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Proxy records from high-altitude locations predating the Last Glacial Maximum are rare but could provide
invaluable insights into the response of alpine catchments to the rapid climate fluctuations which characterized
the last glacial period. Here we present a detrital-rich flowstone record from Entrische Kirche Cave, an inneralpine
cave situated close to the accumulation area of the Pleistocene ice-stream network of the European Alps that
expanded repeatedly into the lowlands during glacial maxima. U-Th dating of this calcite is challenging due to
Keywords: high detrital Th. However, petrographic and stable isotope analyses in conjunction with associated clastic cave
Speleothems sediments provide useful insights into the climatic boundary conditions during speleothem formation and into
Alps the paleoenvironmental processes which operated in the ~2000 m-high catchment above the cave.

Flowstone Our data show that millennial-scale temperature fluctuations had a first-order control on the periglacial activity

Periglacial and vegetation in the catchment which strongly influenced the formation and infiltration of detritus into the karst

Permafrost aquifer. The brown laminated and brown dendritic fabrics that compose much of the detrital-rich flowstone

g?al;iflsfabfic succession reflect these environmental processes. The temperature-dependence of periglacial and permafrost
1

processes allows to constrain the amount of cooling relative to the present-day mean annual air temperature
that is required to initiate detrital-rich calcite formation in Entrische Kirche Cave, i.e. —2.5 °C (minimum) to
—6 °C (maximum), respectively. White inclusion-poor calcite that is intercalated with the detrital-rich calcite
indicates warm (interstadial) conditions and geomorphological stability in the catchment area. One such phase

Interstadials
Last glacial cycle

has been U-Th dated to 88.3 £ 6.9 ka (i.e. Greenland Interstadial 21 or 22).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Reconstructing climate and paleoenvironmental change in (high)
alpine environments is a challenging task because of the number
and intensity of erosional processes that operate on such landscapes.
A particularly well-studied example is the European Alps, where the
repeated waxing and waning of ice-stream networks eroded most
of the older paleoenvironmental archives during the Last Glacial
Maximum (LGM; ca. 19-24 ka; Ivy-Ochs et al., 2008). As a consequence,
archives in the Alps that pre-date the LGM are scarce and the detailed
response of the alpine landscape to the complex succession of abrupt
millennial-scale temperature fluctuations that characterised the middle
and early parts of the last glacial cycle (i.e. the so-called Dansgaard-
Oeschger (DO) events) remains largely elusive.

Speleothems allow us to gain “bottom-up” insights into the
pre-LGM climate and paleoenvironmental evolution of the alpine
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realm. Protected from surface erosion speleothems can form continu-
ously for many millennia and bear the great advantage of being precisely
and accurately datable using U-series techniques (Henderson, 2006).
Although formation of alpine speleothems preferentially occurs during
warm interglacial and interstadial climatic conditions, speleothems
also precipitate during cooler and less favourable climatic periods if
the cave is situated in a low or intermediate altitude range, where
cessation of calcite precipitation due to cave freezing occurs only during
the most severe cold events (Holzkamper et al., 2005; Spotl et al., 2007).

For building U-Th chronologies using speleothems, clean calcite
with low concentrations of detrital Th is preferable and in combination
with stable oxygen isotope analysis the timing and duration of major
isotope-defined climatic events can be constrained. This strategy results
in atmospheric proxy signals (6'%0) that are accurately and precisely
dated and can thus be supra-regionally correlated and compared (e.g.
Wang, et al., 2008; Boch, et al., 2011). Cave calcites with a significant
content of detrital material are usually avoided in speleothem studies,
because of the need to correct for detrital 232Th, which results in large
age uncertainties (Richards and Dorale, 2003). Hence, limited research
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on detrital-rich calcite from caves has been undertaken so far (e.g.,
Labonne, et al., 2002).

Detrital components in karst sediments comprise particles and
colloids that are produced by the weathering of host rock and soil
and are washed into the karst system. Such clastic sediments range
in grain size from gravel to clay (Sasowsky and Mylroie, 2004;
Palmer, 2007) and form metre-thick accumulations in many caves.
Fine-grained detritus can be transported by seepage flow and become
incorporated into speleothems. Such detrital phases can be present in
speleothems as macroscopically visible silt or mud layers
(Niggemann et al., 2003; Jaillet et al., 2006) or, more common, as
microscopic particles concentrated in individual layers of calcite
(Railsback et al., 1999). In addition, the presence of detritus can also
be reflected by a change in the calcite fabric (Ayalon et al., 1999;
Turgeon and Lundberg, 2001) and by certain trace elements commonly
bound to detrital particles and/or colloids, e.g. Fe, Mn, Zn, Th, and Rare
Earth Elements (e.g. Ayalon et al., 1999; Zhou et al,, 2008; Fairchild
and Treble, 2009).

Recent studies demonstrate the potential of detrital proxies and
sediments for paleoclimate and paleoenvironmental research and
suggest that they can (i) provide insights into Earth-surface processes
that operated in the infiltration area during the time of speleothem
formation (in contrast to speleothem 6'80 records that primarily
reflect atmospheric processes (Goede et al., 1998; Frumkin and Stein,
2004; Richter et al., 2004; Hu et al., 2005; Li et al., 2005; Zhou et al.,
2008; Schimpf et al.,, 2011)), but (ii) can also improve our understand-
ing of the paleohydrology (Niggemann et al., 2003; Jaillet et al., 2006;
Forbes and Bestland, 2007; Sroubek et al.,, 2007).

In this study we describe a brown, detrital-rich flowstone
sequence from the inneralpine Entrische Kirche Cave (hereafter
abbreviated as EKC) that was deposited intermittently during the
middle and early parts of the last glacial cycle (Fig. 1). This calcite
sequence is remarkable because it reveals a distinct isotopic and
petrographic signature suggestive of extreme environmental change
in the high-alpine infiltration area during speleothem formation (i.e.
the mean annual air temperature in the infiltration area was just high
enough to maintain an ice-free catchment and liquid water in the
karst aquifer). Here we explore depositional and paleoenvironmental
models to explain the formation of this unusual calcite sequence.
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2. Geologic and geomorphologic settings

EKC is situated in the central Austrian Alps in close proximity to
some of the highest summits of the main crests of the orogen (e.g.,
Grofiglockner 3798 m, Sonnblick 3105 m, Fig. 1). The distance from
the cave to the northern rim of the Alps is ca. 55 km. The host rock
is composed of calcite mylonite (Klammkalk; Exner, 1979). The
entrance to the cave system is in the flank of the steep Gastein valley
at an elevation of 1040 m asl and from there the cave extends into
easterly direction for ~270 m (Fig. 2A). The total length of the cave
is 1.6 km and the passages (elliptical tunnels which alternate with
partly collapsed halls) are arranged in two sub-horizontal levels
that are connected via shafts (Fig. 2B; Klappacher, 1992). A perennial
stream with a peak discharge of ca. 10 L/s drains the lower cave level.

