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Abstract

Cryogenically formed carbonate particles represent a rather new class of speleothems
whose origin is directly linked to the presence of perennial ice in the subsurface. Recent
studies concluded that dating these deposits provides important time constraints on
the presence and the thickness of permafrost e.g. during the last glacial period. More
precisely, these carbonates require the coexistence of water and ice and hence record
episodes of permafrost thawing.

To shed more light on the origin of the coarsely crystalline variety of these cryogenic
cave carbonates — CCC_,,sc for short — we examined a high-elevation cave site in
the western part of the Austrian Alps which is located in an area dominated by per-
mafrost features and transformed from an ice cave into an essentially ice-free cave
during the past decade. Two side chambers of the main gallery revealed cryogenic cal-
cite deposits whose isotopic composition indicates that they formed in individual pools
of water carved in ice which underwent very slow freezing under closed-system con-
ditions, i.e. enclosed in ice. 2301h dating shows that most of these carbonates formed
ca. 2600yrBP. Based on comparisons with other palaeoclimate archives in the Alps
this thawing episode did not occur during a climate optimum, nor did CCC,,. form
in this cave during e.g. the Roman or the Medieval Warm Periods. Our results sug-
gest that the occurrence of CCC,,,.<c, at least in mountain regions characterized by
discontinuous permafrost, may be more stochastic than previously thought. Given the
inherent heterogeneity of karst aquifers and the important role of localized water infiltra-
tion in modifying the thermal structure of the subsurface we caution against attributing
CCC,uarse OCcUrrences solely to peak warming conditions, while confirming the unique
significance of these deposits in providing robust age constraints on permafrost thaw-
ing episodes.
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1 Introduction

Permafrost is an important but only partly visible element of high mountain ranges
such as the Alps. In the Eastern Alps of Austria discontinuous and continuous per-
mafrost is wide-spread at altitudes above 2500—-2600 and 3000-3500 ma.s.l., respec-
tively (e.g. Krainer and Ribis, 2012; Schoéner et al., 2012). In the Central Alps, the
aerial extent of permafrozen ground above 2500 ma.s.l. exceeds the area occupied by
glaciers. Given the potential hazards associated with its degradation due to rising air
temperatures Alpine permafrost has been extensively studied and its physics is well un-
derstood (e.g. Gruber et al., 2004; Huggel et al., 2010; Boeckili et al., 2012; Springman
et al., 2013). Much less well known, however, are changes in permafrost thickness and
aerial extent on decadal, centennial and millennial time scales, largely because of lack
of suitable archives.

A new class of chemical sediments has emerged in recent years that may help to fill
this gap by providing information on the past presence of perennial ice in the subsur-
face. Known as cryogenic cave carbonates (CCC) these deposits occur in caves and
occur in a great variety of particles typically composed of low-Mg calcite (Zak et al.,
2012). Their origin has been attributed to freezing of water as thin film or as shallow
pools on cave ice and hence provide direct evidence for the former presence of ice
in today ice-free caves. Two types of CCC are known, fine crystalline, powder-like de-
posits (CCCy,e) and coarsely crystalline particles (CCCy,se)- Only the former variety
has been observed in-situ in ice caves. A key aspect of CCC,y s IS that the age of
these crystals can be determined using 230Th thus providing temporal constraints on
the presence of subsurface ice in the past (which is otherwise hardly possible). CCCq;e,
in theory, can also be dated using this method. Tests have shown, however, that the
high degree of detrital contamination commonly found in these samples (given their
high surface area) renders 23°Th-dating difficult, in particular if they are less than a few
thousand years old (C. Spétl, unpublished data).
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Previous research on CCC has focused on cave sites located in the periglacial corri-
dor between the former Scandinavian and the Alpine ice sheets (e.g. Z4k et al., 2004,
2008, 2012; Richter et al., 2010, 2013; Orvo$ova et al., 2013) and **°Th dates from
caves in the Czech Republic, Germany, Slovakia and Poland provide important con-
straints on the timing and depth distribution of permafrozen ground during the last
glacial period and the Lateglacial (see review by Zak et al., 2012). Only very few re-
ports of CCC exist from caves in the Alpine realm, which may reflect the fact that this
mountain range was occupied by a dendritic ice-stream network during glacial maxima.
Two occurrences of CCC,,,.sc have been reported from Alpine caves so far. Richter
et al. (2009) published data on CCC_,,,sc from an ice cave in the German part of the
Eastern Alps (Glaseis Cave, no 230Th dates available), and Luetscher et al. (2013) re-
ported #*°Th-dated CCC,yy s deposits from Leclanché, a partly deglaciated cave in
the Sanetsch area of western Switzerland. CCCy,, is slightly more common based on
our own observations in Alpine caves, but to our knowledge published reports only ex-
ist for Monlesi, a small ice cave in the Swiss Jura Mountains (Luetscher et al., 2007),
Eisriesenwelt in Salzburg (Spétl, 2008; May et al., 2011), as well as for Leclanché Cave
(Luetscher et al., 2013).

