C
~ 704% RH
0.005 AH

3.5°C
87.3% RH
0.00S AH

-0.5°C
99.9% RH
0.005 AH

-5.4°C
66.5% RH
0.002 AH

50 em

Figure 5: Location of the temperature and relative humidity measurements in the entrance to Cove Cave.

5a: Hoar frost, ice and ice stalagmites in the cave. An ice shelf has formed from water seeping down the wall. A distinct area that has been carved away
(vellow arrow) matches a distinct horizon in the hoar frost (red arrow). The temperature/humidity meter is shown hanging in place during measurements.
5b: Obtained temperature and relative humidity (RH) values at each location, along with the calculated absolute humidity (AH) in kg/m’.
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. ' 1 a3 . .";‘!‘_: iy g’
Figure 6: The ice plug at the back of Cairn Climb Cave. The caver
is standing in front of the opaque portion containing air bubbles, and
clear ice can be seen at the edges of the plug.

Water vapour condensing out of the atmosphere can be
considered a non-ionic, ideal solution. At 0°-5°C, the dissociation
constant (pK,,) for carbonic acid is pH 6.75-6.52 (calculated using
the equation of Harned and Davis Jr., 1943), making it aggressive
when coming into contact with limestone bedrock (Gabrovsek
et al., 2010). Mobilization of Ca** and CO,* ions within the
limestone will depend upon the amount of dissolved CO, in the
water vapour (Gabrovsek et al., 2010). Solubility of these ions is
far lower in ice than in liquid water. Consequently, as the water
freezes, ions will accumulate in the residual liquid, CO, will off-
gas, and precipitation of carbonate minerals will occur (Zak et
al., 2008). If the process is driven by freezing, these speleothems
would represent a previously undescribed form of cryogenic
carbonate precipitation (Zak et al., 2008). It is unlikely that this
process is driven by the freezing of hoar frost, because there
would be limited time for the water to reach equilibrium with the
rock surface, whilst it leads to precipitation of powdery deposits
rather than the observed spike-like speleothems (Harrison and
Tiller, 1963; Pounder, 1965; Hill and Forti, 1997).

To determine whether freezing was involved in the
development of these speleothems, their stable oxygen and
carbon isotope compositions were examined. Isotopic values of
10.77%o for 8"°C,. and —7.48%o for §'30.. were obtained for the
speleothem collected in Cairn Climb Cave (host rock values:
8"”Ce. = 0.01%0 and "0, = —6.08%o), with a §"”C,, value of
13.01%o and &0, value of —8.25%o for the Crystal Palace
speleothem (host rock values: §"°C., = 2.7%o and §'*O,. —7.3%o).
These values suggest fast freezing of a low-ionic-strength
solution, and do not correlate with the far lower §'°0,. values
associated with cryogenic cave calcites (Zak et al., 2018), or
with isotopic values associated with calcite formation via
sublimation (Clark and Lauriol, 1992). Given their potential
cryogenic development, this new speleothem-type has tentatively
been named cryogenic frostwork, reflecting its similarity in
appearance to frostwork (Fig.7b) (Hill and Forti, 1997).