The small catchment area of the cave (~3 km?) reaches up to
2119 m in elevation and rock overburden above the presently
explored cave network is thus >900 m. Conifer forests cover the
valley slopes up to ~1800-1900 m (i.e. the altitude of the regional
timberline today) and alpine mats and shrubs constitute the vegetation
in the infiltration area directly above the cave (Fig. 2C). The intensively
folded host rock also controls the morphology in the catchment area,
where anticlines form the backbone of mountain ridges and synclines
host high-alpine lakes. Two such lakes are directly situated above EKC
(Paar lakes, at 1856 and 1949 m, respectively), and are surrounded by
steep slopes (Figs. 2A and C). Tracer experiments demonstrated a direct
connection between a ponor on the northern shore of one of the lakes
and the cave stream in the lower level of EKC (transit time 1 to 3 days,
horizontal distance 1.8 km; Ganahl, 1991).

3. Chemical and clastic cave sediments

EKC hosts active and fossil flowstones, stalagmites, stalactites and
soda straws, as well as clastic sediments. The latter comprise fine-
grained gravel, sand and abundant silt and clay, attaining a thickness of
up to 1.6 m (Fig. 2B). Gravel and sand are only present in the lowermost
cave level, close to the modern stream. Grey silt and clay are widespread
also in the higher levels of the cave. These fine-grained sediments were
probably deposited during the LGM when the alpine ice-stream network
(reaching an elevation of ~2000-2100 m in the study area — van Husen,

Fig. 1. The European Alps during the Last Glacial Maximum and position of the investigation area.
Digital elevation model from Jarvis et al. (2008). Ice extent after Ehlers and Gibbard (2004).
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Fig. 2. Cave setting. A: Digital elevation model of the infiltration area of EKC. B: Cave plan. C: Panoramic view of the infiltration area of EKC (lower Paar lake, 1856 m asl).

1987) blocked the discharge from EKC and resulted in back-flooding of
glacial meltwater. The timing is supported by two lines of evidence:
(i) reworked fragments of cave bear bones within the coarser grained
sediments yielded (uncalibrated) radiocarbon ages of 38.4 and 53.0 ka
BP thus providing a maximum sedimentation age and (ii) speleothems
resting on top of these sediments yielded early Holocene basal U-Th
ages (i.e. constraining the minimum age of the sediments beneath
(Table 1)).

U-Th dating on flowstones indicates repeated speleothem deposition
during warm, interglacial periods, including Marine Isotope Stage (MIS)
7,5 and 1, as well as during interglacial-glacial transitions (Meyer et al.,
2008; Spotl, unpubl. data). Calcite precipitated during such interglacials
is white, translucent or laminated and inclusion-poor and shows &'%0
values of ~—8 to — 10%.. These values are close to the isotopic composi-
tion of actively forming flowstones (—10.2%.), which are precipitating
under isotopic equilibrium today (Meyer et al., 2008).

The MIS 5e/d transition (i.e. the demise of the Eemian and the
onset of the last glacial cycle) is recorded in several speleothems
from EKC, most notably in samples from the TKS flowstone (Meyer
et al.,, 2008). This flowstone is a large conical formation ~4 m in

Table 1

Radiocarbon ages on collagen extracted from reworked bones found in the clastic cave
sediments in the lower cave level of EKC. AMS measurements made at the Leibniz-
Laboratory for radiometric dating and isotope research. yrs. BP. — years before present.

Lab no. % modern 14C age Error 513C
carbon (corr.)  (yrs. BP) (%0)

EK1 KIA13963 0.84+0.05 38,430 +480/—450 —22.4240.05

EK2 KIA13964  0.144+0.04 53,030 +2510/—1910 —21.154+0.27

height, with a basal diameter of ~1.8 m and is situated at the base
of a shaft in the upper cave level (Figs. 2B and 3). The flowstone is
presently inactive and covered by medium-grey calcite. Four drill
cores have been retrieved from this speleothem. U-Th dating
revealed that white calcite was deposited between MIS 5e and the
beginning of MIS 5d, followed by brown, detrital-rich calcite (Meyer
et al,, 2008; Fig. 4). A major drop in 680 by ~3%., which took place
at ca. 118 ka, is recorded in the white calcite sequence, demarcating
the end of MIS 5e. Both, petrographic evidence and isotopic modelling
suggest that strong seasonality changes were responsible for the
observed shift in %0 and that the catchment area of EKC remained
vegetated, geomorphologically stable and ice-free during the MIS
5e/d transition (Meyer et al., 2008). At ca. 114 ka, i.e. with the onset
of stadial conditions and widespread ice-rafting in the North Atlantic,
white calcite precipitation in EKC ceased (Meyer et al., 2008; Fig. 4).
The brown detrital-rich calcite that follows up-section reveals a vastly
different petrographic and isotopic signature.

4. Methods

A hand-held, battery-powered drill equipped with a diamond drill
bit was used to obtain four long cores (2.5 cm diameter) from the TKS
flowstone. Core samples were examined both macroscopically and in
thin sections using transmitted-light and epifluorescence microscopy.
Using a digital camera attached to the epifluorescence microscope a
continuous transect of photomicrographs was retrieved along the
entire brown calcite sequence of core TKS I for a detailed analysis of
calcite growth, organic inclusions and microscopic corrosion features.
Photomicrographs of selected laminated sequences, identified under
the epifluorescence microscope, were processed using the WinGeol
lamination tool (Meyer et al., 2006). Along a manually digitized lamina
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Fig. 3. The TKS (Teufelskrallen shaft) flowstone in the upper cave level. Caving bag for
scale (77 cm in height); numbers in B indicate locations of the drill cores.

trace, thickness measurements of individual (fluorescent and non-
fluorescent) calcite bands were performed and the combined thick-
nesses of the consecutive dark and bright fluorescent calcite couplets
were calculated as well. Furthermore, the colour intensity of the
epifluorescence images was obtained along each lamina trace (Meyer
et al,, 2006). Subsamples for stable carbon and oxygen isotope analyses
were obtained at 0.2 mm increments with a Merchantek micromill for
the cores TKS I, I and IV and analysed using a Thermofinnigan Delta™sXL
mass spectrometer. Standardisation was accomplished by using the
NBS19 standard, and results are reported relative to the Vienna Peedee
Belemnite (VPDB) standard. The long-term 10 precision of the §'3C
and §'%0 values (replicate analyses of a quality assurance standard) is
0.07 and 0.08%., respectively. The elemental concentration of selected
macroscopic calcite fabrics was determined using an energy-dispersive
X-ray fluorescence analyser (ED-XRFA; model Spectro-XEPOS). The
elemental concentration of Mg, Sr, Ba, Al, Si, Fe, Th and U for selected
calcite fabrics was determined semi-quantitatively by placing sub-
samples of the polished core with the respective calcite fabric directly

below the XRF detector (detection limit ~10 ppm). Techniques used for
U/Th preparation and TIMS analysis (using a Finnigan MAT 262 RPQ
and the double filament technique) are detailed in Holzkdmper et al.
(2005). The calibration of the U and Th spikes is described in Hoffmann
et al. (2007). Ages were calculated using the half lives by Cheng et al.
(2000). Correction for detrital contamination assuming a 232Th/?*%U
mass ratio equivalent to the average crust value (Richards and Dorale,
2003) and 22°Th and 2>*U and 233U in secular equilibrium for the detritus
resulted in locally significant changes of the final ages.

