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Abstract. Cryogenic cave carbonate (CCC) represents a speand 21 ka BP, and the last phase of its formation was related
cific type of speleothem whose precipitation is triggeredto the final permafrost destruction between 17 and 12 ka BP.
by freezing of mineralized karst water. Coarsely crystalline
CCC, which formed during slow freezing of water in cave
pools, has been reported from 20 Central European caves oy  |ntroduction

cated in Germany, the Czech Republic, Slovakia and Poland.

All these caves are situated in an area which was glacierThe southern limit of the continental glaciation of the
free during the Weichselian. Whereas the formation of usuakentral part of Europe during the Last Glacial (Weich-
types of speleothems in caves of this region usually ceasegelian) roughly followed the line defined by the present-day
during the glacials, coarsely crystalline CCC precipitation cities of Hamburg—Berlin—-PozhaWarszawa—Minsk (Poser,
was restricted to glacial periods. Since this carbonate type1948; Svendsen et al., 2004). During the coldest phases of
represents a novel, useful paleoclimate proxy, data from itshe Weichselian, a permafrost zone developed in the glacier-
Weichselian occurrences in caves in Central Europe werédree area along the southern limit of the continental glacier
collected, including their C and O stable isotope values, U-(Frenzel et al., 1992; Vandenberghe, 2001; Czudek, 2005).
series ages and depth below the surface. When using onlpermafrost is defined as ground (rock or soil, including ice
the CCC data from caves with limited cave ventilation, the and/or organic material) that remains at or belof\COfor
permafrost depths of the Weichselian can be estimated tat least two consecutive years (cf. Permafrost Subcommittee
be at least 65m in the lowlands and uplands. An isolatedNRC Canada, 1988; Dohéki, 2011). For this glacier-free
CCC find indicates that Weichselian permafrost penetratedone located between the northern continental and the Alpine
to a depth of at least 285m in the High Tatra mountains,mountain glaciations, little information has been available
Slovakia. A model of the formation of coarsely crystalline about the distribution, duration and thickness of permafrost
CCC assumes its formation especially during periods of perduring the Weichselian. It is usually assumed that continuous
mafrost thawing. U-series data confirm that permafrost depttpermafrost existed in the northern part of this zone during
changed and CCC precipitation in deep caves occurred rethe Last Glacial Maximum (LGM), while discontinuous or
peatedly in the studied area during marine isotope stages 4, §poradic permafrost was probably typical for more southerly
and 2. One important phase of coarsely crystalline CCC for{ocated areas in the lowlands (Frenzel et al., 1992; Czudek,
mation related to permafrost thawing occurred between 4Q005).
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Caves represent a subsurface environment which has bee(ﬁék et al.,, 2004, 2008; Richter and Riechelmann, 2008).
so far rarely used for the estimation of past permafrostWhereas the formation of conventional types of speleothems
depths. The effects of past freezing temperatures in cavem caves in Central Europe mostly ceases during the glacials,
are indicated by several kinds of observations. Typical re-CCC particularly forms during these periods, thus repre-
sults of freezing temperatures include cave roof frost shatsenting a new climate archive providing evidence for freez-
tering, features produced by frost and ice action in uncon-ing conditions in the subsurface. Besides caves, cryogenic
solidated cave sediments (i.e. various kinds of size-sortingcarbonates occur commonly in numerous surface and near-
phenomena and patterned ground phenomena), speleothesarface environments, e.g. carbonates formed at the base of
damage by frost and ice action, and other phenomena. Theggaciers (subglacial calcite), in freezing groundwater springs
features have been reported from several caves in Central ar(éhcluding naled, aufeis), in freezing lakes, in soils of cold
Western Europe by numerous authors (Kyrle, 1929-1931pnvironments, etc. These other types of cryogenic carbon-
Kempe, 1989, 2004, 2008; Pielsticker, 1998; Wrede, 1999ates (reviewed izak et al., 2004) are not discussed in detail
Pielsticker, 2000; Kempe and Rosendahl, 2003; Kempe ehere.
al., 2006; Lundberg and McFarlane, 2012). The main diffi- The principal aim of this paper is to review available data
culty in interpreting these observations results from the facton the occurrence of coarsely crystalline CCC in deep caves
that some of these frost indicators can also be produced bin Central Europe and to significantly extend the existing
other processes than frost and ice action. A further problenCCC age determinations. The transfer of surface climate sig-
in relating them to surface climate change is represented byal into caves is also discussed, including the influence of
the difficulty in their dating. Probably the best evidence for cave ventilation. These data, in combination with the depth
former ice filling of cavities is represented by fragments of below the surface of each site, are interpreted from the view-
speleothems, called “ice attachments”, attached by carbonpoint of the Weichselian minimum permafrost depth penetra-
ate cement to steep sections of cave walls at sites where thdjon and periods of permafrost existence and destruction.
could only be fixed due to the support of ice filling the cav-
ity (or some other type of sediments filling the cavity at one
time). These features were thoroughly studied in Germany2 CCC and its environmental setting
(see references above), where extensive evidence of past ice
filling of cavities has been collected. CCC is found in caves in two modes of occurrence, repre-

