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Abstract

Speleothems provide one of the most continuous terrestrial archives. However, due to changing conditions in tem-
perature/humidity or the chemistry of percolating water, sedimentation breaks (hiatuses) and erosional events
are possible and are commonly recorded in speleothems. Sedimentation breaks with durations longer than the
resolution of the studied record should be considered in potential speleothem age-depth models. The most classic
and reliable solution to the problem is the independent construction of age-depth models for the parts of speleo-
thems separated by the hiatuses. However, in some cases, it is not possible to obtain a sufficient number of dating
results for reliable age-depth model estimation. In such cases, the problem can be solved by the application of
other sources of chronological information. Here, based on a few speleothem examples, an alternative approach —
oxygen isotopic stratigraphy — is used to estimate the chronology for the parts of speleothems where there is not
enough chronological information for classic age-depth models. As a result, the deposition break duration can be

estimated.
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1. Introduction

Speleothems are valuable archives of paleoenvironmental
information. Their isotopic compositions of O and C and
trace element contents, e.g., Mg, Sr, and Ba, are valuable
sources of data on local conditions, such as the amount of
precipitation or mean air temperature (Baker et al., 1993;
Frisia er al., 2003; Roberts et al., 1998; Hu et al., 2008;
Yuan et al., 2004; Wang et al., 2001, 2005; Fairchild and
Baker, 2012). The additional advantage of speleothems
is the fact that their age can be precisely estimated by the
U-series method (Ivanovich and Harmon, 1992; Fairchild
and Baker, 2012). Speleothem archives cover long periods
of time and are usually one of the most continuous terres-
trial archives. However, due to changing deposition con-
ditions (e.g., temperature/humidity) or percolating water
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chemistry, breaks (hiatuses) in speleothem crystallization
and erosional events are possible and relatively common
(Fairchild and Baker, 2012).

According to Sadler (1981), sedimentation is essen-
tially a discontinuous process. This is also true in the case
of speleothems. Speleothems growth depend on specific
conditions, such as the availability of water and its chemi-
cal composition, temperature, and CO, pressure in the cave
atmosphere, which must be lower than that in the dripping
water so the degassing process can occur (Fairchild and
Baker, 2012). In many cases, those requirements for spele-
othems crystallization are fulfilled only during the wet and/
or warm season of the year. Therefore, speleothems deposi-
tion occurs seasonally (Banner ef al.,2007). However, sea-
sonal sedimentation breaks are usually not detectable, and
their duration is shorter than the resolution of the potential
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paleoenvironmental records. Sedimentation breaks with
durations longer than the resolution of the studied record
(hiatuses) are an important problem in age-depth model
construction, but they are themselves a source of additional
and valuable climatic information. Their occurrence can
relate to environmental changes such as turning into colder/
dryer climates or very local conditions such as changes in
seepage water systems. The potential missing time hidden
inside the hiatus is not only the duration of the potential
break in sedimentation but also the time connected with
potentially eroded strata.

The estimated age scale (chronology) for speleothems
should consider the occurrence of the hiatuses. The most
classic way to do that, commonly used in published works,
is the dating of speleothem layers just below and above
the hiatus visible in macro- or microscopic images and
the calculation of the duration of the missing part of the
profile based on the time difference between those two
ages (Fankhauser et al., 2016; Steponaitis et al., 2015).
However, this approach does not consider the fact that the
sampled points are usually not placed directly on the hiatus
borders. Therefore, the estimated hiatus duration includes,
in addition to the deposition break duration and the part of
the potentially eroded record, time recorded in the part of
the profile between the dated points and hiatus. The more
reliable solution is independent construction of age-depth
models for parts of speleothems separated by hiatuses
and the hiatus duration estimation based on the modeled
ages of the hiatus borders (Lauritzen, 1995; Holzkamper
et al., 2005; Vaks et al., 2006; Spotl and Mangini, 2007;
Couchoud et al., 2009; Vansteenberge et al., 2016). This
solution requires several reliable dating results or other
time benchmarks for every continuous deposition phase.
In some cases, such as a small thickness of the deposition
phase or low quality of the speleothem material (e.g., high
contamination by thorium (Th) and uranium (U) from the
noncarbonate fraction or high porosity), it is not possible to
obtain enough dating results for reliable age-depth model
estimation (Jo et al., 2011). In such situations, the classic
age-depth model approach cannot be used, and part of the
stalagmite is left without precise chronology (see Jo et al.,
2011). However, the problem can be solved by using other
potential sources of chronological information.