Other minerals of cryogenic origin

One final observation in the entrances of many caves, beyond the
zone of direct light penetration and within the cold (sub-0°C) zone,
was a green material, loosely attached to limestone clasts, that was
associated with organic debris (such as bird pellets) (Fig.8a). Given
the low light intensity in this area, it was unclear whether it was
biological or mineral in origin (Fig.8a; Barton ez al., 2020). Samples
were collected directly from the organic material or a representative
clast by scraping off either the surface material (Fig.8b —red dot), or
a part of the underlying powdered fragment (Fig.8b — blue dot). As
a control, part of the same clast fragment that was buried in the cave
sediment was also tested (Fig.8b — green dot). The XRD profiles
of the green material were unexpected (Fig.8¢c); surface and sub-
surface scrapings of the clast gave clear signals for low magnesian
calcite ([(Cags7,Mgo.13)CO;] and [(Cag97,Mgo.03)COs], respectively),
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whereas the portion of the clast buried in the sediment had a weaker,
but clear, signal for the rare carbonate, kutnohorite (CaMn*'(COs),;
Figs 8c—d). None of these minerals is known specifically to be
green in appearance (Hill and Forti, 1997), although pale green
kutnohorite has been observed in Mont Saint-Hilaire, Canada,
and a bone in a South African cave shelter (B Onac, personal
communication, 2020). Kutnohorite has previously been seen to
form under cold and arid conditions (Georgiadis et al., 2019), and
these data suggest an enrichment in the Mg content of the material,
possibly through the differential solubility of CaCO; (K, = 3.3 %
10~ at 25°C) versus MgCO; (K, = 1.5 x 107 at 25°C). Under the
observed cold, dry airflow in the caves, CaCO; and its hydrated
variants would leach out of solution first, leading to enrichment in
the remaining ions (Harmon ef al., 1983; Lauritzen and Lundberg,
2000). The pocked surface of the clast (Fig.8b) suggests that it
has undergone condensation corrosion, presumably while still
attached to the cave wall (D C Ford, personal communication,
2020), which would provide the necessary leaching conditions
to enrich in surface Mg*" ions (Lauritzen and Lundberg, 2000).
It is unclear how Mn*" would be enriched on the portion of the
clast in contact with the sediments, although the sorption of Mn**
to calcite surfaces has been shown to produce kutnohorite at low
(umol) ion concentrations (Middelburg et al., 1987). The green
material directly attached to the organic matter (Fig.8a) was
poorly crystalline, and the XRD signal was somewhat obscured by
the organic material itself (Fig.8c), while microscopy suggested
the presence of photosynthetic cells. These data suggest that
photosynthesis under low-light conditions could be responsible
for the observed green colour (Behrendt et al., 2020).

Conclusions
Due to the remote location of the field site (Fig.1), the short field
season, and difficulty in accessing many of the caves (Moseley,
2016), it is not possible to carry out a long-term climate study of
the Grottedal caves. Nonetheless, high-resolution digital mapping
permitted the precise location of hoar frost and cave temperature/
humidity to be recorded, allowing them to serve as a proxy for
the more detailed measurements that would be required for a
comprehensive climate study (De Freitas and Schmekal, 2003,
Pflitsch et al., 2006; Covington and Perne, 2015; Bertozzi et al.,
2019). As these caves are within the permafrost zone, the bedrock
is below 0°C year-round; however, no specific measurements of
rock temperature could be made. In the caves without noticeable

500 pm
——

Figure 7: Cryogenic frostwork found in several of the examined caves.
7a: Cryogenic frostwork below a ledge in Cairn Climb Cave.

7b: A hand sample (collected from Crystal Palace Cave), which was
used to generate the thin-section seen in 7c.
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Green material associated with
sediment clasts.

The bright green material (Fig.8a)
was identified as photosynthetic
algae (Barton et al., 2020).
Examination of the other material
exposed on a single clast (Fig8b)
using XRD (Fig.8c) revealed
an interesting mineralogy. Pale
green surface material (red dot)
was scraped off, revealing a white
limestone underneath (blue dot).
Both this surface and underlying
material were enriched in Mg>" as
magnesian calcite. An area of the
same clast that had been buried in
the sediment (green dot) revealed
the presence of kutnohorite.
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airflow (U-Shaped and Cairn Climb), an ambient air temperature
of approximately —3.0°C was measured, which is supported by
the extensive growth of hexagonal crystals of hoar frost in Crystal
Kingdom (Pounder, 1965). This temperature was used to constrain
the upper limit for the caves at —3.0°C. Based on the data collected
here, the ice floors, ice stalagmites, hoar frost horizon, sublimation
horizon, and a measured isotherm indicate that air dynamics in
these caves (Fig.3) remain active throughout the summer. In our
model, based on a single-entrance cave (assuming no chimney
effect), these cave-air dynamics are driven by the sub-freezing
(permafrost) temperatures of the Grottedal caves (Fig.9).