5. Petrographic and isotopic characteristics of the brown calcite
sequence

5.1. Macroscopic observations

Fig. 4 shows the topmost ~170 mm of the four TKS drill cores
together with a schematic log of the petrography of core TKS I (our
reference core for discussing the petrography and isotope data).
Hiatus H1 (i.e. a major growth cessation at 114 ka; Meyer et al.,
2008) separates the white inclusion-poor MIS 5d calcite from the
brown detrital-rich sequence. A second hiatus (H2) is present within
the brown detrital-rich calcite sequence at 59 mm. The total thickness
of this brown detrital-rich calcite is ~100 mm in the cores TKS I, III
and IV, but attains only ~70 mm in core TKS II. However, the internal
succession of calcite units is the same for all four cores.

Both laminated and dendritic fabrics are present in the brown
detrital-rich flowstone sequence (Fig. 4). The former is dense and
individual laminae are typically 0.5-0.3 mm in thickness and are
either light or medium brown in colour. Above ~18 mm brownish
to greyish laminated calcite prevails and lamination becomes thin
toward the top of the TKS cores (e.g. the lamina thickness is
<0.25 mm between 0 and 4 mm of core TKS I). On a few occasions
white, laminated and inclusion-poor calcite layers 1-4 mm in thickness
are embedded into the brown laminated detrital-rich calcite sequence
(i.e. at 68 mm and repeatedly in the topmost ~12 mm of core TKS I).
The dendritic calcite (Frisia et al., 2000) is porous and reveals a light
yellowish to brownish colour. Several dendritic calcite packages can
be discerned and above hiatus H2 a thinning of the dendritic calcite
packages up-section is observed. Furthermore, ~1 mm-thin, diffuse
layers that reveal a dendritic fabric only under the microscope are
intercalated in the brown laminated calcite (at least four such layers
are present between 96 and 59 mm depth and labelled dendritic
micro-layers in Figs. 4 and 5D).

5.2. Transmitted-light microscopy

The brownish and greyish laminated calcite shows a columnar
fabric with individual crystals several mm to a few cm in length.
Corrosion horizons can be observed occasionally under transmitted
light (Fig. 5A). The major hiati H1 and H2 also show clear-cut corrosion
features on the microscopic scale (Fig. 5A and B).

The brownish dendritic calcite is composed of branching polycrystals
which are aligned sub-parallel to the growth axis of the TKS flowstone
(Fig. 5A). Crystals usually start at nucleation points (e.g. at detritus-
rich horizons) and are a few tens of micrometres thick and several
hundred micrometres to locally a few millimetres in length. Under
transmitted-light the colour of these bunches of calcite crystals is
white translucent; some patches of this fabric, however, also reveal a
light to medium brown colour.

5.3. Epifluorescence microscopy

The brown laminated calcite sequences reveal micron-scale
lamination. UV-laminae are composed of fluorescent calcite bands
(ca. 3-20 um; termed fluorescent laminae; Fig. 6) and dark calcite
bands lacking fluorescence (ca. 1-10 pm; termed non-fluorescent



M.C. Meyer et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 319-320 (2012) 93-106 97

U-Th dating

(sample: age ka)

Petrography

/_> °

3719: na.
3853: n.a. /_>
3854: n.a.
3718: 67.4+22.0/-15.7—®» 50 7
R T — S
< ¢
3804: 89.6+5.4 3

3823: 86.9+4.4

ca. 114 ka:
growth cessation
(Meyer et al., 2008)
150 —
Distance
fromtop | |
(mm) | |

Topmost thin

calcite

TKS |

laminated calcite

Brown laminated

TKS 1l TKS 1l

Yo [e}4}9p uUMoiq

<4— 2ouanbas a)19|ed —» 4— 3dduanbaes ajoedo —»
Jood-uoisnjoul ayiym

1 White laminated
calcite

Dendritic
calcite

White translucent
layer within brown
laminated calcite

White / translucent
calcite

Fig. 4. Petrography of the TKS drill cores and U-Th ages (n.a. — not available).

laminae, Fig. 6). Fluorescent and non-fluorescent calcite bands form
2-30 um thick lamina couplets (11 um in average; Fig. 6). This type
of fluorescent micro-banding is observed throughout the brown lam-
inated calcite packages where it can form continuously laminated se-
quences up to several mm in thickness (Fig. 5C).

Corrosion horizons and micro-hiati are commonly observed using
epifluorescence microscopy and at least 111 corrosion events were
recognized in the brown laminated calcite between hiatus H1 and
H2. Significant corrosion is also evident for the major hiati H1 and
H2 (Fig. 5A and B).

No UV-lamination was found in the dendritic calcite units. Neverthe-
less, a diffuse but strong fluorescence is obvious under UV stimulation
while the structure of the branching calcite crystals is still discernible
(Fig. 5B and D). Dissolution appears much less common in the dendritic
calcite fabric compared to the brown, laminated calcite packages.

The topmost 12 mm of the TKS cores (i.e. where macroscopic
lamination starts to thin out and white laminae are intercalated)
also reveal fluorescent micro-banding upon UV-stimulation. These
UV-laminae, however, are rare and only short laminated sequences
(<1 mm in length) are preserved. Corrosion horizons become prominent
toward the top of the core and are regularly spaced (every ~100-200 pum;
Fig. 5E).

5.4. Lamination analysis

Two sequences with continuous UV-lamination from the brown
laminated calcite package below hiatus H2 of core TKS I were chosen
for lamination analysis. Lamina track 1 (3 mm in length) extends
from 58.8 to 61.8 mm (Fig. 6), while lamina track 2 (1.5 mm in
length) covers the distance from 76.8 to 78.3 mm (not shown). The
former lamina track encompasses 213 lamina couplets (5-30 um in
thickness), while the latter is composed of 166 such couplets
(3-20 pm in thickness). The non-fluorescent bands are always slightly
thinner and less variable compared to the fluorescent bands.
Co-variation of lamina thicknesses of the non-fluorescent and the

fluorescent bands exists (correlation coefficients of r>=0.25 and
r2=0.38 for lamina track 1 and 2, respectively; Fig. 6). In both lamina
tracks the greyscale curve varies between values of 40 and 110
(0 =black, 255 = white), indicating that the abundance of fluorescent
substances in the speleothem calcite fluctuated significantly through
time. The r? value indicates no correlation between the greyscale
profile and lamina thicknesses (neither for the fluorescent bands:
r><0.09; nor for the non-fluorescent bands: r><0.06; nor for the
lamina couplets: r?<0.1; Fig. 6).