Here, we present several examples of speleothem
records with clearly visible hiatuses and possible meth-
ods of estimating the durations of the hiatuses. The first
and the simplest example is the PD-4 stalagmite (Demén-
ovskd Cave System, Slovakia), where the hiatus duration
can be estimated based on the classic age-depth modeling
approach. The second example, the SC-3 stalagmite (Szc-
zelina Chochotowska Cave, Tatra Mts., Poland), repre-
sents the situation where the alternative approach - oxygen
isotopic stratigraphy (OIS) - is used to obtain additional

chronological information for the part of the stalagmite
located between hiatuses and where only one U-series
age is available. Finally, the OIS and age-depth modeling
approaches were tested on previously published data from
Spain, Macedonia and South Korea. The last example is the
flowstone profile in Ledena Dvorana (LDH; SneZna Cave,
Slovenia). The LDH profile is divided by ten principal hia-
tuses. Its chronology is based on a set of paleomagnetic
benchmarks. However, their number is too low for the esti-
mation of age-depth models for every deposition phase by
classic age-depth modeling. This profile is an example of
how the chronology of the whole profile can be estimated
based on OIS and independent age benchmarks.

2. Material and Local Settings

2.1 PD-4 stalagmite

The PD-4 stalagmite was collected in the Deménovsky
jaskynny systém (Deminova Cave System, DCS). The
DCS is situated in the Nizke Tatry (Low Tatra) Moun-
tains (Western Carpathians, Slovakia; 19.58° E 49° N; the
entrance elevation is 812 and 837 m.a.s.l; Fig. 1A). The
total length of the DCS corridors is approximately 41.4
km (Herich, 2017). The PD-4 sample was taken in the
Pekelny Dé6m Chamber, located at the lower level of the
DSC with the active underground stream of the Demén-
ovka Stream. PD-4 is an approximately 385-mm-long
calcite stalagmite of light cream color. The stalagmite is
divided into two parts by a layer of sand cemented by
calcite. This layer documents the break in calcite crystal-
lization and filling of the cave passage by sand. The part
of the stalagmite below the sand layer is 96 mm long.
The calcite here is laminated and has several macroscopi-
cally visible pores. These pores do not contain any detrital
particles or younger crystallization traces. The part of the
stalagmite above the sand layer is 290 mm long, and it has
lamination, color and porosity similar to that of the lower
part (Fig. 1C).

2.2 SC-3 stalagmite

The SC-3 stalagmite has been collected in Szczelina
Chochotowska Cave in Tatra Mts (Btaszczyk et al., 2020).
The SC-3 stalagmite is approximately 240 mm long and
contains four phases of continuous growth separated
by three discontinuities. These growth interruptions are
underlined with layers of detrital material (Fig. 1D) and
was identified at 186 mm (H-1), 196.6 mm (H-2) and 230
mm (H-3) from the base of the stalagmite (Btaszczyk
et al.,2020).

2.3 Ledena Dvorana flowstone profile
Snezna Jama (Ice Cave) is located on the southeastern slope
of Raduha Mountain in the northeastern part of the Kam-
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Fig 1. Sample localization: A— map of Central Europe; B—map of Korea; C- PD-4 stalagmite (photo by J. Pawlak); D — SC-3 stalagmite (photo by J. Paw-
lak); E — sketch of the LDH profile with sampled sections (rectangles) and principal hiatuses (lines); F— LDH flowstone.
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nik—Savinja Alps (KamniSko—Savinjske Alpe, NW Slove-
nia, 46°23°53”N, 14°44°31”E, 1514 m.as.l.; Fig. 1A). The
speleothem profile is situated in the Ledena Dvorana (Ice
Hall — LDH), approximately 90 m from the cave entrance
at a depth of approximately 45 m below the entrance.
The speleothems were deposited as an approximately
2 4-m-thick complex sequence of flowstone (Fig. 1F).
Numerous breaks in deposition (hiatuses) are expressed as
more or less distinct horizontal, inclined or wavy bedding
plains of different character and strength. Hierarchically,
the most important breaks in the deposition of flowstones
are characterized by the growth of stalagmites, corrosion
surfaces, fissuration (e.g., 160 and 700 mm), and by the
pseudo-oolithic bases of some overlying layers (e.g., 720
mm). Less important hiatuses are mostly expressed as sin-
gle bedding plain disconformities. The stalagmites grew
during several different periods, especially in the upper
half of the profile (above approximately 155 cm). They
were completely buried by younger sequences of flow-
stone. Some of them were broken off approximately at the
level of the next distinct hiatus. Judging from their length
(mostly up to 500 mm; Bosdk et al., 2002), it is believed
that their growth required only a few tens of ka. The LDH
profile drawing and scheme of unconformities (Bosdk
et al., 2002; Zupan Hajna et al., 2008; Hiuselmann et al.,
2015) were originally correlated with speleothem slabs cut
from the profile and used for stable isotope study.