Another indicator of past temperatures at the freezingsenting two different types of environment of its formation.
point in caves is represented by cryogenic cave carbonat€ine-grained cryogenic carbonate powder is rather common,
(CCC). CCcC is generally formed by precipitation triggered formed during rapid freezing of thin water layers in strongly
by freezing of water. Salts are generally poorly soluble in ice,ventilated caves or near-entrance cave sections (e.g. Kunsk
with solubility in the range of micromoles or less (e.g. Gross 1939; Viehmann, 1960; Ek and Pissart, 1965; Savchenko,
et al., 1977; Petrenko and Withworth, 1999). Freezing of1976; Lauriol et al., 1988, 2006; Pulina, 1990; Clark and
aqueous salt solutions, therefore, results in a process calleldauriol, 1992;7ak et al., 2004, 2008; $f, 2008; Lacelle
salt (brine) rejection (for carbonate solutions, see Killawee etet al., 2009; May et al., 2011). These powder CCC types are
al., 1998). Freezing-induced segregation of solutes leads to af no use for the estimation of past permafrost depths and are
significant increase in salt concentration in the residual (un-not discussed in this paper.
frozen) portion of the solution. As freezing proceeds, some The second mode of occurrence of CCC is represented
dissolved compounds reach their saturation limit and pre-by much larger crystals and crystal aggregates (ranging from
cipitate as cryogenic minerals. Released gases either escapel mm to about 40 mm), which were formed by segregation
into the atmosphere or are concentrated in bubbles entrappeaf the dissolved load during slow water freezing in pools. The
in the ice. Some other dissolved compounds (e.g" Bad modern formation of these coarsely crystalline CCC types
CI7) form small inclusions of unfrozen, highly concentrated has never been observed in caves. Coarsely crystalline CCC
brine. These inclusions are usually distributed along ice crysof clearly Holocene origin has been reported only once (Onac
tal boundaries. The resulting ice is a complex multi-phaseet al., 2011), having the form of glendonite-like and up to
substance, which contains solid, liquid and gaseous phasescm large aggregates found in the ice of thé&ri&wara Ice
(Mulvaney et al., 1988; Souchez and Lorrain, 1991). De-Cave, Romania. The Weichselian coarsely crystalline CCC
pending on the freezing rate and the thickness of the freezindpas been found in 20 caves located in the territories of Ger-
water layer, either fine-grained CCC, or coarsely crystallinemany, the Czech Republic, Slovakia and Poland. These spe-
CCC (a subject to the present study) can be formed. cific carbonate forms have been recorded in caves in this area

Coarsely crystalline CCC can be identified in caves basedince the 1950s ($kanek, 1954; Tulis and Novogn1989;
on its typical mode of occurrence and characteristic crys-Urban and Ztonkiewicz, 1989; Erlenmeyer and Schudelski,
tal and aggregate morphology. Its origin can be unequivo-1992; Schmidt, 1992; Durakiewicz et al., 1995), but their for-
cally confirmed by U-series dating fitting to glacial periods in mation processes were not fully explained until the papers of
combination with unique C and O stable isotope systematics?'ak et al. (2004) and Richter and Niggemann (2005). Since
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then, coarsely crystalline CCC has been discovered in othecryogenic rafts usually consist of calcite scalenohedra, some-
caves in the periglacial zone of the Last Glacial in Europetimes elongated in the direction of the vertical axis. The size
(Orvosova andZak, 2007; Richter and Riechelmann, 2008; of these crystals varies from several tens of micrometers to
Richter et al., 2008, 2009a,b,c, 2010a,b, 2011, 2d&R; et  several millimeters. Crystals of two generations have been
al., 2008, 2011; Meissner et al., 2010). This specific type ofobserved at some occurrences of cryogenic raft samples (Na
speleothem frequently occurs in caves with limited or prac-Javorce Cave, Czech Republiak etal., 2011).

tically no ventilation. The only way for these cavities to be  Spherical or hemispherical forms representing the third
cooled down to freezing conditions was, therefore, the occurtype are described using various terms: “Zopfsinter” (Er-

rence of permafrost. lenmeyer and Schudelski, 1992), “hemispheres” (Tulis and
Novotry, 1989; Forti, 1990), “cave caps” (Hill and Forti,

2.1 Morphology and mode of occurrence of coarsely 1997), or “cupula-spherolites” (Richter and Riechelmann,

crystalline CCC 2008). Coarsely crystalline CCC of this type displays ei-

ther smooth or finely to coarsely crystalline surfaces, and

Coarsely crystalline CCC usually occurs in the form of ac- occurs as separate bodies or their random (sometimes pla-
cumulations of loose crystals and crystal aggregates freelyar) intergrowths/accumulations. Also, it often overgrows
deposited on the surface of the bottom of the cavity, beingother types of coarsely crystalline CCC. Examples of the ori-
only rarely covered by younger Holocene speleothems and/oented intergrowth of two spherical bodies have also been fre-
clastic sediments. Its formation, therefore, represents one ofuently documented. Hemispheres (usually approximately
the youngest events in the evolution of the studied caves. Thealf a sphere) with clearly visible crystallinity and more or
coarsely crystalline CCC accumulations (several cm thick, aless exerted crystal edges and corners are usually composed
maximum) usually cover an area of up to several square meef tightly intergrown, radially arranged crystals. Photographs
ters, typically located in central parts of larger cavities; they of typical field occurrences and the most common crystal ag-
are usually absent in narrow corridors or near cavity walls.gregate morphologies are contained in the Supplement.
CCC of this type never occurs near cave entrances or in a Based on the field observations, the model of CCC forma-
cave zone showing significant seasonal temperature changetion, and stable isotope studieak et al., 2004), it seems
Instead, it is typically found in more remote cave sections. highly probable that the sequence of formation of these ag-

The morphology of coarsely crystalline CCC is complex gregates starts with sharp-edged aggregate types composed
and differs from the usual secondary carbonate infillingsof rhombohedra, while the smooth-surface types are formed
and speleothems. Its morphological variability led to the de-later in the precipitation sequence. The coarsely crystalline
velopment of many local terms used for the description of CCC precipitation sequence is controlled by increasing bulk
the main morphological types in individual countries. Gen- salinity of the residual unfrozen portion of the solution dur-
erally, coarsely crystalline CCC types can be divided intoing progressive freezing and by slightly decreasing temper-
several morphological, broadly defined endmembers, eachture. The isotopically most evolved type (showing the low-
with a typical position in the sequence of crystallization, est5§180 and the highest13C values within each site, see
and most probably slightly differing in the environment of Sect. 2.2), formed during the final stage of freezing-induced
their origin (see Sect. 2.2 for stable isotope data). Three mostrystallization, is represented by more-or-less regular hemi-
common morphological types include: (i) single crystals andspheres. While the early rhombohedral and scalenohedral
their random or organized aggregates/intergrowth, (ii) crys-forms were probably already initially deposited as calcite,
talline raft-like aggregates, and (iii) fine to coarsely crys- the smooth-surface types could have been originally formed
talline spherical/globular forms. by unstable carbonate phases like ikaite or vaterite (Killawee