The aim of this communication is to report the discovery of CCC_,,e in a cave from
the Austrian Alps. Using field observations, petrography, stable isotopes and 2301
dating we shed light on the origin of these deposits and evaluate their formation in the
context of the late Holocene climate evolution of the Alps.

2 Study site

Mitterschneidkar Eishéhle, hereafter referred to as MSK Cave, Austrian cave cadaster

no. 2516/6, is located on the Tuxer Hauptkamm which forms the westernmost branch

of the Zillertal Alps (Figs. 1 and 2). The cave opens at 2558 ma.s.l. next to an active

rock glacier and consists of a single descending gallery following the ca. 40° dip of

the Upper Jurassic Hochstegen Marble (Figs. 2 and 3). The main gallery terminates
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in an impassable fracture and no air flow was noticed at this lower end. The gallery is
characterized by strong frost shattering modifying the original phreatic tube and giving
rise to abundant angular rubble covering the cave floor.

MSK cave was discovered in 2004. In 2005, when the cave was first surveyed, up
to 5m thick, bedded congelation ice was present in the upper part of the main gallery,
but its surface already showed clear signs of ongoing melting (Fig. 4a—c). When we
re-visited the cave in 2007 the ice was further reduced and before 2012 (no visits to
the cave in between) all ice was gone. The previously ice-covered areas were carefully
inspected but no CCC deposits were observed. We noticed, however, the presence
of aggregates of rubble coated and intermixed with small amounts of unsorted sedi-
ment ranging from fine sand to very angular clasts up to a few centimeters in diameter
(Fig. 4d). The fabric of this rubble was strikingly loose compared to other, e.g. lower
parts of the gallery, and sandy sediment is otherwise uncommon in this cave. The fact
that these loose blocks associated with the fine, unsorted sediment are only present in
recently deglaciated parts of the cave suggests deposition of the debris following ice
melting. We therefore consider these localized deposits as an equivalent of melt-out
till.

CCC was only observed in two chambers off the main gallery, in the Eiskammer and
a smaller chamber further downslope referred to as Kleine Kammer (Fig. 3).

Limited drip water was present in the deeper parts of the cave during summer and
fall (no observations during the other seasons) which demonstrates that the rock above
the cave is not permafrozen today. No water enters the cave by the entrance.

Cave air temperature near the lower end of the main gallery was logged between
October 2005 and May 2011 and shows a mean value of 0.23°C with minimum and
maximum temperatures at the end of November and typically in September, respec-
tively (Fig. 5). The interior part of the cave does not record the lowest outside temper-
atures that occur typically in January suggesting that the cave entrance is likely sealed
by wind-blown snow and ice after November.
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3 Methods

The morphology of cryogenic crystals and the fine fraction of the melt-out till were
examined using reflected-light, transmitted-light and blue-light epifluorescence mi-
croscopy (thin sections of crystals impregnated in epoxy resin), as well as using field-
emission scanning electron microscopy (FE-SEM). The mineralogical composition of
the cryogenic crystals was determined using powder X-ray diffraction. CCC crystals (up
to 0.1 mg per sample) were hand-picked using a binocular microscope and analyzed
for their stable isotope composition following the methodology of Spétl and Vennemann
(2003). Isotope ratios are reported on the VPDB scale and the long-term 1-sigma pre-
cision is 0.06 and 0.08 %o for 6'°C and 6'20, respectively.

Samples for 2301 dating (ca. 20—30 mg each) were also hand-picked using a binoc-
ular microscope. U-Th chemistry and isotopic measurements on a Thermo Fisher
NEPTUNE multi-collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) were performed at the Institute of Global Environmental Change, Xi’an Jiaotong
University. U-Th isotopic data were calculated using recently revised 230Th and %%y
half-lives (Cheng et al., 2013) and the uncertainties at the 2-sigma level include correc-
tions for blanks, multiplier dark noise, abundance sensitivity, and contents of nuclides
in the spike solution. The elevated **Th content required a correction which assumed
an initial 2°Th/2%2Th atomic ratio of 4.4 + 2.2 x 107°. This is the value for material at
secular equilibrium, with a bulk earth 232Th/238U value of 3.8. The errors are arbitrarily
assumed to be 50 %. Ages are reported in years BP, i.e. before the year 1950 AD.

4 Results

4.1 Occurrence of CCCcoarse

In both chambers CCC,,,,c is present as patches (heaps) 0.5 to 1 m in diameter con-
sisting of loose crystals (Figs. 3 and 6a). Scattered CCC crystals were locally also

1498

CPD
10, 1493-1526, 2014

Holocene climate
change, permafrost,
and cryogenic
carbonate formation

C. Spétl and H. Cheng

Title Page

L

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/10/1493/2014/cpd-10-1493-2014-print.pdf
http://www.clim-past-discuss.net/10/1493/2014/cpd-10-1493-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

observed in between these patches. The thickness of these small heaps of crystals
does not exceed ca. 1cm and typically is about 5mm only (Fig. 6b). Heaps of crys-
tals are present on break-down blocks with both horizontal or titled surfaces, on steep
cave walls (where the crystals are more widely spread) and in one instance also under-
neath a block which forms kind of a roof above this small heap (Fig. 3). Two samples
(MSK1 and 2; Fig. 6¢) were taken from the Kleine Kammer and five samples were ob-
tained from five individual heaps in Eiskammer (MSKS to 7; Fig. 3). MSK1 and MSK2
represent two different size fractions: MSK1 comprises the largest particles (up to ca.
2cm in diameter), whereas MSK2 is an aliquot of the finer fraction comprising crystal
aggregates typically only up to a few millimeters in size.