The high-resolution paleomagnetic (PM) analysis
(Bosdk et al., 2002) identified a complex magnetostrati-
graphic profile (Fig. 1E) with an alternation of seven
normal (N)-polarized and six reverse (R)-polarized mag-
netozones. Detailed paleomagnetic study of the profile
shows some magnetozone borders (at 163.7 or 1530 mm)
are located at the deposition breaks (in Table 2 marked as
italic). Obtained magnetozone scheme was correlated with
the GPTS (Ogg, 2012) and was interpreted successively
by Bosdk et al., (2002), Zupan Hajna et al., (2008), and
finally by Hiduselmann et al., (2015). Authors stressed
the correlation problems caused by partial erosion of the
flowstone sequence. The succession, boundary depths and
ages of the magnetozones are summarized in Table 2. The
magnetozones are numbered from the top to the base. Their
boundaries (PM benchmarks) are marked by numbered
N/R or R/N symbols. Each benchmark is characterized by
two parameters: (a) the depth with errors resulting from the
field measurements (using wooden or tape measures) and
(b) boundary ages (according to Ogg, 2012) with assumed
uncertainty of 1.5%.

U-series analyses of several samples collected from
the profile proof the age of flowstone sequence is out of
U-Th method range. The previous measurements of ura-
nium concentration in the set of samples from the LDH
profile gave results in the range from 0.02 ppm to 0.07 ppm

(Hauselmann et al., 2015), far too low for applying ura-
nium-lead chronology.

3. Methods

3.1 U-series dating

Calcite samples were drilled along the profiles of the stud-
ied speleothems. The mass of the collected samples was
in the range of 0.1-0.5 g. The thicknesses of the sampled
layers were up to 2 - 4 mm. Chemical treatment was per-
formed at the U-series Laboratory of the Institute of Geo-
logical Sciences, Polish Academy of Sciences (Warsaw,
Poland). First, the samples were treated at high tempera-
ture (800°C, over 6 h) for decomposition of the organic
matter. The isotopic spike (**U, #*%U, *Th) was added to
the samples before the chemical procedure. The samples
were dissolved in nitric acid, and uranium and thorium
were separated from the carbonate matrix by the chromato-
graphic method using TRU Resin (Hellstrom, 2003). Inter-
nal standards and blank samples were treated by the same
procedure as that of all the studied samples. The measure-
ments of U and Th isotopic compositions of all samples and
standards were performed at the Institute of Geology of the
Czech Academy of Sciences (Prague, Czech Republic) by
a double-focusing sector-field ICP mass analyzer (Element
2, Thermo Finnigan MAT). The instrument was set on a
low mass resolution (m/Am=300).

The measurements were corrected for background
counts and chemical blanks and reported as the activity
ratios. U-series ages were calculated based on measured
POTh/34U and 2*U/*8U activity ratios using the new-
est decay constants (in yr'): 7\238=(1.5512510.0017).10‘
"0 (Jaffey et al., 1971), hA,,,=(2.826+0.0056).10 (Cheng
et al., 2013), A,,,.=(4.95+0.035).10"" (Holden, 1990), and
A, =(9.1577+0.028).10° (Cheng et al., 2013). The age
errors were calculated by considering all uncertainties,
except the decay constant, using error propagation rules.

3.2 Oxygen isotope analyses

Samples for 8'®0 analyses were taken along the growth
axes of the speleothems by drilling. The analyses were
carried out at the Stable Isotope Laboratory, Institute of
Geological Sciences, Polish Academy of Sciences, War-
saw. Oxygen stable isotopic composition was determined
using a Thermo KIEL IV Carbonate Device coupled
with the Finnigan Delta Plus IRMS spectrometer in a
dual inlet system. The CO, from the calcite was extract-
ed using orthophosphoric acid (density 1.94 g.dm?) at
70°C. International standard NBS 19 was analyzed
with every ten samples. The isotope ratios obtained are
reported as delta (8) values and expressed relative to the
V-PDB standard. The measurement precision (1 stan-
dard deviation) is 0.10%o for &'*0.
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3.3 Age-depth model construction

Based on the obtained U-series dating results, an age-
depth model was created using the MOD-AGE algorithm
(Hercman and Pawlak, 2012). First, the ages included in
the model were calculated based on the corrected values
of activity ratios. The depth values were described as
normal distributions. Age-depth relationships were esti-
mated using the locally weighted scatterplot smoothing
(LOESS) technique (Cleveland, 1979). The chosen span
value for the LOESS model was the highest value of span,
which allowed the estimation of an age-depth model cor-
responding to all data points inside the 20 error band
(Hercman and Pawlak, 2012).

3.4 Oxygen isotope stratigraphy

Oxygen isotopic stratigraphy (OIS) is based on the
assumption that changes in the 8'80 of speleothems
have a regional or global nature. Therefore, it is pos-
sible to correlate the 0'®O record with the reference
(global or regional) '30 record. The potential reference
record should have a well-established age scale and high
resolution, and it should record environmental changes
similar to those of the correlated record. This means that
oxygen isotopic composition changes recorded in the
studied speleothem record and reference curve should
be coincident and controlled by the same factors. There-
fore, the correlation should provide additional chrono-
logical information. The choice of the proper reference
record is crucial here. Long-term marine records or ice
core records can be useful as reference records due to
their overall regional nature and well-defined time scale
(Lisiecki and Raymo, 2005). The speleothem oxygen
stable isotope (8'%0) records require data standardization
before correlation with the marine record. Records from
different environments may have different amplitudes
and mean values. The correlation process uses relative
changes in the isotope composition, not absolute values.
The 'O records from different regions and the archives
of different types may express the same climate changes
but with different amplitudes and mean values. To avoid
the potential threats of amplitude differences, the oxy-
gen isotopic records were normalized. We used the same
time window to determine the normalized values for the
correlated and reference records. There was one mean
value determined for all parts separated by hiatuses in
the 8'*0 record from the selected speleothem.