The single crystals are usually small (several tenths of mil-et al., 1998; Lacelle et al., 2009). They were probably all
limeter to several millimeters) but relatively well-developed. converted to calcite during the warmer Holocene climate.
Their stellate aggregates up to approximately 4 cm in size
have also been documented (Urban and Zionkiewicz, 1989)2.2 C and O stable isotope systematics
More or less regular rhombohedra and, less frequently,
scalenohedra are the most commonly detected crystal form$recipitation of carbonate minerals accompanied by water
The crystals are usually not perfectly developed, and varifreezing exhibits large-scale isotope fractionations, which
ous more or less skeletal, hopper- or lath-shaped, fan-likdhave been frequently studied (Clark and Lauriol, 1992; Du-
forms and their various intergrowths are common. They arerakiewicz et al., 1995; Fairchild et al., 1996; Killawee et
called “roses”, “wreaths” and “twigs” in the local literature al., 1998;7ak et al., 2004, 2008, 2009, 2011; Richter and
(Durakiewicz et al., 1995). Niggemann, 2005; Lacelle et al., 2006, 2009; Gaé and

Raft-like aggregates are characterized by their generallyZak, 2007; Lacelle, 2007; $f, 2008; Richter et al., 2008,
flat appearance and by crystal arrangements very similar t2009a,b,c, 2010a,b; Richter and Riechelmann, 2008; Meiss-
classical floating carbonate rafts in non-iced caves (cf. Hillner et al., 2010; May et al., 2011; Onac et al., 2011). In the
and Forti, 1997, p. 88). The basic building elements ofusuals'3C vs.§180 plot, data obtained on various types of

www.clim-past.net/8/1821/2012/ Clim. Past, 8, 1821837 2012



1824 K.Zak et al.: Coarsely crystalline cryogenic cave carbonate

580 (%o, VPDB)

-35 -30 -25 -20 -15 -10 -5 0
T T r ‘ ‘ T 20 - - -
X Cryogenic powder on ice, Slovakia; Recent
+ Cryogenic powder on ice, Romania; Recent
15 X Cryogenic powder on ice, Canada; Recent
¢ Cryogenic powder in ice, Austria, Holocene
—— Coarse grained CCC, data trends
10
)
5 &
>
S
=
0
=
o
{1 -5
The field showing the PN
isotopic composition of 41 -10
usual speleothems from
non-iced caves of studied /
area
-15

Fig. 1. Stable isotope data of CCC. Data for different localities of coarsely crystalline CCC are shown as trend lines, calculated using linear
regression. The regression lines were calculated for all analyses available from a given locality (single crystal bulk analyses, single aggregate
bulk analyses, point analyses center to rim in larger crystals and crystal aggregates). The trends are directed towa®® lweehigher

813C values as freezing proceeds. Locality numbers are identical with those in Fig. 1 and Table S1 in the Supplement (Localities 2, 9,
and 19 are not covered by published stable isotope data). Data sources: 1 — Apdst&iermany (Richter et al., 2010b); 3 — Glaséhdb,

Germany (Richter et al., 2009c); 4 — GroRen Sunderrigrié] Germany (Richter et al., 2009a); 5 — Heilenbeck&hle, Germany (Richter

et al., 2008, 2009b); 6a — Herbstlabyrinth, GermaritsRlhalle (Richter et al., 2010a), 6b — the same cave, Weihnachtsbaumhalle (Richter

et al., 2011); 7 — Malachitdom Cave, Germany (Richter and Niggemann, 2005; Richter and Riechelmann, 2008); 8 — Osibiderg H
Germany (Richter and Niggemann, 2005); 10 — BUML Cave, Czech Reputlic €t al., 2004); 11 — Jafidko Caves, Czech Republic

(Zak et al., 2011); 12 — Na Javorce Cave, Czech Repubifik et al., 2011); 13 — Novoimi Cave Zak et al., 2011); 14 — Pdilova Cave,

Czech Republicak et al., 2011); 15 — Hmva Cave, SlovakiaZ@k et al., 2011); 16 — Megay tieh Cave, Slovakiadak et al., 2011); 17 —
Stratensk Cave, Slovakiadak et al., 2004); 18 — Cold Wind Cave, Slovakiak et al., 2009); 20 — Jama Chelosiowa—Jaskinia Jaworznicka,
Poland Zak et al., 2004). The data for fine-grained CCC, i.e. the cryogenic cave powder, are shown for comparison. Fine-grained CCC data
are from Clark and Lauriol (1992F4k et al. (2004, 2008, 2011), Lacelle et al. (2009) aniitgg008).

CCC cover a wide range from2 to —24 %0 VPDB in 5180 Rapid freezing of thin water films and ice sublimation both
and—11 to +17 %o VPDB ins13C. Their variability is obvi-  lead to a faster supersaturation of the carbonate solution and
ously much larger than the variability in stable isotope datathus to higher precipitation rates. The stable isotope data
of speleothems which do not form due to freezing condi-trends of the CCC powder in th#&3C vs.580 diagram are
tions (Fig. 1). Potential isotope fractionations (probably very similar to those for speleothems deposited during evapora-
small or none) related to conversion from possibly originally tion of water or during rapid kinetic degassing of £ftom
present unstable carbonate phases to calcite are not knovthe drip water (Fig. 1; cf. Hendy, 1971; Mickler et al., 2006;
and, therefore, not evaluated. Dreybrodt and Scholz, 2011).