4.2 Petrography

CCC crystals from MSK Cave range in diameter between fractions of a millimeter up to
2cm. The typical crystal size is in the mm-range. Macroscopically, two populations of
crystals and crystal aggregates were observed, brown and white ones (Fig. 7a and b).
All heaps are mixtures of both types (Fig. 6b), but the percentage of the white crystal
fraction is much lower in the Kleine Kammer compared to the Eiskammer. We did not
notice a systematic pattern in the abundance of brown and white types within the two
chambers nor within individual heaps.

Both crystal populations are pure calcite according to X-ray diffraction analyses. We
also sampled a partly corroded flowstone coating the cave wall in Eiskammer und found
calcite and less abundantly aragonite layers inside this 1-2 cm thick deposit.

The sand fraction of the melt-out till was examined for the presence of carbonate
crystals of possible cryogenic origin but only angular rock fragments and no indication
of euhedral crystals or aggregates thereof were found.

According to optical and FE-SEM studies the two macroscopic crystal populations
also show different micromorphologies. The brown fraction consists of rhombohedral
crystals and aggregates thereof. The color of these crystals ranges from yellowish-
brown to medium-brown and only the former ones show some transparency. The brown
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CCC aggregates commonly show raft-like morphologies, i.e. platelets with different bot-
tom and top sides (Figs. 7a and 8a). Fragments of such raft-like forms are common as
well. These aggregates consist of rhombohedra showing an obtuse habit; steep rhom-
bohedra are absent (Fig. 8b and c). Dendritic crystals were also observed and a small
percentage of the brown CCC fraction consists of small, rosette-like aggregates with
rhombohedral crystal radiating in all directions. In contrast, the white crystal fraction is
composed of elongate crystals which appear conspicuously opaque-white in reflected
light (Fig. 7b). At first glance, their habit resembles aragonite rays, but FE-SEM ob-
servations reveal that they are actually composed of bundles of tree-like subcrystals
(Fig. 8d—f) made entirely of calcite (confirmed by XRD). Combinations of the two crys-
tal populations are virtually absent.

Thin-section microscopy confirmed these observations and showed that the brown
crystal fraction consists of rhombohedral crystals and aggregates thereof which show
even extinction under cross-polarized light and a low degree of impurities (Fig. 9a, b,
d and e). Aggregates are composed of a number of smaller crystals showing slightly
deviating extinction behaviors. In contrast, the elongate crystals of the white fraction
appear brownish in transmitted-light due to a high abundance of intracrystalline bound-
aries and minute impurities which could not be resolved even at high magnification
(Fig. 9g and h). Both types of calcite crystals show uniformly moderately bright fluores-
cence (Fig. 9c, f and i) and no evidence of zoning.

4.3 Stable isotopic composition

The brown and white crystal fractions overlap in their C, but not in their O isotopic
composition, whereby the brown crystals show more depleted 580 values (as low
as —20.9%o) but higher 5'3C values (up to +7.9%0) compared to the white fraction
(Fig. 10). This is also the case for samples from different heaps. Several heaps are
characterized by a unique isotopic composition of the two crystal fractions (Fig. 10)
and the differences in both isotopes comprises several per mil. The two samples from
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the Kleine Kammer (MSK1 and 2) differ isotopically from samples MSK3 to 7 from the
Eiskammer (Fig. 10).

The isotopic composition of the inactive, partly corroded flowstone in the Eiskammer
shows much higher 620 values for both calcite and aragonite layers than CCCoarse
(Fig. 10).

4.4 Age dating

U concentrations of cryogenic calcites range from 1.6 to 7.4 ppm, whereby the brown
crystals have higher values than the white ones (3.0-7.4 vs. 1.6—2.4 ppm). Most sam-
ples contain substantial detrital Th as reflected by the low 23°Th/?**Th ratio (Table 1).
The corrected ages vary between 1739 £ 39 and 4544 + 2886 yr BP. Excluding two
samples which show by far the highest detrital contamination (4W and 5W) results
in a narrower age range of 1739+ 39 to 3045+ 578yr BP. This range is defined by
the brown crystal fraction and the only moderately precise measurement of the white
crystal fraction falls inside this range (2715 + 660 yr BP).

We also sampled the corroded flowstone which yielded high ages of 203 +4 and
312+ 10 kyr (measured using thermal ionization mass spectrometry by A. Mangini and
R. Eichstadter, Heidelberg, personal communication, 2012).