The next problem is the different reactions of caves
and oceans to global changes induced by the same fac-
tors. During glaciations, for instance, ocean water becomes
enriched in heavier oxygen isotopes, while meteoric water
is enriched in light oxygen isotopes. For the speleothem
records, the 8'®0 composition of meteoric water is one of
the dominant factors. Therefore, we can expect that signals

in the speleothem records will have a negative correlation
with the marine signals. To solve this problem, in the case
of correlation with marine records, we inverted our speleo-
them "0 records for intercorrelation purposes.

The correlation was performed with GenCorr software
(Pawlak and Hercman, 2016). GenCorr seeks an optimal
correlation (greatest similarity) between two or more iso-
topic records by using several correlation procedures. The
basic procedure assumes no knowledge of the ages of the
record and thus attempts their correlation in a completely
free mode. The next step requires some knowledge of the
likely ages and uses it in correlation. Age information in the
form of age-depth models can be put into GenCorr, allowing
the procedure to find the optimal fit for two or more records
within the limits of the model confidence bands. However, it
is not always possible to make continuous age-depth models
for every profile. In the most typical situation, only some
information about the correlated age records is available,
such as a few dating results or knowledge of the likely age
limits/boundaries. This type of information may be used for
chronological benchmarks in the correlation process. Two
types of benchmarks are possible: (i) fixed benchmarks
where there is no information about their age uncertainty,
and (ii) age information having normal, uniform or skewed
distribution (e.g., dating results). The age assigned for a fixed
benchmark remains constant during the entire correlation
procedure, while ages assigned for nonfixed benchmarks
may change according to their distribution. In both cases,
the ages assigned for the points between the benchmarks are
calculated in a random way. The only assumption here is that
the ages assigned for points between the benchmarks have to
be in accordance with the ages assigned for the benchmarks
and their stratigraphic positions.

The GenCorr correlation was run with a population of
9,000 individual solutions. Each solution represents one pos-
sible position for a matched record on a basic reference time
scale. The mean Euclidean distance between the records was
used as a heuristic function for the genetic algorithm. The
procedure was terminated after 320 algorithm cycles, when
further improvements in the optimization became insignifi-
cant in scale (Pawlak and Hercman, 2016).

The confidence band estimated for the correlation
results considers the uncertainty of the reference curve and
the alignment uncertainty. At the initial stage of the popu-
lation creation, a Monte Carlo method is used to random-
ize the age of the points from the reference curve. Those
points are randomized from a normal distribution, which
describes their uncertainty, in the range of 20. In the next
step, different individuals, of correlated record, are aligned
to different individuals of reference curve. Finally, based
on the population of results a confidence band for the cor-
relation results can be estimated and it includes reference
curve error and alignment error.
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The reference records used for OIS correlation in
described examples are the marine stack records and
Greenland ice core records. Their chronology was built
based on independent age benchmarks and orbital tuning
of 0'%0 records (Lisicki and Raymo 2005). For the pur-
pose of the correlation procedure, we assumed 2.5% error
for the used reference records (Lisicki and Raymo 2005).
The error of the whole correlation procedure result was
estimated based on the Monte Carlo method, taking into
account the reference and studied record errors, chronol-
ogy benchmark errors and the correlation procedure error.
The whole correlation procedure was repeated 40 times for
every presented example. On the basis of the obtained set
of results, the median (age-depth model) and its 2 ¢ error
were estimated (Pawlak and Hercman, 2016).

3.5 Paleomagnetism

Paleomagnetic analyses were completed in the Depart-
ment of Palaecomagnetism, Institute of Geology of the
Czech Academy of Sciences, Prithonice (Czech Republic).
Samples were demagnetized by alternating field (AF) and/
or demagnetized thermally (TD). The AF demagnetization
was carried out up to a field of 100 mT in 12-16 steps. A
MAVACS apparatus (Pithoda et al., 1989) was used for the
TD. The natural remnant magnetization (NRM) was mea-
sured with a JR-6A spinner magnetometer (Jelinek, 1966)
and/or a 2G superconducting rock magnetometer with an
incorporated AF unit. The magnetic susceptibility (MS)
values were measured on KLY-2 (or KLY-3) kappa bridg-
es and a KLF—4A automatic magnetic susceptibility meter
(Jelinek, 1966, Jelinek, 1973). The multicomponent analy-
sis technique of Kirschvink (1980) was applied to separate
individual NRM components. The characteristic compo-
nent (high field and/or high temperature) is stable and can
be isolated in the AF and/or TD (approximately 15-80 mT,
350-540°C). Fisher statistics (1953) were employed for the
calculation of the mean directions of the NRM components
derived by the multicomponent analysis. The flowstones
are characterized by very low to high NRM and MS values.
The NRM intensities are between 0.2 and 523 mA.m™', and
the MS values are between -13 and 324 SI units. Applied
PM methods, data interpretation and correlations were
presented by Zupan Hajna et al., (2008), and a summary
and synthesis of the results were presented by Hiuselmann
etal., (2015).