The C and O stable isotope systematics of individual CCC In the case of the coarsely crystalline CCC formed by
types depends on the dominance of either disequilibriumslow water freezing in pools, the dominant factor control-
(largely kinetic) or equilibrium isotope fractionation, which ling §180 values is equilibrium oxygen isotope fractionation
is controlled by the precipitation rate (cf. DePaolo, 2011). between water and ice, which leads to progressive lowering
The precipitation rate is controlled by several partly inter- of the oxygen isotope values’0,, values) of the residual,
dependent factors, such as thickness/depth of the layer ofet unfrozen solution (O’Neil, 1968; Jouzel and Souchez,
freezing water, freezing rate, ventilation of the cave, etc. Thel982; Souchez and Jouzel, 1984; Lehmann and Siegenthaler,
kinetic isotope fractionations largely dominate during the 1991). The stable isotope data trends for coarsely crystalline
formation of the fine-grained cryogenic carbonate powder.CCC illustrated in Fig. 1 indicate that the carbonat€o
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values reflect theé#180,, values. To achieve this, the pre- limestones. Caves dominated by vadose morphology are
cipitated carbonate needs to be in oxygen isotope equilibfess common here (represented by some parts of the
rium with H>,O. Hence, the dissolved bicarbonate and car-Herbstlabyrinth—Advent Cave System). The entrance eleva-
bonate ions (HCQ, CO§*) are in oxygen isotope equilib- tions of these caves range from 175 to 501 ma.s.l. One Ger-
rium with HpO, which is caused by the buffering reaction man cave with coarsely crystalline CCC occurrence (Riesen-
(Dreybrodt, 2008; Scholz et al., 2009; Dreybrodt and Scholz bergtdhle) is located in Jurassic limestones near the city of
2011), i.e. the oxygen isotope exchange betwee® ldnd  Hannover, and one mountain chasmal cave (Glashisf,
HCQO; . According to Dreybrodt and Scholz (2011), &t@  with an entrance elevation of 2230ma.s.l., is formed in the
it takes about 5.8 days for the oxygen isotope equilibration ofLate Triassic limestone (Dachsteinkalk) of the Northern Cal-
HCO;3 (approx. 98 % of equilibrium) with BO. Thisimplies  careous Alps (Fig. 2).
that the precipitation rate was very slow, because otherwise In the Czech Republic, the studied caves are mostly lo-
the oxygen isotope fingerprint ofJd@® would be altered by cated in the Bohemian Karst, a small karst region devel-
isotope disequilibrium effects, and that the isotope equilib-oped in Silurian and Devonian limestones close to the city
rium fractionation probably occurred during the formation of Prague. Coarsely crystalline CCC samples were collected
of coarsely crystalline CCC. from four caves with entrance elevations between 244 and
The §13C vs. §180 plot shows an increase #13C val-  402ma.s.l. The caves in this region show a complex mor-
ues with the decrease 6#80 values (cf. Fig. 1). This in- phology (phreatic and/or epiphreatic maze caves are abun-
dicates that there are no GQeservoirs within the cavi- dant). Several caves bear evidence of hydrothermal processes
ties. Therefore, the dissolved carbon ions become enricheth the early stages of their evolution. One isolated locality
in 13C due to progressive carbonate precipitation. Stable isoin the Czech Republic (Jakiéko Caves, Fig. 2) with paleo-
tope data trends in this direction in t#&3C vs. 180 plot fluvial epiphreatic to vadose levels is located in Devonian
are generally rare in nature. Localities of coarsely crystallinelimestones in Central Moravia, with entrance elevations be-
CCC found in larger cavities usually exhibit higid?C val-  tween 445 and 475ma.s.l.
ues than those occurring in smaller and more isolated cavi- In Slovakia, the studied caves are generally located in
ties. Since coarsely crystalline CCC is formed under closedhe mountainous regions of the Western Carpathians and
(or semi-closed) system conditions and cryogenic powdersleveloped in various types of Mesozoic limestone. The
under open system conditions, the different stable isotopeentrance of morphologically complex and partly chasmal
trends of these two types can be explained easily (Fig. 1Hatova Cave, developed in Middle Triassic limestones,
cf. Zak et al., 2008). lies at 690ma.s.l. in the Lesser Carpathians, north of
It should be mentioned that the coarsely crystalline CCCBratislava Smida, 2010). Other localities are found in
is formed durings®0 changes in the solution, and that car- mountain ranges with entrance elevations between 995 and
bonates'80 data as such are not the carrier of paleoclimatic1767 ma.s.l. (Orvéova and VEek, 2012). The coarsely crys-
information. Paleoclimatic information of this novel archive talline CCC sites in all these caves occur hundreds of meters
is given only by the presence and the age of coarsely crysaway from the cave entrances.
talline CCC (which is a proof of freezing temperature in the In Poland, only a single cave system with several coarsely

cave). crystalline CCC sites has been found so far. The extensive
Jama Chelosiowa—Jaskinia Jaworznicka Cave System, lo-

2.3 Regional distribution of the known coarsely cated close to the town of Kielce, contains at least twelve
crystalline CCC sites CCC occurrences. The caves are of complex phreatic and

epiphreatic morphology and formed in Devonian limestones

Central European caves with occurrences of coarsely crysbelow a small hill in a relatively flat country, partly covered
talline CCC are located in a belt defined by latitudes be-by a thin blanket of clastic Early Triassic sediments. The cave
tween 4730 and 5230'N and longitudes betweerf30 entrance elevations range from 257 to 288 ma.s.l.
and 2030 E. Details for all studied caves including the ref-  Cross sections (side projections) of selected localities with
erences to the original publications are listed in Table S1 inthe positions of the studied sites are shown in Fig. 3. The fig-
the Supplement. The locations of the caves are also showare compiles the localities which contain the deepest known
in Fig. 2. The entrance elevations are mostly in the range be€CC sites and the caves discussed in more detail.
tween 175 and 500 ma.s.l. (hilly regions). A small number
of the studied caves are located in mountainous areas with
entrance elevations between 690 and 2230 ma.s.l. 3 Materials and methods

The studied caves are grouped in several karst regions.
In Germany, a group of eight caves containing coarselyCave maps and cave sections were obtained from the origi-
crystalline CCC is located in the “Rheinisches Schieferge-nal publications as well as from local caving clubs. For the
birge”, with morphologically complex caves formed mostly construction of cave sections, the surface morphology was
by corrosion in the phreatic or epiphreatic zone in Devonianderived from detailed topographical maps (scale 1:10000).
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Baltic Sea

CH

Legend List of the studied caves (for details see Table 1)

1 - Apostelhohle, 2 - Dechenhéhle, 3 - Glaseishohle, 4 - Grossen
Sunderner Hohle, 5 - Heilenbecker Hohle, 6 - Herbstlabyrinth-
-Adventhohle, 7 - Malachitdom, 8 - Ostenberg Hohle, 9 - Riesen-
berghéhle, 10 - BUML Cave, 11 - Javoficko Caves, 12 - Na Javorce
Cave, 13 - Novoro¢ni Cave, 14 - Portalova Cave, 15 - Hacova Cave,
.,—-: border of continental ice sheets of the LGM 16 - Mesacny tieﬁ Cave, 17 - Stratenska Cave, 18 - Studer_1ého vetra
<=*" (based on Svendsen et al., 2004) Cavez 19 - Vernych Cave, 20 - Cave System Jama Chelosiowa-
-Jaskinia Jaworznicka

o positions of the studied caves

border of discontinuous mountain ice sheets of the LGM
(based on Washburn, 1980)

Fig. 2. Locations of the studied caves in Central Europe. The limits of continental and Alpine mountain glaciation during the Last Glacial
are taken from Washburn (1980) and Svendsen et al. (2004).