5 Discussion
5.1 Characteristics of CCCcoarse

CCC,oarse has never been observed in statu nascendi and most dated occurrences in

Central European caves are from the last glacial period (Z4k et al., 2012; Orvo$ova

et al., 2013; Richter et al., 2013). Interestingly, the youngest currently known occur-

rence is from a cave in the Swiss Alps located at the threshold of modern permafrost

and dates from the Medieval Period (Luetscher et al., 2013). MSK Cave is also from an

area characterized by permafrost with active rock glaciers nearby (Fig. 2). This new site
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shows many similarities with previously known CCC,,sc Occurrences and adds some
new observations which help to better constrain the mode of CCC,,,, formation by
studying a recently deglaciated high-elevation cave.

MSK site has several aspects in common with previously studied CCC_,se OCCUr-
rences: (a) localized occurrence within a given cave. Although the main descending
gallery in the MSK Cave contained several meter-thick ice until very recently, CCCse
only formed in two side chambers far from the entrance which were obviously also
ice-filled at some point allowing the formation of these cryogenic minerals. This is con-
sistent with observations from other caves where CCC,s. typically also formed in
the deep interior (Zék et al., 2012; Richter et al., 2009), where ventilation was very
limited and stable thermal conditions prevailed. (b) Patchy distribution within a given
cave chamber. In both chambers of the MSK Cave the crystals are not evenly dis-
tributed but form patches or heaps with very few crystals in between. A very similar
mode of occurrence has been reported from other caves. In their review paper Zék
et al. (2012, their Supplement) provide instructive pictures which strongly resemble
the situation in MSK Cave. (c) Lack of cementation. The loose nature of these thin
deposits is another common feature of CCC_,se OCcurrences in MSK and other stud-
ied caves. The lack of mechanical compaction features strongly suggests that once
the ice was completely gone and the calcite crystals were released the ice did not
re-grow. Subsequent vadose speleothem deposition was absent in MSK Cave and is
also rather uncommon in other studied sites. (d) Characteristic petrographic types of
CCCoarse Crystals. Many of the types of crystals found in MSK Cave have previously
been reported from other formerly ice-bearing caves, including rhombohedral crystals
(Richter et al., 2009, 2010), rafts (Zak et al., 2012, Supplement), opaque-white crys-
tals (Orvo$ova et al., 2013) and rosette-like crystal aggregates (Zak et al., 2013). On
the other hand, a few types of cryogenic calcite crystal (aggregates) have not been
observed in MSK Cave. These include spheroids, either as individual spheres or ag-
gregates thereof (e.g. recently described from Leclanché cave; Luetscher et al., 2013),
spheres with a dent on one site (also known as cupulas; Richter and Riechelmann,
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2008), and spherulithic crystal aggregates ranging from dumbbell-shaped to braided
(Erlemeyer et al., 1992; Richter et al., 2010). Too little is known about the mode of for-
mation of these morphological types to draw firm conclusions about the fact that they
are present in many but not all caves containing CCC,sc. We also observed moder-
ately bright fluorescence in all crystal types under blue-light (and also under ultra-violet)
excitation. Rather strong fluorescence was also observed — with the same microscope
—in CCC,y4rse from Leclanché cave (Luetscher et al., 2013). Given the complete lack
of soil above MSK Cave we hypothesize that organic compounds produced in situ by
microbial communities in the ice cave cause this fluorescence (rather than organics de-
rived from the soil as is the case for stalagmites — e.g. McGarry and Baker, 2000). Very
little is currently known about the microbiology of these cold, subterranean habitats,
but existing data suggest the presence of a diverse and highly specialized ecosystem
(e.g. Sattler et al., 2013; Hillebrand-Voiculescu et al., 2013). (e) Characteristic stable
isotopic composition. The C and O isotope values of MSK samples fall within the over-
all trend of CCCq,,se (Fig. 9) and hence support the model of very low freezing and
concomitant calcite precipitation (see Zék et al., 2012 for details about this process).