5.5. Stable isotopes

All cores show the same isotopic trends and start with 20 values
of ~—10.8 to — 11%. above hiatus H1 (Fig. 7B). At 96 mm (core TKS I)
the 6'80 values decrease abruptly by ~0.8%. and attain a minimum of
—12%o at 91.8 mm. From there 5'80 values increase steadily over the
next 36 mm and reach 6'80 values of — 11.2% just prior to hiatus H2
(59 mm). An abrupt isotopic jump is associated with hiatus H2 and
5180 values of ~—10.2%. are attained between H2 and 47 mm (i.e.
the highest 580 values of the entire brown detrital-rich calcite
sequence). Further up-section the §'80 record of all TKS cores
shows an overall decreasing trend. The topmost 4 mm of all cores
are characterised by an irregular, high-amplitude, high-frequency
isotope signal with 880 values fluctuating by more than 2%..

The 6'3C record is characterised by a high-amplitude, high-
frequency signal with 6'C values that are - on average - increasing.
The character of this 8'3C signal is remarkably similar between the
TKS cores (Fig. 7A). 6'3C minima reach values as low as —8%.
between hiati H1 and H2 and —4%. between hiatus H2 and the top
of the cores. Positive excursions typically reach 1-2%. but attain 4%
in the topmost 4 mm of the flowstone.

Correlation coefficients between the §'3C and 680 records were
calculated for each calcite fabric separately (i.e. dendritic, laminated
and thinly laminated calcite in the topmost ~4 mm of each core;
Fig. 7C). The A8'C/AS'80 slope for each calcite fabric is always



98 M.C. Meyer et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 319-320 (2012) 93-106

laminated

100 pm

Fig. 5. Photomicrographs of the brown, detrital-rich calcite sequence. Top of flowstone always to the left; distances refer to depths in core TKS I (Fig. 4). A: Transmitted-light
microscopy; hiatus H2 at ~59 mm. Note dendritic calcite with branching polycrystals above H2 and inclusion-rich layers (arrows) in the brown laminated calcite below H2.
B-E: Epifluorescence microscopy. B: Hiatus H1 and the transition from the white inclusion-poor MIS 5d calcite into the brown, detrital-rich calcite. Remnants of brown laminated
calcite which reveals micron-scale lamination are preserved at the base of the brown calcite sequence. Corrosion (broken lines) dissolved this laminated calcite almost entirely
before dendritic calcite growth commenced (arrow). C: Example of regular fluorescent calcite banding (at ~77.2 mm i.e. in the macroscopically brown laminated calcite sequence).
Note absence of corrosion features. D: Example of a dendritic micro-layer (i.e. ~1 mm thick dendritic, fluorescent band intercalated into the brown laminated calcite sequence).
Corrosion features highlighted by broken lines. 68-70.5 mm depth. E: Near the top of core TKS I (~4-6 mm) the UV-lamination is faint and non-fluorescent calcite bands (forming
the macroscopically white calcite layers) are dominant. Note frequent and regularly spaced corrosion horizons (broken lines).

positive and steep (i.e. between 1.2 and 5.6), whereas the r? values
vary considerably i.e. r? values are low for the laminated calcite
(0.02-0.08), high for the dendritic calcite fabric (0.46-0.52) and
intermediate in the topmost part of the TKS cores (0.14-0.33;
Fig. 7C). Furthermore, large variation in the §'3C (>6%.) contrasts
with rather small changes in 680 (typically ~1%.) in all cores. Finally,
dendritic calcite is isotopically always distinct from the laminated

calcite (showing slightly higher '80 and &'3C values), although
both calcite fabrics partly overlap in their 8'C vs. 6'%0 values
(Fig. 7C).

There is also a clear relationship between isotopic composition
and petrography in these flowstone samples: dendritic calcite is
always associated with both slightly higher 6'80 values (compared
to the brown laminated calcite) and positive 5'>C excursions (light
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fluorescent calcite bands) are shown together with the greyscale curve. Bottom:
Cross plots between fluorescent and non-fluorescent calcite bands showing notable
correlation. Cross plot between the lamina couplets and the greyscale curve shows
no significant correlation.

grey bars in Fig. 7A and B). C isotope data of the brown laminated
calcite packages in particular show a high-amplitude, high-frequency
signal. The irregular high-amplitude 5'®0 signal measured near the
top of all TKS cores (i.e. from 0 to ~4 mm) coincides with the topmost
macroscopically thin, laminated calcite unit (dark grey bars in Fig. 7A
and B).

5.6. Energy-dispersive XRF analysis

The elemental concentration of those elements that were above
the detection limit and revealed significant changes between the
brown detrital-rich calcite and white inclusion-poor calcite is
displayed in Table 2. All calcite fabrics reveal low Mg, Sr and Ba
concentrations (<2250 ppm), but Al, Si and Fe are much more abundant
in the brown laminated and brown dendritic calcite as compared to the
white-inclusion poor calcite (by one to three orders of magnitude).

6. U-Th dating

Seven U-Th samples were taken from the cores TKS I and IV and
referenced to core TKS I (Fig. 4, Table 3). All U-Th samples are variably
compromised by detrital Th. Samples from the top 8 mm of the TKS
cores were discarded because the correction yielded unacceptably
large age uncertainties. Significant detrital Th was encountered in
sample 3718 (from the dendritic calcite just above hiatus H2) and
3717 (from the brown laminated calcite package at 62 mm depth),
while relatively clean samples were obtained from the white translucent
calcite layer that is intercalated into the brown laminated calcite
package at 68 mm depth (i.e. samples 3804 and 3823; Table 3).

7. Discussion
7.1. Detrital content

232Th concentration in the white calcite layer within the brown
laminated calcite sequence is low (i.e. 2.59+0.04 ng/g — sample
3804, 6.294-0.04 ng/g — sample 3823; Table 3) and is comparable to
232Th concentrations in the white inclusion-poor MIS 5e and 5d calcite
(2.62 £3.30 ng/g on average; Meyer et al., 2008). In all other samples
obtained from the brown calcite succession 2**Th concentrations
is higher by an order of magnitude (Table 3). Th is known to
strongly adsorb to particles and colloids, chiefly clay minerals and
Fe-oxyhydroxides derived from the weathering zone (i.e. Lead and
Wilkinson, 2006; Degueldre and Kline, 2007). This is supported by
the EDS-XRF analysis indicating much higher Al, Si and Fe concentra-
tions in the brown laminated and dendritic calcite packages compared
to the white inclusion-poor calcite deposited during MIS 5e (Table 2).