Both the cave maps and surface shape above the cavé$offmann et al. (2007) and analyzed at the Max-Planck-
were in several cases verified or measured more preciselinstitute for Chemistry (MPIC), Mainz, Germany. The mixed
by the authors, using common mapping methods for under233U—236U—229Th spike used at MPIC was calibrated against
ground and surface areas. All the known or newly discov-a gravimetric U standard solution and a secular equilibrium
ered coarsely crystalline CCC sites were then indicated orstandard solution. The gravimetric U standard solution was
the cave maps and sections. In order to show the relationprepared from a NBL-112a metal bar and also used to cali-
ships to the surface, the cave sections used are generallyrate the U-Th spike used at the Heidelberg Academy of Sci-
side projections (projected profiles), not extended profilesences (Hoffmann et al., 2007). TR&Th concentration of
(cf. Palmer, 2007, p. 12). Depths (distances from the closesthe spike was calibrated against a secular equilibrium stan-
surface above the site) were then estimated from these cawdard solution prepared from a 2 Ma old speleothem sample
sections. The studied sites were field documented and photfsom Wilder Mann Cave, Austria (Meyer et al., 2009), which
documented. C and O stable isotope data were collected frorhas been shown to be in secular equilibrium (Hoffmann et
the original publications (see description of Fig. 1 for dataal., 2007). The calibration was checked using another secular
sources). equilibrium solution (Harwell Uraninite, HU) that was used
230Th/U-dating was performed both by thermal ioniza- to calibrate the U-Th spike used at the Heidelberg Academy
tion mass spectrometry (TIMS) and by multi-collector in- of Sciences (Hoffmann et al., 2007). Analytical MC-ICPMS
ductively coupled plasma mass spectrometry (MC-ICPMS).techniques involved a standard-sample bracketing procedure
TIMS samples were prepared similarly as described in Franko derive correction factors for mass fractionation and Fara-
et al. (2000). U-series isotopes were measured with theday cup to ion counter gain, similarly as described in Hoff-
MAT 262 RPQ TIMS at the Heidelberg Academy of Sci- mann et al. (2007) and Jochum et al. (2011).
ences, Germany, using the double filament technique. MC- All activity ratios reported for both laboratories were cal-
ICPMS samples were prepared similarly as described inculated using the decay constants from Cheng et al. (2000)
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Fig. 3. Cave sections (projected profiles) of selected studied caves. Coarsely crystalline CCC locations are indicated by Iftgkists.
telhdhle, Germany: mapping by M. Erlenmeyer and co-workers, section after Richter et al. (2@)®a; Javorce Cave, Czech Republic:
modified and redrawn after Dragoun et al. (2011), mapping by J. Dragoun, J. Vejlupek and J.yN@okmalachitdom Cave, Germany:
mapping and section after Erlenmeyer and Schudelski (1992Porélova Cave, Czech Republic: original drawing, mapping b‘S’/i\zbr and
co-workersje) BUML Cave, Czech Republic: original drawing, mapping by S. Mak and P. ZbuzeKf) Hatova Cave, Slovakia: original
drawing by B.Snida, mapping by BSmida, M. Hato and co-workers(g) Mesany Tieh Cave, Slovakia: original drawing by Brida,

mapping by BSmida, I. Pap and co-workerf)) Jama Chelosiowa—Jaskinia Jaworznica Cave System, Poland: mapping and section drawing

by J. Gubata and A. Kasza, see also Urban and Rzonca (2009).
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and corrected for detrital Th assuming a bulk Earth geochemistry and formation during the glacial. The cryo-
232Th/238y weight ratio of 3.8 for the detritus ar®f°Th,  genic origin of the studied samples can be considered as well
234 and 238y in secular equilibrium. All ages are reported demonstrated.
in yr BP, i.e. before the year 1950.

4.2 Ventilation of the studied caves

4 Results and discussion The typical environment of the occurrence of coarsely crys-
talline CCC is represented by cave sections remote from the
Stable isotope data for individual coarsely crystalline CCCentrances. Most caves with the studied occurrences are mor-
locations are shown in Fig. 1. The field relationships, i.e. thephologically complex maze systems, open to the surface only
depths of the studied sites below the closest surface, are praia rather small entrances and/or very narrow and zigzag-
sented in selected cave cross sections (Fig. 3), and summa&haped corridors. These caves maintain almost constant tem-
rized in Table S1 in the Supplement. Table S1 also containgeratures throughout the year, which are close to the present-
all available U-series ages of the coarsely crystalline CCCday mean annual air temperature (MAAT). In several cases,
samples, with the data sources identified. New TIMS andthe caves hosting coarsely crystalline CCC were discovered
MC-ICPMS U-series data are presented in Tables S2 and S3s isolated cavities by limestone quarrying, having no open

respectively, both contained in the Supplement. connection to the surface (i.e. all connections were com-
pletely filled by pre-Weichselian sediments). In several other
4.1 Evidence for cryogenic origin of the coarsely cases, the cavities hosting coarsely crystalline CCC were dis-
crystalline CCC covered by cavers digging through the pre-Weichselian sedi-

ments that originally completely filled the corridors. Cooling
All the studied coarsely crystalline CCC samples exhibit aof these cavities to subzero temperatures by air circulation
typical mode of occurrence in the field, ranking them amongwas impossible.
very young events in the evolution of the studied caves (see Only three localities are exceptions in this context. The
Sect. 2). The mode of occurrence of the crystals and crystathasmal Glasseighle (Northern Calcareous Alps) could
aggregates (see description in Sect. 2.1) indicates that thelyave also been cooled by air exchange and not by per-
were not formed directly at the cavity bottom. In such a casemafrost evolution (present-day seasonal freezing inside the
they should be firmly attached to the cave bottom, like usualcave reaches a depth of 40 m, the studied site occurs at a
speleothems, which was not observed for the samples of thidepth of 229 m). Recent temperatures slightly lower than the
study. In the models of coarsely crystalline CCC formation MAAT are also typical for the corridor hosting coarsely crys-
(e.g.Zak et al., 2004, 2008; Richter and Riechelmann, 2008) talline CCC in the StratengkCave System, Slovakia. This
it is generally supposed that the crystals and crystal aggreinclined corridor leads above the studied site through a rock
gates were formed in slowly freezing water pools, located oncollapse in the direction towards a large collapse structure,
the surface of the ice fill of the cavity. It can be expected thatwhich is open to the surface and accumulates dense cold air.
within a cavity located in the permafrost zone, freezing of theFinally, stronger cave winds are also characteristic for some
water proceeds simultaneously from the cavity bottom, cav-sections of the Heova Cave, Slovakia, but most of this cave
ity walls, as well as from the pool surface. The final stageshas recent temperatures close to the MAAT. In summary, for
of water freezing accompanied by the most intensive min-17 of the 20 described sites, the only way to cool the cavities
eral precipitation can in fact occur in a lens of liquid water hosting the coarsely crystalline CCC was through the evolu-
locked completely in the interior of the ice fill. After final tion of permafrost.
permafrost and cave ice melting, all types of precipitates are
mixed and deposited together on the cavity bottom, forming4.3 Age and model of formation of the studied CCC
a loose accumulation.