5.2 Stable isotopes and the mode of CCC¢arse formation

Separating crystal populations and analyzing their stable isotope composition yielded
new insights into the mode of formation of CCC,, .. Some earlier studies found differ-
ences in the isotopic composition of different types of crystals (e.g. Richter et al., 2009)
and all studies reported a negative correlation between C and O isotope values (see
summary chart in Zak et al., 2012). Our data from MSK Cave fall on the same gen-
eral trend but reveal that several of the heaps in the two chambers are characterized
by a unique isotopic signature and that the two crystal populations always show large
offsets at each site (Fig. 10). No intermediate samples were found suggesting that
the brown and white crystal populations represent indeed two distinct crystallization
episodes. Given that the brown crystals show more evolved isotopic compositions im-
plies that they formed probably after the white crystals. This is supported by the higher
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U concentration in the brown crystal fraction consistent with precipitation from water
which became more enriched in ions due to progressive freezing. The 230Th dates of
the two crystal populations cluster tightly supporting the hypothesis that both crystal
fractions formed within a short period of time. Their age uncertainties would allow for
up to a few hundred years of spread, but the observation that tie lines connecting the
isotopic values of the brown and white end members of each heap are parallel to each
other provides strong proof that several of these heaps originated from distinct small
meltwater reservoirs which developed a unique isotopic composition upon re-freezing.
It is therefore appears highly unlikely that hundreds of years separated the two calcite
generations, but rather a much shorter time span, probably a few years at most.
These isotopic observations add support to the model of CCC,,,sc formation sug-
gesting that these crystals originate in small pools of meltwater carved in cave ice (Zék
et al., 2004; Richter and Riechelmann, 2008) and experiencing very slow re-freezing
under closed-system conditions (Kluge et al., 2014). Our data show that there were
several such water-filled depressions in the Eiskammer (manifested by the heaps of
crystals, Fig. 3). Heaps no. 4, 5 and 6 occur within 3 m of this chamber and show a uni-
form isotopic composition of the white crystal fraction (Fig. 10), but evidence of a later
pool separation leading to the formation of brown crystal fractions of different isotopic
composition (Fig. 10). This suggests an initially larger pool in which the white crystals of
these three heaps formed. In a second step, a smaller pool above heap no. 4 became
isolated, whereas no. 5 and 6 seem to have remained one pool. Data from crystals
heap no. 7, only about 1 m apart from no. 6 (Fig. 3), fall on a different evolutionary line
suggesting that they also formed in a separate pool. The same holds true for heap no.
3 a few meters down the chamber, as well as for CCC_,,s, from the Kleine Eiskammer
(Fig. 10). In the latter, much smaller chamber only one pool of melt water seems to
have existed as all isotope data plot on the same line (Fig. 9). Based on these findings
and the cave survey we conclude that the diameters of these meltwater pools in which
CCCqoarse formed typically ranged from about 0.5 m to as large as some 3m.
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5.3 Chronological issues

230Th-dating allows to place temporal constraints on when (a) ice was present in to-
day’s ice-free chambers of MSK Cave, and (b) that this ice underwent some thawing
at that time. Excluding two highly impure samples (MSK4W and 5W) the remaining
230Th-dates cluster between 2600 and 3000 yr BP; one sample suggests a younger
precipitation phase at ca. 1700 yr BP (Table 1). Unfortunately, only one sample of white
crystals (MSK6W) yielded an acceptable result and this falls within the above men-
tioned range (Fig. 11). We therefore conclude that most of the brown and white CCC
formed within a short time interval during the first half of the first millennium BC. This
coincided with the transition from the Bronze to the Iron Age, which in the Alpine realm
occurred at about 2800yr BP (Urban, 2000). As no record of past permafrost extent
currently exists for the Alps, we compare our data to other paleoclimate archives. East-
and westalpine glaciers show evidence of a major advance during the first half of the
Bronze Age (culminating at ca. 3500 yr BP, known as Lébben oscillation; Patzelt and
Bortenschlager, 1973; Nicolussi and Patzelt, 2001; Holzhauser et al., 2005; lvy-Ochs
et al., 2009; Luetscher et al., 2011) followed by a retreat during the second half of
the Bronze Age centered at about 3300yr BP (Holzhauser et al., 2005; Joerin et al.,
2006; Luetscher et al., 2011). Glaciers re-advanced during the early Iron Age reaching
a maximum at ca. 2600 yr BP (Fig. 11). The extent of this glacier high stand is not pre-
cisely known but was smaller than during the Little Ice Age (Holzhauser et al., 2005;
Holzhauser, 2008; K. Nicolussi, personal communication). This “glacier-friendly” period
is also reflected by a marked drop in the tree line in the western Austrian Alps during
the Iron Age following high tree-lines during the early part of the first millennium BC
(Fig. 11; Nicolussi et al., 2005). At the same time the Upper Grindelwald Glacier ad-
vanced as shown by speleothem data in the adjacent Milchbach Cave (Luetscher et al.,
2011). High lake levels recorded in the Jura Mountains (Magny, 2004) and at Lago di
Ledro in the Southern Alps (Magny et al., 2012) suggest a cool and wet climate during
the middle of the first millennium BC. One sample of MSK Cave yielded a significantly
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younger date which suggests calcite precipitation ca. 1700 yr BP when Gepatsch and
Great Aletsch Glacier also experienced a minor advance.