7.2. Calcite fabric

The type of calcite fabric is mainly governed by the interplay of three
parameters: supersaturation, outgassing, and discharge (Dreybrodt,
1988; Gonzalez et al., 1992) and at least for alpine flowstones (modern
and ancient) discharge seems to be the most important controlling
parameter (Frisia et al.,, 2000). Frisia et al. (2000) showed that a dendritic
fabric results from calcite precipitation during periods of highly variable
but mostly very low drip rate. During dry periods prolonged outgassing
occurs which in turn gives rise to a high degree of supersaturation and
isotopic disequilibrium. The columnar calcite fabric (as observed in the
brown laminated calcite packages) forms when speleothems are
continuously wet (i.e. under stable hydrological karst conditions and at
constant flow of seepage water), and from fluids at low degrees of
supersaturation (Gonzalez et al., 1992; Frisia et al., 2000). Macroscopic
petrography also suggests that the entire TKS flowstone surface was
covered by a more or less continuous water film during columnar calcite
growth, because individual macroscopic laminae can be traced between
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Fig. 7. Stable isotope record of the brown, detrital-rich calcite of cores TKS I, Il and IV. A and B: Carbon and oxygen isotope profiles. An arrow and an asterisk mark the position of the
white translucent calcite layer which is intercalated into the brown laminated calcite sequence. The most precise U-Th ages were derived from this layer (samples 3804 and 3823;
Table 1). C: Isotope cross plots. D: Growth rates for the white inclusion-poor MIS 5e and 5d calcite (based on 20 U-Th ages; Meyer et al., 2008) and for the brown detrital-rich calcite
sequence (inferred from fabric and UV-lamination observations, see text).

the cores (Fig. 3). Nevertheless, the thickness of individual calcite layers Close examination of the brown calcite sequence further revealed
is not constant in the cores indicating that flowstone growth rates were a complex succession of dendritic and laminated calcite and the
spatially and temporally variable (Fig. 4). presence of dendritic micro-layers (Fig. 4). We therefore conclude
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U-Th ages of the brown, detrital-rich calcite of the TKS flowstone ( n.a. = not available).

Sample  Depth  dU (corr.)  Error 238y Error 2321 Error 230Th Error Age uncorrected  Age corrected  Error (2 sigma)
(cm) (%) (abso.) (ug/g) (abso.) (ng/g) (abso.) (pg/g) (abso.) (ka) (ka) + (ka) — (ka)
3719 0 242.8 6.7 0.06098 0.00012 76.84 032 0.6155 0.0092 n.a. n.a. n.a. n.a.
3853 0.83 315.7 22.7 0.08594 0.00025 155.04 341 0.9193 0.0616 n.a. n.a. n.a. n.a.
3854 0.8 262.4 10.7 0.08709 0.00017 133.80 0.86 0.930 0.022 n.a. n.a. n.a. n.a.
3718 5.1 140.8 9.6 0.08606 0.00017 43.25 0.40 0.836 0.019 80.7 67.4 22.0 15.7
3717 6.2 161.3 3.6 0.06580 0.00013 20.418 0.078 0.689 0.011 86.9 79.1 13.7 11.0
3804 6.8 142.0 7.2 0.05640 0.00011 2.594 0.039 0.603 0.021 90.7 89.6 54 54
3823 71 143.2 5.8 0.08680 0.00017 6.296 0.042 0914 0.020 88.7 86.9 4.4 4.4

that the cave hydrology apparently fluctuated between dry episodes
with very low drip rates (formation of dendritic calcite packages
and dendritic micro-layers) and more humid periods with constant
seepage flow (columnar calcite growth).

7.3. Speleothem fluorescence and lamina analysis

Fluorescence in speleothems is — in most instances — caused by
organic molecules (mainly humic and fulvic acids), which are derived
from the overlying soil and were transported with the karst water
onto the speleothem (Shopov et al., 1994; Baker et al., 1996; Tan et
al., 2006; Baker et al., 2008). In alpine catchments a seasonal peak
of dissolved organic carbon concentration in rivers (and hence
groundwater) occurs in spring, due to snowmelt (Boyer et al., 1997),
and this process has been invoked to account for annual luminescent
banding in arctic and alpine speleothems (Linge et al., 2001, 2009;
Baker et al., 2008).

In some cases fluorescence in cave calcites can be attributed to the
presence of aragonite or microbes (living in-situ on the speleothem)
rather than to flushing of organic substances from the infiltration
area (Ortega et al., 2005; Jones, 2010). However, we have no petro-
graphical or geochemical indication to suggest that fluorescence in
the TKS flowstone (neither in the brown-laminated calcite, nor in
the dendritic calcite nor in the white inclusion-poor MIS 5e and d
calcite) is caused by aragonite (i.e. no aragonitic fabrics or relict
textures; low Sr and U concentrations; Frisia, 1996; McMillan et al.,
2005; Ortega et al., 2005) or by microbial activity (no fabrics, structures
or isotopic signatures consistent with microbial activity; Gradzinsky,
2001; 2003; Jones, 2010). Indeed, the regular succession of fluorescent
and non-fluorescent laminae in the brown laminated calcite sequence
of the TKS cores (Figs. 5C and 6A) rather suggests organic fluxes
possibly controlled by intra-annual or multi-annual climate variability.
Considering EKC's high-alpine infiltration area it is reasonable to
propose that fluorescent calcite precipitated in response to seasonal
snowmelt (while non-fluorescent calcite formed during the rest of the
year), which in turn would imply annual cyclicity and the presence of
soil and some sort of vegetation cover above the cave.

Continuous sequences with fluorescence micro-banding exist in
the TKS flowstone with individual lamina couplets between 5 and
30 pum in thickness (average 11 +5 um; Fig. 6). If these couplets are
indeed annual in origin, the thickness record can be used to estimate
growth rates for selected flowstone sequences. Such growth rate
estimates are at the lower end of the range of measured growth
rates of modern flowstones (Baker and Smart, 1995). Slow flowstone

accretion might have been maintained for many decades and up to
ca. two centuries in the case of the lamina track 1 (i.e. continuous
lamination lacking corrosion or hiati; Fig. 6).

Dendritic calcite is devoid of micro-banding under epifluorescence,
yet displays diffuse and sometimes strong fluorescence (Fig. 5B and
D). As discussed above, we invoke organic molecules but exclude
aragonite or microbial activity as causes for the observed fluorescence.
The most likely explanation for the fluorescence properties of the
dendritic calcite and the simultaneous absence of fluorescence banding
is that the very low drip rates in combination with the occasional high
discharge events prevented seasonal karst water pulses to reach the
flowstone surface but rather facilitated mixing of seasonal surface
signals en route through the thick karst aquifer.