C and O stable isotope data for each locality exhibit a typ-In total, 44 U-series ages on coarsely crystalline CCC are
ical trend (Fig. 1) towards extremely lo8/80 values and  currently available (Table S1 in the Supplement, Fig. 4). Of
slightly elevateds13C values as precipitation proceeds (seethese 44 dates, 41 (i.e. more than 93 %) fall within the We-
above in Sect. 2.2). The negative relationship betw2é® ichselian between 104.0 and 11.9kaBP. The age data are
ands13C values is generally rare for common speleothemsnot distributed randomly within the Weichselian, but show
and is in agreement with the slow equilibrium freezing model several age clusters, each age cluster commonly containing
(see above in Sect 2.2). The formation of coarsely crystallinesamples derived from different caves of the study area. Ages
CCC at low temperatures is further indicated by their U- from the first half of the Weichselian are less frequent, since
series ages, which suggest (with one exception) the formathe colder part of the Weichselian started at approximately
tion within glacial or stadial periods. Cryogenic formation of 71kaBP (cf. Fig. 4). The oldest date within the Weichselian
the studied coarsely crystalline CCC is therefore in agree{104+ 2.9 ka BP) falls into a relatively warm interval of ma-
ment with the mode of occurrence, C and O stable isotopeine isotope stage 5c (general introduction to MIS can be
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Fig. 4. Frequency distribution of 4230Th/U age determinations of coarsely crystalline CCC from Germany, the Czech Republic, Slovakia
and Poland for the last 130 ka. Age data from Table S1 in the Supplement are shown as histogram with 2 ka intervals. CCC ages of samples
from high-altitude caves showing present temperature befdvate shown as grey squares, other data as black sqairébe northwestern

Europe common speleothem and travertine growth frequency réopisl after Baker et al. (1993). The stacked benthic O isotope record

of Lisiecki and Raymo (2005) (thick line) serves as a reference curve for global glacial-interglacial climate variability. For the Northern
Hemisphere climate, the NGRIP record is shown (North Greenland Ice Core Members, 2004, thin line). Time boundaries of marine oxygen
isotope stages shown in the uppermost part of the figure are after Wright (2000), with some later modifications.