Winter

During the winter, when the outside air temperature drops below the
average cave temperature of —3.0°C, density-induced convection
of cold air (or forced advection driven by the windy conditions of
Grottedal) (Chiron and Loubiére, 1988) causes colder surface air
to drain into the cave, with a higher-level return of warmer cave
air to the surface (Fig.9) (Wigley and Brown, 1976; Covington and
Perne, 2015). This cold air is dry (due to the humidity capacity of
cold air), causing sublimation of ice throughout the system (Fig.9),
while cooling cave surfaces by convection (Wigley and Brown,
1976; Covington and Perne, 2015; Persoiu and Lauritzen, 2018).
Due to this cooling, and the higher density of this cold air, in a
descending passage this creates a stable layer of cold air that remains

throughout the summer, which also accounts for the preservation of
ice deposits in many ice caves (Wigley and Brown, 1976; Smithson,
1991; Covington and Perne, 2015).

Summer
During the summer, warmer outside-air is cooled as it comes
into contact with the below-freezing surfaces of the cave, where
it loses moisture by the freezing of water vapour as hoar frost.
This colder and now drier air has a higher density (calculated as
1.235kg/m’* on the floor of Cove Cave), which sinks to the floor
of the cave (Fig.9). This dry air is under-saturated with respect
to water (absolute humidity calculated as 0.001kg/m?), causing
sublimation of ice encountered, including the floor ice and hoar
frost, creating a boundary (or horizon) of sublimation (Fig.9).
Caves with significant floor ice in the entrance tended to have
higher levels of hoar frost, which suggests that the moisture could
be picked up from the entrance ice. Caves with extensive hoar
frost but no entrance ice, such as Crystal Palace, suggest that ice
may have been present at the entrance before the study visits, or
that this sublimation cycle is initiated by surface snow.
Sublimation increases the water vapour content of this air,
decreasing its density and causing it to become buoyant. This
lighter, wetter air (at 1.191kg/m? just above the thermocline in Cove
Cave) rises, entering the warmer zone, where heating increases the
volume and continues to reduce in density (measured as 1.182kg/m?

WINTER

Influence of outside air

Influence of cutside air

- Cold air ~w Warmair
Sublimation horizon B e
Hoar frost i Crycgenic frostwork

Figure 9: Model for cave airflow dynamics
between summer and winter in the Grottedal
caves. During winter, the outside air temperature
drops, density-inducedflow causes colder surface
air to drain into the cave, pushing warmer cave
out. This cold, dry air causes sublimation of ice
throughout the system. The higher density of
this cold air creates a stable layer of cold air in
the cave during the summer, maintaining cooler
cave temperatures. Humid, outside air is cooled
and freezes as hoar frost as it comes into contact
with the freezing surfaces of the cave, sinking
to the floor. This colder, drier air sublimates
the ice encountered. Sublimation increases the
water vapour content of this air, decreasing its
density and causing it to become buoyant. A
sublimation horizon is then created, at the point
where the warmer, humid air flows over the top
of the cold, dense air. At locations close enough
to the entrance, warmer surface air begins
to heat the rock, allowing the thawing of frost
and/or condensation. This transition zone may
be indicated by the presence of condensation
corrosion within the entrance zone, along with
cryogenic frostwork.
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at the ceiling of Cove Cave). This wetter
air comes into contact with the sub-freezing
rock surfaces, which leads to the formation
of additional hoar frost (Harrison and Tiller,
1963; Pounder, 1965). If sufficiently close to
the entrance, the warmer air begins to heat
the surface of the rock, allowing the thawing
of frost or condensation, and leading to the
accumulation of floor ice and ice stalagmites
(De Freitas and Schmekal, 2003; Gabrovsek
et al., 2010). In either case, the air loses
water vapour and cools, becoming denser
and dropping into the colder, drier zones of
the cave, supported by the decrease in relative
humidity of the air close to the ceiling (Fig.4).

The cryogenic frostwork, which is found in
distinct locations of the cave (on the entrance
side of hoar frost), may indicate the location
of a transition zone, where condensation
and freezing are occurring on short (diurnal)
cycles, while the magnesium/manganese
calcites indicate the zone of condensation
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corrosion during the summer months. We suggest that a convective
cycle that might be unique to caves within the permafrost zone
is occurring within the Grottedal caves, the limits of which
are defined by the hoar frost accumulations and sublimation
horizons, along with the deposition of cryogenic frostwork and
geochemical transformation of calcite surfaces. Additional work
is required to confirm these findings, including a mechanism of
action for the formation of the cryogenic frostwork, while also
identifying several features that could be studied in similar caves
found within permafrost zones.
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