7.4. Corrosion horizons

In the brown detrital-rich calcite sequence of the TKS core corrosion
horizons can be frequently observed under the epifluorescence
microscope. They appear as faint, irregular boundaries that cut into
pre-existing laminae or into the dendritic crystal fabric (Fig. 5B, D and
E). We believe that no major stillstand in flowstone deposition was
associated with the majority of these corrosion horizons, because
detritus or inclusion-rich layers are usually lacking. Some corrosion
features are laterally discontinuous or dissolved only a small fraction
of the former flowstone surface. Most of the corrosion horizons are
therefore best described as micro-hiati that are probably associated
with time gaps of less than a few years. They might represent extreme
hydrological events or periods during which enhanced discharge
through both, the soil zone and the karst aquifer resulted in a drop of
the degree of supersaturation of the seepage water and hence dissolution
of the flowstone surface. Corrosion by condensation might be invoked as
well to explain these dissolution features, however, corrosion residues or
micritisation of the speleothem calcite as typical for condensation corro-
sion (Martin-Garcia et al., 2011) are generally lacking and we therefore
suggest that corrosion by condensation was only of minor importance.

Intensive corrosion is associated with the major hiati H1 and H2
(Fig. 5A and B). Also, the calcite fabric changes suddenly and isotopic
jumps occur at these boundaries and detrital and organic-rich layers
formed on top of both hiati, suggesting that H1 and H2 demarcate
major growth cessations. Between the hiati H1 and H2 we mapped
the corrosion horizons in detail and found no correlation with the
isotope record, supporting the interpretation that many of these
corrosion features represent micro-hiati rather than significant gaps
or halts in flowstone deposition (Fig. 8).

Table 3
Energy-dispersive X-ray fluorescence analysis for selected macroscopic calcite fabrics (b.d.l. — below detection limit).
Calcite type Mg Sr Ba Al Si Fe Th u
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Brown dendritic 2226 56 b.d.l. 813 2271 382 2 b.d.L
Brown laminated 1098 43 15 957 2894 315 4 b.d.l
White inclusion-poor 922 64 b.d.l 6 799 b.d.l b.d.l b.d.L
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Fig. 8. Stable isotope record of the TKS I core and position of the corrosion horizons between the hiati H1 and H2. A total of 111 corrosion horizons were identified. Note lack of a

correlation between corrosion features and isotope data.

Near the top of the TKS flowstone (i.e. above ~4.5 mm depth)
white laminae alternate with brownish to greyish detrital-rich laminae
that are associated with an irregular high-amplitude high-frequency
isotope signal and frequent corrosion horizons (Figs. 5E and 7). Major
growth cessations might be linked with these corrosion events, but
we are unable to resolve this extremely thinly laminated top part of
the TKS flowstone.

7.5. Stable isotopes and isotopic equilibrium vs. disequilibrium

Flowstones are well known for their potentially complex growth
morphology resulting in a laterally discontinuous internal stratigraphy,
in particular if multiple sources of drip or splash water are present and if
the speleothem is laterally extensive. In the case of the TKS flowstone,
however, the conical shape and a single feeding fracture suggest that
seepage was sourced from a single point. Importantly, the isotope
record of all three TKS cores reveals a remarkable degree of consistency
(despite the fact that the cores come from positions between ~50 cm
and more than 100 cm apart from each other; Figs. 3 and 7). Because
the same isotopic features and first-order trends can be seen in all
cores we argue that they reflect climatic trends rather than features
specific to different locations on the surface of the TKS flowstone and
thus internal growth dynamics during speleothem formation.

Prior to identifying paleoenvironmental or climatic proxy
information from the stable isotope data it is essential to evaluate
the degree of equilibrium conditions during speleothem growth
(e.g., Mickler et al., 2004, 2006). As a modern proxy calibration for
5180 and ‘Hendy tests’ (Hendy, 1971) is not feasible in the case of the
ancient TKS flowstone, we follow an alternative approach: equilibrium
versus kinetic fractionation during calcite precipitation is evaluated by
analysing the correlation between the §'>C and §'®0 values which
were sampled continuously along each core (cf. Mickler et al., 2004,
2006; Wiedner et al., 2008). This was done for each core and each calcite
fabric separately, i.e. for the dendritic calcite and for the brown laminated
calcite (columnar fabric), as well as for the topmost part of each core

(displaying the irregular high-amplitude, high-frequency signal; Fig. 7C).

The results suggest that the isotopic composition of the different
calcite fabrics reflects non-equilibrium isotope effects (i.e. by kinetic
fractionation due to rapid CO,-degassing and evaporation) to different
degrees.

Kinetic fractionation due to CO,-degassing results in enrichment
in '3C in the precipitated carbonate, while the oxygen isotopic
composition is generally less affected by kinetic enrichment because
of the buffering effect of the water reservoir (Mickler et al., 2004;

Romanov et al, 2008; Miihlinghaus et al, 2009). Experimental
evidence (Mickler et al., 2006; Wiedner et al., 2008; Miihlinghaus et
al., 2009) shows that if degassing is fast the §'80 and 6'3C values
co-vary (A3C/A™80 slope of 1.4+ 0.6). In the case of slow degassing
the oxygen isotope composition is buffered which results in virtually
no change of the 80 value of the precipitate and hence a slope that
approaches an infinite value. Evaporation also causes kinetic enrichment
in the precipitated carbonate (Hendy, 1971; Mickler et al., 2006).

For flowstones it has been demonstrated that the thickness of the
water-film has a first-order control on kinetic fractionation; i.e. low
discharge promotes a thin water-film which in turn favours CO,
degassing and evaporation, hence kinetic isotope enrichment (Boch
and Spotl, 2011). Cave ventilation can also enhance degassing (and
thus kinetic fractionation; e.g. Spotl et al, 2005), however, this
process is considered insignificant for the interior part of EKC from
where the TKS samples were retrieved.

The isotope cross plots in Fig. 7C suggest that for the dendritic
calcite fabric slow degassing (from a very thin water film) controlled
the 6'3C values (steep A>C/A'80 slopes of 2.72-3.37; r%: 0.3-0.5),
which is in-line with the suggestion of Frisia et al. (2000) of dendritic
calcite formation under a very low discharge regime. The brown
laminated calcite (composed of columnar calcite fabric) reveals a
A'3C/A™0 slope between 1.22 and 1.97, indicative of faster degassing
and less effective oxygen isotope buffering. Kinetic enrichment might
occur under low rates of flowstone accretion (i.e. ~11 um/yr; assuming
an annual origin of the UV-fluorescent lamina couplets and using the
average lamina thickness, see above). We further observe systematically
higher 680 values in the dendritic calcite compared to the laminated
calcite fabrics. We argue that the extremely dry climatic conditions
during these time intervals (as indicated by the dendritic fabric) probably
resulted in slight evaporation and thus slightly higher 6'®0 values
compared to those of the brown laminated calcite (Frisia et al., 2000;
Mickler et al., 2006). Finally, it appears that slow CO, degassing was
most pronounced near the top of the TKS flowstone, where the highest
513C values are encountered (while 830 values remain similar to that
of the brown laminated calcite).