4 Results

4.1 Classic approach U-series dating and age-depth mod-
eling (PD-4 stalagmite)

The results of U-series dating of the PD-4 stalagmite are

presented in Table 1. The reported errors represent 2 stan-

dard deviations. Based on U-series ages, two age-depth

models for continuously deposited parts of the stalagmite
have been constructed. The model for the older part was
calculated based on 11 U-series ages (Fig. 2). According
to the model, stalagmite growth started at 48*'* ka, and
the cessation of its growth was at 32*;7 ka. The model for
the part of the stalagmite younger than the sand layer was
estimated based on 8 U-series ages (Fig. 2). It shows that
calcite crystallization started again at 16.4*)7 ka and has
continued until the present time. Based on the two ages, the
age of the cessation in growth of the older stalagmite part
and the age of the start of crystallization for the younger
part, it is possible to estimate the duration of the sedimen-
tation break. Taking into account the stratigraphic order,
the duration of the deposition break could be estimated as
15.8%°¢ ka. The additional U-series age is taken from the
thin calcite layer (Fig. 1C) inside the sand, and this age is
19+0.2 ka (Fig. 2). The layer records short calcite crystalli-
zation phases in the period of cave flooding and sand depo-
sition, indicating a bimodal character of sand deposition.

4.2 U-series and age-depth modeling combined with oxy-

gen isotope stratigraphy (SC-3 stalagmite)
A series of fifteen U-series ages were obtained from the
whole stalagmite (Btaszczyk et al 2020). In our study,
we have used only dates located close to H1 and H2 hia-
tuses (Table 1). The reported errors represent 2 standard
deviations. Only one U-series data point, 273 + 5 ka, was
obtained for the layer between the hiatuses (H2 and H1
on Fig. 3). Based on one U-series age, it is not possible
to estimate the age-depth model for this part of the stalag-
mite. The older and younger parts of the studied stalagmite
have well-defined age-depth models estimated by MOD-
AGE software. The age range of this deposition phases is
327+7 ka and 289+4 ka for the older phase and 250*)° to
200**"ka for the younger phase.

For the part of the stalagmite between hiatuses, an age-
depth relation was constructed using the OIS approach
using the LR04 combined record (Lisiecki and Raymo,
2005) as a reference curve. The set of fifteen samples for
0'%0 analyses was collected from this part of the stalagmite
located between the H1 and H2 hiatuses (188-196.5 mm;
Fig. 4A) at a resolution of one sample per 0.5 mm. The
value of 0'®0 varies in the range of 1.8%o (from -7.8%o to
-6%0). Three age benchmarks have been used. The first is
the U-series dating result obtained for this part of the sta-
lagmite (Table 1) as an independent age benchmark with a
normal distribution. The other two benchmarks are border
ages from age-depth models of the parts below the H1 hia-
tus and above the H2 hiatus. The OIS (Fig. 4B) places the
deposition of the stalagmite parts located between the hia-
tuses in the age range between 282! and 263*>° ka (Fig. 3).
The 080 record has been correlated with the LR04 record
using GenCorr software (Pawlak and Hercman, 2016).
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Table 1. U-series dating results for the SC-3 and PD-4 stalagmites.