5.4 Do CCCcoarse record a regional permafrost signal?

Many ice caves represent local thermal anomalies, whereby processes such as sea-
sonal air flow or trapping of cold winter air set the stage for perennial ice accumulations
at elevations much lower than the present-day lower limit of discontinuous permafrost
(e.g. Perdiu and Onac, 2012; Luetscher, 2013). Although the geometry of MSK Cave
bears similarities with cold trap-type ice caves, several lines of observations suggest
that this cave did not behave as an undercooled ice cave, but was — until very recently —
part of a larger permafrost region. (a) The entrance is located at 2558 m which is at the
threshold of modern discontinuous permafrost in the western Central Alps of Austria
(2500-2600 m; e.g. Krainer and Ribis, 2012), in particular when taking into account the
NW-facing orientation of the cirque in which the cave opens. (b) Rock glaciers occupy
this cirque as well as several others along the Tuxer Hauptkamm and reach down as
low as 2250 m. These rock glaciers are active as shown by their steep fronts show-
ing frequently falling blocks, complete lack of vegetation and fresh surfaces of the rock
fragments (e.g. Zasadni, 2007). (c) The presence of CCC_,,sc itself argues strongly
against MSK Cave being an undercooled cave unrelated to regional permafrost, be-
cause the seasonally controlled air exchange in such “normal” ice caves creates tem-
perature gradients too steep to allow CCC_ ;s to form; only CCCy;, is known to form
in some Alpine ice caves today (e.g. Spétl, 2008). We therefore regard MSK Cave as
part of the discontinuous mountain permafrost in the Tuxer Hauptkamm which has un-
dergone thawing likely due to the rise in air temperature since the end of the Little
Ice Age. The magnitude of this warming trend has been twice as high in the Alps as
compared to the mean of the Northern Hemisphere (e.g. Auer et al., 2007). As a con-
sequence, the equilibrium line altitude of the glaciers in the Zemmgrund region, 13 km
southeast of MSK Cave, has increased by as much as 120-130 m between 1850 AD
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and today (Schwendinger and Pindur, 2007), which provides some constraints on the
concomitant rise of the permafrost boundary in the study area.

We hypothesize that the entrance to the cave was initially sealed permanently by
ice-cemented debris which resulted in stable thermal conditions required for CCC,g,/se
to form. This might also explain why the cave was only discovered in 2004, although
the area had been searched for caves before (R. Erler, personal communication 2004).
The cave temperature data strongly suggest that even today the entrance commonly
gets closed by snow drift preventing the very cold mid-winter air to decend into the cave
(Fig. 5).

5.5 CCCcoarse formation at MSK Cave

The radiometric dates provide unequivocal evidence that ca. 2600yr BP ice was
present in MSK Cave (whose entrance was most likely sealed) and stable conditions
close the freezing point gave rise to CCC,,,.sc formation. The presence of dripwater
feeding the pools on the ice (and delivering ions, including uranium) indicates that the
karstified marble above the cave was not completely frozen. It is interesting to note that
the timing of this cryogenic carbonate precipitation event did not coincide with one of
the “climate optima” during the Holocene, but with a time interval when Alpine glaciers
experienced a moderate advance following a warm interval. This suggests that the
mechanism of permafrost degradation as a trigger for the formation of CCC_g,,sc Mmay
be more complex than previously thought.

Richter et al. (2010) proposed a model linking CCC,.,s formation in the
Herbstlabyrinth—Advent Cave System (NW-Germany) to the stadial-interstadial climate
rhythm of the last glacial period. Their model uses three critical assumptions: (a) the
lower limit of the permafrost zone stayed below the cave chamber during the entire
stadial-interstadial cycle. Given that the sampled cave chamber is overlain by 40 m of
rock provides a minimum depth for the lower permafrost boundary at this German site.
(b) During interstadial warming the upper boundary of the permafrost expanded down-
ward into the frozen rock and eventually intersected the cavity. (c) The 0°C isotherm
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remained sufficiently long in this narrow zone to allow CCC,,s. to form in melt water
pools on the ice. Had the base of the active layer lowered by only a few more me-
ters would the entire cave chamber become deglaciated; conversely, a slight rise of
this boundary would cause the chamber to freeze completely. If this model is correct,
a delicate balance has to be maintained in order to allow CCC,, to form in a given
cave chamber. The time constant involved in the formation of CCC_,sc is currently
unknown and likely varied given the range in crystal (aggregate) size and habit.

A corollary of the Richter et al. (2010) model is that there should be a unique combi-
nation between the magnitude of atmospheric warming and the possible formation of
CCC,uarse in certain parts of a cave. In other words, for different atmospheric tempera-
ture increases corresponding depth “windows” open up in the subsurface. If these “win-
dows” intersect a subsurface cavity in the permafrozen ground CCC,,,sc Can possibly
form therein. In karstified carbonate rocks heat transfer occurs not only by conduction
(as implicitly assumed by the Richter et al., 2010 model), but dominantly by advection
due to infiltrating water, which introduces significant heterogeneity in the distribution of
permafrost in the subsurface and complicates the relationship between climate forcing
and CCC,,se formation.

At MSK Cave stable thermal conditions close to 0°C were only established during
the cooling period centred around 2600 yr BP allowing CCC_,se to form. This occurred
several hundred years after the onset of warming (and presumable permafrost thaw-
ing). The observation that CCC,,,,sc formation apparently lagged atmospheric warm-
ing is consistent with the model of Richter et al. (2010) for the last glacial period. The
authors suggested that CCC,,,,sc did not form during the peak interstadial, but in re-
sponse to the subsequent cooling when the 0°C isotherm started to rise again. There
is some indication that the conditions for CCC,,,sc formation were met again in MSK
Cave at about 1700 yr BP and we note that this occurred again during a time interval
when tree line and glacier data suggest a cooling (Fig. 11).
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6 Conclusions and implications

CCCqoarse Provides critically needed temporal constraints on the former presence of ice
in the subsurface. Data from caves of different settings, however, may yield partly incon-
sistent results, because the relationship between atmospheric warming, degradation of
mountain permafrost tens of meters below the surface and the eventual precipitation
of cryogenic calcite is sensibly dependent on parameters such as the elevation (and
hence temperature) of the cave, the thickness of the rock overburden, the nature of the
water infiltration regime and the magnitude and rate of climate change. The only other
study of dated CCC,,, from an Alpine ice cave a linked these to warm tempera-
tures during the Medieval Warm Period and the Roman Warm Period (Luetscher et al.,
2013). Two of the data points, however, suggest calcite growth ca. 700-750yr BP, i.e.
at the onset of the Little Ice Age, when temperatures dropped and glaciers started to
gain mass.