7.6. Timing of calcite deposition

The most reliable ages are from samples 3804 and 3823 (the white
translucent calcite layer at 68 mm depth in core TKS I; at 72 mm
depth in core TKS IV; Fig. 4). Detrital Th contamination is significantly
less in these samples and the corrected ages suggest calcite deposition
at 88.3+6.9 ka (averaged age, 20 errors combined in quadrature;
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Table 3). Comparison of these ages with the NGRIP 6'®0 record
suggests white inclusion-poor calcite precipitation during Greenland
Interstadial (GIS) 21 or 22 or during the respective Greenland stadials
(GS; Fig. 9). An average lamina thickness of ~11 + 5 um was deduced
via lamination analysis for the brown laminated calcite package
between 96 and 59 mm depth (core TKS I) that also encompasses
the U-Th dated white translucent calcite layer (Fig. 4). Assuming an
annual origin for these fluorescent calcite couplets we roughly estimate
a growth duration of ~3600 4= 1650 yr for this brown laminated calcite
package. No major growth cessations are present in this part of the
TKS core (although micro-hiati are common) and we therefore
interpret the brown laminated calcite sequence as an expression of
almost continuous calcite precipitation during the early part of the
last glacial cycle (i.e. MIS 5a and/or 5b).

The timing of brown dendritic calcite precipitation is difficult to
constrain. Samples 3717 and 3718 (directly obtained from the
dendritic calcite above hiatus H2; Table 3) yielded ages of 79 and
67 ka, respectively. The very large errors, however, preclude a correlation
of this dendritic calcite package with individual GS or GIS (Fig. 9).

The three U-Th samples obtained from the thinly laminated top
part of the TKS flowstone (i.e. between 0 and 4 mm; samples 3719,
3853, 3854; Table 3) were discarded because of their very high
detrital 2*>?Th content. Nevertheless, we know from '“C-dated clastic
cave sediments in EKC that back-flooding of the cave occurred during
the LGM (see above and Table 1), which gave rise to the deposition of
greyish silt and clay in the upper cave level. This greyish cover also
coats the TKS flowstone, thus providing a minimum age for the
top-most calcite in the TKS cores (i.e. the thinly laminated whitish
and greyish calcite between 0 and 4 mm must be older than MIS 2).
It is therefore possible that the complex succession of brown
detrital-rich dendritic as well as laminated calcite above hiatus H2
was deposited in repeated pulses during the middle part of the last
glacial cycle (i.e. MIS 3 and/or 4).

8. Paleoenvironmental interpretation

The growth cessation at ca. 114 ka (i.e. hiatus H1) in the TKS flow-
stone demarcates the onset of MIS 5d interstadial conditions in the
alpine realm (Meyer et al.,, 2008) and can be correlated with the
cold event C24 which has been identified throughout the North
Atlantic and which had a major impact on the climate of Europe
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(e.g. Chapman and Shackleton, 1999; McManus et al., 2002;
Shackleton et al., 2002; Miiller and Kukla, 2004; Drysdale et al.,
2007). The high detrital content and the different calcite fabrics
above hiatus H1 compared to the white, inclusion-poor MIS 5e and
5d calcite below H1 suggest that at least some of the environmental
parameters changed fundamentally (and durably) after 114 ka for
EKC.

A possible explanation to account for the sudden petrographic and
isotopic changes above hiatus H1 involves rates of detrital fluxes
during flowstone growth. If the flux of detrital material from the
infiltration area into EKC was constant over time but rates of calcite
deposition decreased rapidly in response climatic deterioration,
brown detrital-rich calcite might have precipitated. This simple
model is unlikely, however, considering that the expected growth
rates for the brown detrital-rich calcite are on the same order of
magnitude as the growth rates that have been determined for the MIS
5d calcite, i.e. the white and inclusion-poor calcite that precipitated
immediately prior to 114 ka (Fig. 7D). We also reject back-flooding of
the cave as a possible explanation because the brown calcite is contam-
inated by particles that seeped through the karst aquifer (high 23°Th, Si,
Al and Fe concentrations) but lacks clastic layers that would suggest
flooding.

Important for this paleoenvironmental discussion is the geomor-
phological setting of EKC. The infiltration area of EKC is in a high-
alpine position (mean elevation ~1900 m) and composed of steep
ridges and basins. Despite a thickness of almost 1000 m of the vadose
zone above the cave (entrance at 1040 m), a good hydrological
connectivity between the infiltration area and EKC was demonstrated
by tracer experiments (Ganahl, 1991). Routing of karst water through
the vadose zone is further facilitated by tectonic structures (i.e. ENE
trending axial-plane foliation and strike-slip faults) that are pervasive
and steeply dipping in this region (Exner, 1979; Peer and Zimmer,
1980; Wang and Neubauer, 1998).

8.1. Geomorphological processes in a high-alpine catchment

In alpine catchments glacial and periglacial processes (e.g., glacial
erosion, permafrost creep and solifluction) in conjunction with the
vegetation cover are key factors in controlling weathering and
erosion rates and thus the abundance of sediment in discharging waters
(Gurnell, 1987, Patzelt, 1994; Hofner, 1995; Hinderer, 1999, 2001; van

S
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Fig. 9. TKS flowstone in the climatic context of the last glacial/interglacial cycle. The U-Th ages (2 sigma errors) from the brown detrital-rich calcite sequence are plotted in
conjunction with the 5'80 record from NGRIP (black curve; North Greenland Ice Core Project members, 2004) and the 5'80 record from the white, inclusion-free calcite sequence
of the TKS flowstone (white curve; Meyer et al., 2008). Greenland Interstadials (GIS) are flagged (either with their respective number or as black dots).
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Husen, 2000; Ballantyne, 2002; Schulte et al., 2008). While glacial
erosion and permafrost creep dominate high-alpine peaks and catch-
ments (i.e. >2500 m asl in the Central Alps today), solifluction above
non-permanently frozen ground is important also in catchments of
intermediate altitudes (2500-2300 m asl; Veit, 2002). Solifluction is
caused by annual and diurnal freezing and thawing of the subsurface
which results in frost weathering but also in downslope creeping of
the water-saturated top soil and hence erosion (Hales and Roering,
2005, 2007; Matsuoka, 2005). Substantial amounts of fine-grained
sediment are produced and transported by this mechanism (Hoéfner,
1995; Jaesche, 1999) and further chemical weathering increases the
suspended sediment concentration in the water entering the karst
aquifer. Vegetation, at the other hand, stabilises sediment, e.g. on
steep slopes. Both processes (i.e. the stabilizing effect of vegetation on
sediment-mantled slopes and solifluction) are sensitive to temperature
changes (Haeberli, 1983; Veit, 2002). Prolonged cooling intensifies
solifluction and reduces vegetation (and ultimately initiate glacier
formation), while sustained warming results in a vegetated and thus
geomorphologically stable catchment with little or no availability of
detrital material (as today).