sample H u 24y /35 AR 20Th /24y AR 20Th/22Th AR Age
[mm] [ppm] [ka]
SC-5 182+1 1.038 + 0.002 1.158 + 0.002 0.970 + 0.005 7842 46 290+7
SC-6 19241 0.610 + 0.002 1.105 + 0.002 0.944 + 0.004 45+0.2 27345
SC-8 198.5+1 1.000 + 0.006 1.158 +0.002 0.936 + 0.005 3345121 2545
SC-9 200+1 0.941 + 0.002 1.100 # 0.002 0.915 + 0.008 9078 + 90 242+7
PD4-1 411 1.659 + 0.003 1.143 £ 0.001 0.351 +0.001 3742 46.6+0.2
PD4-2 12.5¢1 2.000 £ 0.01 1.197 £ 0.003 0.334 £0.002 6544 43.8+0.3
PD4-3 23+1 3.335+0.006 1.182 +0.003 0.322 +0.002 2401+ 18 419103
PD4-4 38:1 2.578 £0.004 1.161 + 0.001 0.320 £0.001 2254+8 41.7+0.2
PD4-5 40+1 2.33010.01 1.185 + 0.003 0.314 + 0.002 2960 + 17 40.7+0.3
PD4-6 501 1.840 +0.01 1.179 +0.003 0.311 + 0.005 832113 40.1+0.7
PD4-7 58+1 3.540 + 0.007 1.152 +0.001 0.305 + 0.001 781+3 39.3£0.1
PD4-8 731 2.111 +0.004 1.149 +0.002 0.295 + 0.002 235219 37.9+03
PD4-9 86+1 3.700 + 0.020 1.142 +0.001 0.297 +0.001 2101 37.8+£0.3
PD4-10 88+1 2.320 + 0.004 1.160 * 0.002 0.282 +0.002 220+2 35.8+0.2
PD4-11 9021 2.318 £0.010 1.203 £ 0.004 0.277 £0.005 1043 +17 35107
PD4-12 1071 0.751 + 0.005 1.269 + 0.007 0.133 £ 0.003 81+2 15.5+0.4
PD4-13 129+1 1.479 £ 0.009 1.219 £ 0.004 0.103 + 0.002 67115 11.9+0.3
PD4-14 154+1 1.183 + 0.007 1.215 +0.004 0.082 +0.001 338+4 9.4+0.2
PD4-15 1831 1.386 + 0.008 1.235 £ 0.003 0.084 £ 0.001 3326 9.3:0.2
PD4-16 22441 1.243 £ 0.007 1.242 +0.002 0.056 + 0.001 585 + 14 6.3+0.2
PD4-17 291+1 1.467 +0.009 1.249 +0.002 0.055 +0.001 667 +13 6.2£0.2
PD4-18 3641 1.469 + 0.008 1.277 £ 0.003 0.049 +0.001 293+6 54+0.1
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Fig 2. Age-depth models for the PD-4 stalagmite with estimated hiatus
duration.

Based on the three independent age-depth mod-
els, it is possible to estimate the time duration of the Hl
and H2 hiatuses. The H1 hiatus covers the time between
289+4 and 282* ka, and its duration could be estimated
as 7+6 ka. The H2 hiatus covers a longer time period
between 2637 and 250*° ka, and its duration was esti-
mated as 13.5%) ka (Fig. 3).

2

Fig 3. Age-depth models for the SC-3 stalagmite with the estimated dura-
tions of the hiatuses H1 and H2: A — the age-depth model chart of
the whole profile; B— enlarged H1 and H2 zones; age-depth model
for the oldest deposition phase (green lines); age-depth model for
the deposition phase between H1 and H2 (blue lines); and age-
depth model for the youngest deposition phase (red lines).

4.3 Paleomagnetism (PM) combined with oxygen isotope
stratigraphy (OIS) — (Ledena Dvorana — LDH profile).

The LDH 0'®0 record in its depth scale is presented in

Fig. 5A. The 8"0 values vary from -9.5%¢ to almost
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Fig 5. The results of OIS for the LDH profile: A—the 6*°0 record of the LDH pro-
file in a depth scale; B— age-depth models estimated based on the OIS
and the PM approaches (black lines); C—the 80 record of LDH placed
in both age scales and compared with the LRO4 record (gray line).

-6.5%o. The record has a clearly visible depleting trend
from the 200-cm mark (bottom of the profile) to the top
20 cm. The youngest 20 cm of the record is characterized
by a rapid increase from -9.5%o to -7.5%0 &'*0. Apart from
these trends, the record contains thirteen cyclic changes
with amplitudes of approximately 1%c. The LDH section
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contains several visible breaks in deposition, seen as thick
lines in Fig. 6. Three of the magnetozone borders are locat-
ed at the hiatuses. It must be assumed that part of those
magnetozones must be not deposited or eroded. These age
benchmarks (magnetozone boundaries) cannot be used for
chronology construction and duration estimation of deposi-
tion breaks. Therefore, for the purpose of chronology con-
struction, we use only those PM benchmarks that are locat-
ed inside the episodes of continuous deposition phases.

The combination of the PM information and the OIS
approach (OIS+PM) allows GenCorr (Pawlak and Herc-
man, 2016) to search for optimal positions within the time
intervals defined by the PM benchmarks (Fig. 5C; black
line). The OIS+PM correlation places the LDH profile
between 2.95 and 5.1 Ma (Fig. 5C; black line). With this
solution, the LDH 8'®0 record is in good agreement with
the principal trend in the LR04 8'0 record, and the major
peaks in the two records are also well correlated (Fig. 5C;
black line).

The OIS+PM age-depth model suggests nine hiatuses
(Fig. 6B). These hiatuses are in good agreement with the
principal hiatuses observed in the LDH profile (Fig. 6A;
thick lines). The gray rectangles in Fig. 6B show the sug-
gested duration of those hiatuses.