CCC,.arse data record apparently quite delicate thermal conditions in the subsurface
which have to be considered in their site-specific context and the data from MSK Cave
illustrate this point nicely: apart from a single data point at ca. 1700yr BP, there is
no evidence of CCC,,.se Precipitation during any of the other warming-cooling peri-
ods of the Holocene nor during the preceding Lateglacial. The studies from MSK and
Leclanché Cave demonstrate that CCC,,,.c formation occurred until recently in high-
Alpine sites, but the precise conditions that lead to their growth are still incompletely
understood. Future work on CCC,,,.. Should therefore pursue along three routes:
(a) enlarging the data base of chronologically well constrained Holocene occurrences
in permafrost regions (high mountain ranges, polar regions) and comparing these to
regional paleoclimate records. (b) Searching for sites where CCC_,,se is forming today.
This represents a daunting task (and may require technically challenging ice-drilling),
but would finally allow to validate the pool-model and might offer the opportunity to
study the poorly known microbial communities dwelling in cave ice and water pock-
ets therein. (c) Precipitating CCC,,,<c in the laboratory under controlled conditions to
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better understand the origin of the great variety of cryogenic calcite particles. Similar
experiments have already been performed in order to assess the possible occurrence
of cryogenic carbonates on Mars (Socki et al., 2010, 2014).
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Table 1. 2°Th dating results of cryogenic calcite samples from MSK Cave. Sample numbers
refer to those in Fig. 1 (lower panel) and the letter indicates the petrographic type: B. brown
crystals. W...white crystals. Two samples were excluded (italics) because of their excessive
2%2Th values. 67U = (®**U/*** Ul gty — 1) x 1000. 67U, 4 Was calculated based on **°Th

age (T7), i.e. 6234Umma, = 6234Umeasured x @234 Ages are reported as BP, i.e. before the year
1950 AD. The error is 2 sigma.
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Sample  2%®U 282, 230 2327, 5234 230, 238 20T age (a) 6234Umitia\ 20Th age (a)
(ppb) (ppt) (atomic x1 0’6) (measured) (activity) (uncorr.) (corr.) (corr.)
MSK1B 2974+10 29503591 301 -353.6+1.6 0.0182+0.0001 3125+25 -356+2 2614+319
MSK2B  3262+6 29080 +584 341 -352.2+1.1 0.0184+£0.0002 3146+28 -355+1 2680 + 286
MSK3B  5065+17 33837 +687 46 +1 -305.4+1.8 0.0188+0.0001 2993+24 -308+2 2649200
MSK4B  4840+12 85526+ 1727 211 -363.9+1.6 0.0224+0.0002 3924 +37 -367+2 3045+578
MSK4W 2426+5 698208+ 14044 5+ 1 -350.7+ 1.5 0.0944+0.0009 17385+ 185 -354+10 3359+ 9828
MSK5B 4407 +15 10946 +223 123+3 -294.4+1.9 0.0185+0.0002 2899+ 36 -297+2 273481
MSK5W  1578+3 153516+ 3090 9+ 1 -2832+1.9 0.0545+0.0009 8661+ 152 -287+3 4544+ 2866
MSK6B 7427 +17 8688176 167 +4 -2935+15 0.0119+0.0001 185020 -295+2  1739+39
MSK6W 1715+3 38955+ 781 17 £1 -283.6+1.1 0.0239+0.0004 3707 +58 -286+ 1 2715+ 660
MSK7B 495517 123725+2482 161 -291.0+1.7 0.0237+£0.0002 3722+28 -293+2 2626 +731
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Fig. 1. Elevation map of the Alps showing the currently known locations of CCC s (1 MSK = _ _
cave (this study), 2 Glaseis cave, 3 Leclanché cave) and CCCy,,. (4 Eisriesenwelt, 5 Monlesi
cave, as well as also in Leclanché cave, no. 3).
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Entrance

s Cave wall Longitudinal section
> Block
= Impassable passage
Occurrence of cryogenic carbonates

Remnants of bedded floor ice
(Oct 2007, gone before 2012)

® Temperature logger

Eiskammer

Plan view

Kleine Kammer Entrance

cryogenic carbonates
underneath block

Corroded flowstone

Remnants of ice
(Oct 2012)