In the central Eastern Alps the lower limit of (discontinuous)
mountain permafrost coincides with the —2 °C isotherm and lies at
ca. ~2500 m today (Barsch, 1978; Haeberli, 1983; Kerschner, 1985;
Lieb, 1998), while active solifluction occurs down to an altitude of
~2300 m asl in the same area (Veit, 2002). It is evident that a moder-
ate depression of these periglacial limits by a few hundred metres will
affect the infiltration area of the EKC already. Cool climatic conditions
generally prevailed subsequent to 114 ka, entailing at least an episodical
enhancement of periglacial and glacial activity in high-alpine catch-
ments, which in turn would have allowed sediment-laden melt water
and fine-grained sediment to enter the karst aquifer. While coarser
material (i.e. > silt fraction) was probably filtered out in the vadose
zone, the colloids seeped through and ultimately became trapped in
the flowstone during calcite precipitation, as also suggested by the
high concentrations of 232Th (Table 3) as well as Al, Si and Fe (Table 2).

8.2. Speleothem precipitation at the glaciation threshold — a depositional
model for EKC and temperature estimates

As outlined above, we regard the impact of cold climatic condi-
tions on the high-alpine infiltration area of EKC as the most plausible
mechanism to explain the formation of the brown detrital-rich calcite
sequence. For the brown laminated calcite packages (columnar calcite
fabric and fluorescent lamination) petrographic and isotopic data
further suggest the presence of some vegetation in the infiltration
area and calcite precipitation from a thin but continuous water film.
These observations suggest a cool and dry climate which still allowed
speleothem growth. During dendritic calcite formation enhanced
kinetic fractionation suggest even drier conditions and we speculate
that this calcite fabric might have been precipitated during stadials,
when the infiltration area of EKC was close to the glaciation threshold
(sensu Porter, 1977; i.e. no glaciers in the infiltration area) but the
mean annual air temperature (MAAT) in EKC still above the freezing
point (i.e. no cave freezing).

A simple calculation allows constraining the maximum temperature
depression that is conceivable before cave freezing occurs and
speleothem deposition ceases. Liquid water is required for speleothem
formation implying that the interior cave temperature stayed above
0 °C during precipitating brown detrital-rich calcite. The interior cave
temperature closely tracks the MAAT outside a cave (Wigley and
Brown, 1976). Today the temperature in EKC is 5.5 °C, while the 0 °C
isotherm lies at 2200 m. Using an environmental lapse rate of 0.5 °C/
100 m (based on 17 high and low alpine meteorological stations in
the vicinity of EKC) and the altitude difference between EKC and the
0 °C isotherm (i.e. 1160 m) the MAAT could have decreased by a
maximum of ~5.8 °C. Hence, a sustained temperature depression of

>6 °Cis likely to have caused freezing in EKC, which in turn would likely
be recorded as a major hiatus in the flowstone (e.g. hiati H1 or H2).

In a similar way a rough estimate of the amount of cooling that is
required to initiate periglacial activity in the infiltration area of EKC
and thus start precipitation of brown detrital-rich calcite can be made.
The 2500 m contour demarcates the lower limit of (discontinuous)
permafrost in the Alps. This periglacial limit coincides with the —2 °C
isotherm (see above) and is known to be temperature-dependent but
insensitive to precipitation changes (Barsch, 1978; Haeberli, 1983).
Between 2300 and 2500 m solifluction over non-permanently frozen
ground occurs in the central Eastern Alps today (Barsch, 1978;
Kerschner, 1985; Lieb, 1998; Veit, 2002) and lowering this altitudinal
solifluction range by ~500 m causes a complete overlap with the
present-day infiltration area of EKC. Using the lapse rate from above a
value of ~2.5 °C can be calculated as a ballpark figure for the minimum
temperature depression required for initiating solifluction above EKC
and hence brown detrital-rich calcite precipitation on the TKS
flowstone.

Petrographic investigations and isotopic modelling (Meyer et al.,
2008) for the white, inclusion-poor calcite of the TKS core formed
during the MIS 5e and the beginning of the MIS 5d indicate that
during interglacial conditions and the MIS 5e/d transition stable
geomorphological conditions prevailed in the infiltration area of
EKC. White calcite also occurs in the brown (glacial) part of the TKS
flowstone as individual (up to 4 mm thin) calcite layers and we
therefore propose that brown laminated calcite precipitation might
have been punctuated by milder, geomorphologically stable episodes
(i.e. long interstadials with reduced solifluction and frost shattering
and some vegetation that stabilized the slopes above EKC).

9. Conclusions

The studied flowstone consists of a lower white, inclusion-poor
calcite unit that precipitated between ca 127 and 114 ka (Meyer et
al., 2008) and an upper brown, detrital-rich calcite sequence that
formed intermittently during subsequent stadials and interstadials.
This study elaborates on this brown, detrital-rich flowstone succession
and suggests that the petrographic and isotopic data are best
interpreted as the result of millennial-scale climate fluctuations that
impacted on the high-alpine catchment area of EKC. Permafrost,
periglacial processes and vegetation in high-alpine catchments are
highly sensitive to temperature changes, hence are believed to have
determined the amount of sediment-laden water infiltrating into the
karst aquifer and thus the detritus content as well as the calcite fabric
of the TKS flowstone. According to our estimates a few degrees of
cooling (~2.5 °C) were required to initiate solifluction above EKC, while
cave freezing occurred as the MAAT plunged by more than 6 °C. We
propose that within this temperature range a depositional continuum
exists for EKC: brown laminated calcite (displaying a columnar fabric)
precipitated once the periglacial activity became intensive enough in
the infiltration area (>2.5 °C cooling) while further drying (and possibly
also cooling) resulted in a dendritic fabric. Major growth cessations (e.g.
hiati H1 and H2) are interpreted as the result of cave freezing (>6 °C
cooling). White inclusion-poor calcite precipitated during warm and
geomorphologically stable periods in EKC (i.e. under conditions roughly
similar to today or the last interglacial; Meyer et al., 2008). White calcite
layers intercalated with the brown detrital-rich calcite sequence might
therefore reflect warm and geomorphologically stable interstadials.
Reliable U-Th ages from one of these white inclusion-poor calcite
bands indicate calcite deposition during GIS 21 or 22 (i.e. MIS 5a or b).
The high detrital content in most other calcite packages precludes
precise U-Th ages to be determined. U-Th isochron dating would be a
valuable next step to further constrain the timing of these episodes of
speleothem deposition during the early and middle parts of the last
glacial cycle when the catchment was most of the time close to the
glaciation threshold.
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