5. Discussion

The estimation of hiatus duration is a common geologi-
cal problem. In fact, based on the chronological informa-
tion only, it is not possible to estimate the hiatus duration,
which is understood as a non-deposition time. The calcu-
lated time is rather a sum of “non-deposition time” plus
the time recorded in potentially eroded strata. The time
missed in the hiatus can be estimated by the calculation
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Fig 6. LDH profile: A — sketch of the LDH profile with sampled sections (rectangles) and principal hiatuses (lines); B — the result of OIS and the PM age-
depth modeling, with detected hiatuses and their duration (gray rectangles). Arrows show the relation between the hiatuses visible in the profile

and the hiatuses detected by the model.

of two independent age-depth models for the parts of the
profile below and above the hiatus. This method is com-
monly used in speleothem science (Lauritzen, 1995; Holz-
kamper et al., 2005; Vaks et al., 2006; Spotl and Mangini,
2007; Couchoud et al., 2009; Vansteenberge et al., 2016).
The classic age-depth modeling approach on data from the
PD-4 stalagmite allows us to estimate the hiatus duration
(Fig.2) as 15.8 ka. It is the time of a break in calcite deposi-
tion and possible erosion of the older part of the stalagmite.
At this time, caves were flooded a minimum of two times
and sand deposition occurred. U-series data of 19+0.2 ka
were obtained for samples taken from the thin calcite layer
(Fig. 1C) inside the sand, observed only in the axial part
of the stalagmite, documenting a short episode of calcite
crystallization just after the LGM.

However, in some cases, it is not possible to estimate a
reliable age-depth model for continuously deposited parts of
the speleothem. First, the quality of the calcite material, for
example, strong detrital contamination or extremely low ura-
nium content, may prevent reliable isotope dating results. Sec-
ond, the studied speleothem age may be beyond the range of
the dating method. In such cases, we have limited age infor-
mation available. Sometimes, obtaining any chronological
information is extremely important due to the importance of
the paleoenvironmental record preserved in the studied spe-
leothem. The only solutions for obtaining some chronologi-
cal information are using relative or non-isotopic methods, for
example, paleomagnetism, bioindicators, or isotopic stratigra-
phy. Commonly used paleoclimatic proxies in speleothem sci-
ence are changes in oxygen isotopic composition. This creates
opportunities for using the correlation of the oxygen isotopic
record from the studied speleothem with the global/regional
reference oxygen curve (OIS approach).

However, the OIS approach presents a few important
problems that must be solved. First is the selection of the
proper reference curve. The use of marine stack records

such as LR04 is common and reliable when we can assume
that the correlated 0'O record reflects over regional
changes. Isotopic changes in the studied record and ref-
erence curve must be coincident (in the confidence bands
of the records) and controlled by the same factors. The
main factors shaping the 8'30 speleothem records during
the last 200 ka in Europe is temperature (Rézafiski et al.,
1993; Moseley et al., 2015; Kern et al., 2019; Comas-Bru
et al., 2020) and 3'30 composition of precipitation, source
effect. The Atlantic Ocean is the main source of moisture
for precipitation on the European continent (McDermott
et al., 2011). The LR04 is a foraminifera benthic stack
record, basing on 57 globally distributed sites. The benthic
stack record reflects the variability in 0'*0 of global nature,
and it is driven mostly by changes in the global ice volume.
The 0"O speleothem records, driven mostly by source
effect and temperature effect, can also reflect long time
changes of global nature. Therefore, they can be correlated
with LR0O4 stack record if the global signal is not biased by
the influence of regional or local effects. There are differ-
ences in the local stacks from Atlantic and Pacific Oceans
(Lisiecki and Stern, 2016). The Atlantic regional stacks,
which resemble LR04 during MIS 5, display a more grad-
ual transition than the Pacific stacks during glacial-inter-
glacial transitions like MIS 5e/5d. Additionally, there is ca.
0.7 ka bias observed between stack records from Indian
and Pacific Oceans. However, majority of the records from
LRO04 stack (40 sites) is located on Atlantic Ocean (Lisiecki
and Raymo, 2005). Therefore, LR04 stack is biased toward
Atlantic stack records and is suitable for correlation with
European speleothems. When there is more than one poten-
tially available reference curve, running test correlations
with all available reference records is recommended, and
those that give the better correlation quality indicator are
chosen. In the study of RP-66 flowstone from the Reciska
Pecina Cave (Hercman et al., submitted) in Slovenia, three
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potential reference curves were considered: LR04 (Lisiecki
and Raymo, 2005), the stack of oxygen isotope records for
Mediterranean Sea sediments (Wang et al., 2010), and the
PISO record (Channell et al., 2009). Sixty test correla-
tions were performed for each of those reference curves.
The results unambiguously show that the correlations with
the MEDI record have the best correlation quality results
(Fig. 7) and used for detailed study.

Next, the reference curve and the studied record should
be characterized by similar resolution.