found in Wright 2000). It was obtained for CCC sample from the Elsterian and Saalian glacials, respectively. Findings of
the Cold Wind Cave, Slovakia, located at a high elevation andcoarsely crystalline CCC from earlier glacials are rare, prob-
a shallow depth below a mountain range. Dates from the firsably because these old accumulations were covered dur-
half of the Weichselian are more common for locations with ing later cave evolution by clastic sediments or flowstone.
higher elevations or with more northerly positions within the From the whole data set, only one date corresponds to
study area (Cold Wind Cave, Slovakia; Jama Chelosiowa-Holocene age (9.19% 0.072ka BP; Na Javorce Cave, Bo-
Jaskinia Jaworznicka, Poland; Riesenbéigh, Germany; hemian Karst). This outlier may be interpreted in two ways.
see data in Table S1 in the Supplement). Either the U-series system of the sample was not closed
The period with the most frequent occurrence of coarsely(and the sample post-depositionally adsorbed U during the
crystalline CCC ages between40 and~ 21kaBP corre-  Holocene; the?3*U/238U activity ratio of this sample is by
sponds to the younger, climatically unstable part of the MIS 3far the highest in the whole data set), or the sample age in-
and the first part of MIS 2. It is expected that this climati- deed indicates the existence of relic permafrost in the Early
cally unstable period induced oscillations in the permafrostHolocene. The first interpretation is supported by the sample
depth, creating conditions suitable for coarsely crystallinecharacter (aggregates of relatively small crystals with large
CCC formation. Age data corresponding to the LGM2J6 surface area), the second by the position of the sampling site,
to ~19kaBP; Clark et al., 2009) are generally scarce, beingwvhich is the deepest (65 m below the surface) among the low
represented only by ages for the Stratén€lave, Slovakia. altitude localities.
The Stratensk Cave is one of three caves within the studied A comparison of the U-series ages with the bentifO
set which could have also been cooled by air circulation. An-stack from Lisiecki and Raymo (2005) and with NGRIP
other important group of dated samples from several caveslimate record (North Greenland Ice Core Project Mem-
is represented by ages between 17.0 and 11.9ka BP, corrgers, 2004) is shown in Fig. 4. The obtained ages mostly
sponding to periods of variable climate after the LGM and plot near transitions from colder to warmer periods. This
before the beginning of the Holocene when the permafrosis in agreement with the published models of the forma-
thickness was generally decreasing. tion of ice fill in cavities within permafrost (Pielsticker,
Of the total data set of 44 age determinations, only three2000) and coarsely crystalline CCC formation in these cavi-
(less than 7 %) do not fit in the Weichselian. Two older datesties (Richter and Riechelmann, 2008; Richter et al., 2010b).
(Apostelldhle, Germany, 40_%% kaBP; Cold Wind Cave, Deeper infiltration of groundwater is practically impossible
Slovakia, 180t 6.3 ka BP) fall within the younger parts of during permafrost growth since infiltration is eliminated due
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to blocking by ice. Groundwater movement is mostly re- permafrost zone the transfer of a surface climatic signal to the
stricted to the near-surface permafrost active layer duringunderground can be significantly delayed. This is due to the
these periods. reason that the flux of heat into the permafrost zone —i.e. the
Deeper circulation of either highly mineralized groundwa- propagation of the climate signal from the surface into the
ter within the permafrost or common groundwater in taliks karst system — is limited by the thermodynamic properties
is possible in karst environments (Ford and Williams, 2007, 0of the soil and karst system. Thus, the permafrost thawing at
421-427 pp.; Spektor and Spektor, 2009). Some karst condepth can be significantly delayed with respect to surface cli-
duits can be kept open by seasonally flowing water, transimate. This is evidenced by local permafrost lenses surviving
porting heat to the permafrost zone. Water with higher min-from the Last Glacial until today in NE Poland (Honczaruk
eralization can flow within the permafrost at temperaturesand Sliwinski, 2011; Szewczyk and Nawrocki, 2011). This
significantly below OC. In Canada at 7N, Pollard et may cause contemporary growth of speleothems and CCC
al. (1999) documented perennial discharge of mineralizedwvithin the same cave system; speleothems may grow in shal-
saline groundwater with a temperature-o4°C. Neverthe- low parts situated close to the surface (in already ice-free
less, the available age data show that the periods of perzone) and CCC may be formed in deeper parts (still lying in
mafrost propagation to greater depths were usually not aspermafrost zone). The coarsely crystalline CCC from deep
sociated with intensive CCC formation. caves therefore represents a new paleoclimate archive indi-
In contrast, the upper limit (8C isotherm) of the relic  cating primarily the periods of existence of permafrost, its
permafrost is lowered during permafrost thawing. Thawing destruction phases, and its minimum depth.
propagates to depth more rapidly along water-conducting As discussed in Sect. 4.3, the studied coarsely crystalline
clefts and karst channels. In all the studied cases, the kars€CC are not related to the coldest and driest periods, but
porosity of limestone is related dominantly to clefts and cor- mostly to the warming trends following them. It seems prob-
rosion channels; the limestone matrix porosity is relatively able that during the coldest phases of the Weichselian equiva-
low. Because the zone above the upper limit of the deep relident to MIS 4 and 2, the abrupt climatic oscillations known as
permafrost is water-rich when a karst channel with liquid wa- Dansgaard—Oeschger events (cf. Genty et al., 2003) were not
ter penetrates into the top of a cavity, liquid water relatively able to melt the whole permafrost zone, and that permafrost
rapidly fills the whole cavity or a part. The cavity itself, how- lenses survived in the study area during the whole MIS 4
ever, is still in the permafrost zone. The water freezes slowlyand 2.
here (cf. Pielsticker, 2000, who came to an identical conclu- Baker et al. (1993) compiled over 500 U-series ages of
sion from thermal modeling). The duration of the ice fill of common speleothems and travertines from northwestern Eu-
the cavity is, therefore, only a short-term event. As ti€0 rope and compared their growth frequency with surface cli-
isotherm moves deeper, the ice melts and coarse crystallinmatic changes. Since the growth of common speleothems
CCC is freely deposited on the bottom of the cavity. CCC and spring travertines requires significant groundwater sup-
age data show that, depending on the oscillation of the surply and enhanced biogenic G@roduction in the soil zone,
face climate, the permafrost depth oscillated during the We+the formation of these secondary carbonate types and the for-
ichselian. An important period of repeated permafrost growthmation of coarsely crystalline CCC should be, at least partly,
and destruction occurred between 40 and 21 ka BP, and the fcomplementary. The growth frequency of speleothems and
nal permafrost destruction (at the depths of the studied cavegjavertines after Baker et al. (1993) is shown in Fig. 4
followed between 17.0 and 11.9 (possibly 9.2) ka BP. The ba{line b). It exhibits in general a very low cumulative growth
sic principles of coarsely crystalline CCC formation in a cav- frequency starting from the transition of MIS 5/4 at ap-
ity are depicted on a simple general model in Fig. 5. How- proximately 71 ka BP, with minor revival of the growth fre-
ever, it is clear that more complex scenarios may be congquency between 62 and 49kaBP. The lowest growth fre-
structed for some of the studied caves, with repetition of wa-quency were found between 46-44 and 35-22kaBP. The
ter freezing periods (see Richter et al., 2010a) or possiblymajority (more than 86 % of samples) of the studied coarsely
freezing of water streams and lakes in caves of the vadoserystalline CCC samples were formed in several intervals

type (see Richter et al., 2011). between 71 and 10kaBP, which is in general agreement
with the low formation frequencies of common speleothems

4.4 Comparison of the coarsely crystalline CCC and travertines in this time interval. The lowest formation
formation frequency with other climatic records frequency of common speleothems and travertines at 36—

34 kaBP (Baker et al., 1993) coincides well with the highest
Comparison of the formation frequency of coarsely crys-occurrence of coarsely crystalline CCC (six samples in the
talline CCC with other climatic records is not straightfor- 36—34 ka BP interval, cf. Fig. 4).
ward. For well ventilated caves the temporal delay between Several authors used carbon and oxygen isotope time
a climate change at the surface and the related change of theeries, respectively, of precisely dated stalagmites to test
cave parameter, e.g. cave air temperature, should be smathe coherence of continental climatic record with the well-
In case of caves with limited ventilation located within the established Dansgaard—Oeschger oscillations known from
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a) Last Glacial Maximum ~26 to ~19 ka BP b) Late Glacial ~17 to ~14 ka BP

loess steppe taiga parkland

active layer

CCC formation
in residual pools

c) Late Glacial - Early Holocene ~14 to ~9 ka BP  d) Recent

taiga boreal forest deciduous forest

partial speleothem
permafrost and cavity damage
table I§0°C

~

Legend
I:I rock massif (mostly limestone) \:I perenial ice (icicles, bottom/wall ice) / main faul?s onwhich
the cave is developed
soil and epikarst zone C‘ common speleothems
fractures related to freezing

|:| limestone in permafrost zone El cryogenic cave carbonate (CCC)

Fig. 5. A model of formation of coarsely crystalline CCC during a single permafrost destruction (thawing) after the Last Glacial Maximum.
See text for further details.