Fig. 3. Longitudinal section and plan view of MSK Cave showing the occurrence of CCC,, e
(light brown) and enlargement of the plan view of Eiskammer (lower panel). Numbers refer to
samples of CCC,,,cc Sampled in this study, whereby MSK1 and 2 were obtained from Kleine
Kammer and MSKS3 to 7 from Eiskammer.
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Fig. 4. Ice and related features in MSK Cave. (A) View upwards towards the entrance which
was partially ice-plugged in October 2005. (B) Lower end of the second ice body in October
2005. (C) Close-up of the ice cliff showing the banded ice stratigraphy. Height of image 1 m.
(D) Melt-out till consisting of angular blocks and intermixed sand deposited since 2005. Glove

for scale.
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Fig. 6. Cryogenic calcite deposits in MSK Cave. (A) Typical occurrence of heaps of loose crystal
aggregates (arrows) in the Eiskammer chamber (sample MSKS5). (B) Close-up of cryogenic
deposit in Eiskammer consisting of brown and white crystal aggregates. Width of image 5cm.
(C) Occurrence of loose brownish crystal aggregates intermixed with a few angular rock flakes
on a boulder in Kleine Eiskammer. Width of image 25 cm.
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Fig. 7. Morphology of cryogenic calcite crystals in normal reflected light. (A) Typical brown
crystal aggregate, sample MSK1. Scale bar 3 mm. (B) White crystal aggregate, sample MSK5.

Scale bar 1 mm.
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Fig. 8. Morphology of cryogenic calcite crystals seen under the FE-SEM. (A) Calcite raft, sam-
ple MSK5B. Scale bar 1 mm. (B) Close-up of (A). Scale bar 0.2 mm. (C) Stepped faces on indi-
vidual rhombohedral crystals, sample MSK6B. Scale bar 0.1 mm. (D) White crystal aggregate,
sample MSK3W. Scale bar 0.2 mm. (E) Details of white crystal morphology, sample MSK5W.
Scale bar 0.1 mm. (F) Close-up of (E) revealing chevron-type crystal habits. Scale bar 0.02 mm.
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Fig. 9. Appearance of cryogenic calcite crystals in thin sections. (A) Dendritic crystal (center)
and fragments of rhombohedral crystals nearby as well as smaller aggregates of the white
crystal population (e.g. right-hand upper corner of image). Plane-polarized light. (B) Same
under partially cross-polarized light. (C) Same under epifluorescence. Black rounded spots are
air bubbles in the epoxy resin. (D) Mixture of aggregates of rhombohedral crystals, spear-like
aggregates (partially visible near upper margin of the image) and few aggregates of the white
crystal population (lower right corner). (E) Same under cross-polarized light. (F) Same under
epifluorescence. (G) Close-up of a rosette-like aggregate of the white crystal population which
appear brown and rich in minute inclusions in transmitted light. (H) Same under partially cross-
polarized light. (I) Same under epifluorescence. Scale bars are 500 um in (A)—(F) and 200 pm
in (G)—(1). (A)—(C) is sample MSK5 and the remaining images are from sample MSK6.
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Fig. 10. Stable isotopic composition of CCC,,s, samples from the two chambers in MSK
Cave. Note different, but equidistant scales on all three diagrams. (1) Brown (B) and white (W)
crystal populations of individual CCC occurrences often show unique isotopic signatures. If
both populations are present in one sample (as is the case for samples MSK2, 3, 4, 5 and
6) they define end members of linear relationships whose negative slopes are very similar.
(2) Comparison of CCC,,se Samples from MSK Cave with CCC,,.s, Samples from Glaseis
Cave (Richter et al., 2009), Leclanché Cave (Luetscher et al., 2013), inactive flowstone from the
Eiskammer of MSK Cave and Holocene speleothems from nearby Spannagel Cave. The latter
data set comprises data from 11 stalagmites, including the COMNISPA2 stack (Fohlmeister
et al., 2013). (3) CCC,y,se Samples from MSK Cave in comparison to published CCC_ e
(green) and CCC;,,, (light blue) data from nonalpine caves in Romania, Slovakia, Poland, Czech
Republic, Germany and Canada (data from Clark and Lauriol, 1992; Z4k et al., 2004, 2009,
2012; Richter et al., 2013; OrvoSova et al., 2013). The dark blue array labeled ERW shows
data of in-situ CCCy,, from Eisriesenwelt in the Austrian Alps (Spétl, 2008).
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Fig. 11. %*°Th dates of CCCyse from MSK Cave (filled circles) and the westalpine Leclanché
Cave (open circles; Luetscher et al., 2013) compared to changes in the elevation of the tree-
line in the centralalpine Kauner Valley (Nicolussi et al., 2005), advances of the eastalpine
Gepatsch Glacier beyond the extent of the 1940 AD glacier size (Nicolussi and Patzelt, 2001),
a speleothem-based record of the ice surface elevation of the Upper Grindelwald Glacier
(Luetscher et al., 2011), and a semicontinuous glacier-length record of the Great Aletsch
Glacier in the Western Alps (Holzhauser et al., 2005) for the last four millennia. The only date
of the white crystal fraction from MSK Cave is marked by a small vertical arrow.
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