ice cores and marine records (Genty et al., 2003; Boch et al§7.4+ 0.9 and 61.2-0.6kaBP was interpreted as an ex-
2011). Genty et al. (2003) showed the coherence &€ tremely cold phase in southwestern France. First, more fre-
time series from a stalagmite of Villars Cave located in south-quent occurrence of CCC in the studied Central European re-
west France with marine and ice-core records in the periodjion (4 dates in the interval of 68—60 ka BP in Fig. 4) shows
between 83 and 32 ka BP and documented thastf@ sig-  that the first extensive evolution of Weichselian permafrost
nal reflects the Dansgaard—Oeschger events. The longest aitd Central Europe occurred just in relation to this period
the most important growth hiatus of the stalagmite betweerequivalent to MIS 4, especially during its youngest parts. The
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coarsely crystalline CCC ages higher than 68 ka BP were obpermafrost still exhibit thermal relics of the Weichselian per-
tained on samples derived from caves located in mountainmafrost in Europe even todayséfanda and Rajver, 2001;
ous settings, which exhibit low temperatures of cave interi-Safanda et al., 2004). A deep relic zone with temperature
ors even today. The only exception is represented by the agelose to OC starting at a depth of 357 m below the surface
of 83.54+ 1.4 ka BP from the Apostetihle located at low el- and continuing down to the borehole base (450 m) was re-
evation (Richter et al. 2010b). Since some of the calcite agported by Honczaruk an8liwinski (2011) and Szewczyk
gregates reported from this cave shtW#C ands'®0 datain  and Nawrocki (2011) in Cretaceous sediments of northeast-
the range of common, non-cryogenic speleothems (see trenern Poland. The temperature is controlled by water/ice tran-
No. 1 in Fig. 1), this dated sample can be of non-cryogenicsitions here.
nature, but later being mixed with CCC. Today, in Europe, permafrost exists at higher elevations in
Similarly, Boch et al. (2011) published combined stalag- the Alps and sporadic permafrost patches are also assumed
mite §180 record for the Northern Alps which is based on to exist in the highest parts of the Western Carpathians (High
stalagmite time series from different caves which are locatecand Low Tatra mountains) in the territory of Poland and
between 780 and 1964 ma.s.l. The combidéD record  Slovakia (Brown et al., 1997; Keller et al., 1998; Doski,
covers the period 120-63.7 kaBP and is coherent with the2005). The present-day permafrost in European mountain re-
Greenland Dansgaard—Oeschger pattern. The younger part gfons is generally more irregular than the permafrost which
MIS 4, when the formation of common speleothems in thedeveloped in lowlands during glacial periods. In the Alps,
Northern Alps largely ceased, represents the incipient stagéhe lower limit of occurrence of the present sporadic per-
of formation of the studied coarsely crystalline CCC samplesmafrost is at approximately 2100 ma.s.l., and discontinuous
in Central European non-mountain settings. permafrost starts here at approx. 2400 ma.s.l. (e.g. Keller
An important cluster of coarsely crystalline CCC ages et al., 1998). Sporadic or discontinuous permafrost is prob-
(5 ages obtained from several different caves in the time in-ably also present in the Tatra Mountains at elevations
terval from 14 to 15 ka BP) occurs after the LGM and corre- above approximately 1930 ma.s.l., but has so far been indi-
sponds quite well to the chronological position of the rapid cated only by ground-surface temperature measurement and
warming between Greenland Stadial 2a and Greenland Inground-penetrating radar on the northern mountain slopes
terstadial 1e at 14.7 ka BP (Lowe et al. 2008). Two younger(e.g. Gadek and Grabiec, 2008). The present-day climate-
coarsely crystalline CCC ages in the interval of 12—10 ka BPrelated change of permafrost in Europe was studied by Harris
indicate that the latest permafrost lenses survived until thiset al. (2003, 2009).
period, locally at depths of 60 m below surface possibly The deepest cavities hosting coarsely crystalline CCC in
up to 9.2kaBP, as indicated by the single CCC datum fromthe “Rheinisches Schiefergebrige” (Germany) and in the Bo-

the Na Javorce Cave. hemian Karst (western part of the Czech Republic) are at
similar depths of 60 to 65m below the surface. Data do
4.5 Estimation of past permafrost thickness not allow an estimate whether the permafrost was discon-

tinuous or continuous. The depth of 65 m can be considered

Discontinuous permafrost typically starts to develop in areasas the minimum permafrost depth during the latter half of
with MAAT below approximately 2C (King, 1984). Contin-  the Weichselian in these areas. Since the formation of CCC
uous permafrost is typical for areas with subzero MAAT. Its occurs predominantly during permafrost destruction, which
depth penetration can be roughly calculated based on MAATcertainly proceeds both from above and from below, the
using appropriate equations (e.g. French, 2007; Andersomaximum permafrost depth was certainly greater. It should
and Anderson, 2010). Nevertheless, these model calculatioralso be noted that the permafrost depth is typically lower in
represent only a rough estimate since the real permafrostarst areas than the surrounding non-karst areas (Ford and
thickness depends also on many other parameters such &$illiams, 2007). One site in the Northern Calcareous Alps
thermal conductivity and diffusivity of earth materials, vege- exhibits CCC at a depth of 229 m below the entrance (en-
tation cover, quantity and duration of snow cover, and topog-trance elevation of 2230 ma.s.l.).
raphy including the aspect, which influences the intensity of The permafrost depth map of the Last Glacial Maximum
insulation or existence of water bodies at the surface (Frenchyy Frenzel et al. (1992) indicates for Central Europe the per-
2007). mafrost zone thickness in the range between 0 and 200 m.

An important factor for permafrost depth penetration is theBased on unpublished modeling data (V. T. Balobayev and
duration of the climatic period with subzero MAAT. Con- L. I. Schipiciny in Czudek, 2005), the maximum Weichselian
struction and destruction (thawing) of deep permafrost ispermafrost depth in the Czech Republic was estimated to
usually substantially delayed with respect to the evolution ofbe in the range from approximately 50 m to a maximum of
the surface climate. Full thermal equilibration of the upper 250 m, which is in agreement with the depth estimate pre-
crust to the new surface climate conditions may take severasented in this paper. Pons-Branchu et al. (2010) supposed
thousand yearsé(afanda and Rajver, 2001). Temperature-the absence of a continuous permafrost zone in northeastern
depth profiles measured in deep boreholes in the area of pagrance during the period of 55.360.95 until 53.34+ 0.49
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and at ca. 45.8% 0.49 ka BP, based on the formation of com- Supplementary material related to this article is
mon speleothems in this region. None of the CCC ages obavailable online at: http://www.clim-past.net/8/1821/
tained by this study fits these intervals. 2012/cp-8-1821-2012-supplement.pdf
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