Lower resolution causes the loss of recorded informa-
tion, which makes correlation more difficult. The results of
the published tests (Pawlak and Hercman, 2016) show that
when the distance between data points becomes larger than
the signal period in the record, it causes a large decrease in
the correlation quality (Pawlak and Hercman, 2016). The
use of OIS for profiles with hiatuses requires a preliminary
test of the method used to correlate sensitivity to the lack of
part of the record in the correlated profile (breaks in deposi-
tion) and how it can influence the normalization procedure,
especially if the local extremum is missing in the hiatus
part. During initial work with the correlation procedure, we
performed a set of tests to determine how the potential hia-
tus influences the whole correlation procedure, including
normalization (Pawlak and Hercman, 2016). The results
show that the whole procedure can be robust until the hia-
tus is no longer than approximately 15% of the whole cor-
related record length.

The Macedonian stalagmite OH2 (Regattieri et al.,
2018) chronology is based on U-series ages (Fig. 8). The
U-series ages for this stalagmite have approximately 20
ka large uncertainties, and they are not in proper order
(Fig. 8). Therefore, the age-depth models estimated by Sta-
1Age (in original paper) and calculated here by MOD-AGE
have large error bands. We correlated the '%0 records from
this stalagmite with the stack of oxygen isotope records for
Mediterranean Sea sediments (MEDI; Wang et al., 2010).
From the previous works in a Mediterranean basin, we
know that the 8'O records from stalagmites reflect the
changes in Mediterranean Sea isotopic composition (Aya-
lon et al., 2002). The age-depth model obtained by OIS
correlation agrees with the age-depth models based on
U-series ages. The obtained confidence band varies from
ca. 4 to 10 ka. Those differences reflect the quality of cor-
relation for different parts of the correlated records. Inter-
vals with wider confidence bands have larger alignment
error, and it reflects the fact that single pick on correlated
record can be aligned to reference curve in a different way
with similar correlation quality.

The correlation of the older part is reliable, and the
shape of the OH2 &80 records agrees with the MEDI
record and has a better position than its original chronol-
ogy (Fig. 8). Therefore, the OIS information potentially
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Fig 7. The results of testing reference curves: A — quality indicators for the
series of test correlations with different reference curves; B — Reciska
Pecina curve correlated with the MEDI curve (Wang et al. 2010); C
— Reciska Pecina curve correlated with the LRO4 curve (Lisiecki & Ray-
mo 2005); D — Reciska Pecina curve correlated with the PISO curve
(Channell et al. 2009).
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Fig 8. The comparison of age-depth models for stalagmites from an un-
surveyed Macedonian cave located near Lake Ohrid (Regattieri
et al. 2018): A — the results of age-depth model estimation — (1) age-
depth model made by the authors; (2) age-depth model made by
MOD-AGE; (3) age-depth model made by the OIS approach; B — the
result of the correlation with the MEDI record (Wang et al. 2010).

improves the existing chronology if the assumption about
the synchronicity of the records is met. The correlation for
the 8'%0 record from the younger part of the stalagmite is
more problematic. The GenCorr software correlates only
the main trend of the OH2 record here, and the short time
pick does not meet its analog on the MEDI curve in this
position.

The thin layers located between the two hiatuses may
not have enough U-series ages or other independent age
benchmarks for age-depth model construction (e.g., Jo
etal.,2011, Btaszczyk et al.,2020). In the case of the SC-3
stalagmite, there are three continuous episodes of calcite
deposition separated by the two hiatuses. The oldest and
the youngest growth phases have sets of reliable U-series
ages. Therefore, the classic age-depth modeling approach
has been used for the estimation of age borders for the
oldest and the youngest crystallization phases (Btaszczyk
et al., 2020). The problem is the thin (approximately 10

mm thick) crystallization phase between the hiatuses H1
and H2, where only one reliable U-series age was obtained.
The OIS application allows us to estimate the age-depth
model between the H1 and H2 hiatuses and estimate their
duration as 7+6 and 13.5*!) ka (Figs. 3 and 4). A similar
problem, as described for the SC-3 stalagmite, was identi-
fied for the chronology of the stalagmite from Korean Dae-
ya Cave (DY-1; Jo et al., 2011). Stalagmite DY-1 contains
three growth phases (A, B, and C), separated by the two hia-
tuses (Fig. 9). The 5-mm-thick phase B is located between
the two hiatuses, and its age is documented by only one
U-series age. Therefore, the authors were not able to esti-
mate a robust age-depth model for this phase based on the
classic age-depth modeling approach. The authors estimate
the mean growth rate for phase B based on the U-series
ages below and above the hiatus (0.5 mm.1 ka™). In fact,
the estimate assumes the duration of the hiatus is approxi-
mately O ka. The published record of 80 from DY-1 has
been presented only on a depth scale (Jo et al.,2011). Here,
for DY-1 data, we used the same OIS approach as that in
the case of the SC-3 stalagmite (Fig. 9). The 8'*O record
from phase B of the DY-1 stalagmite can be correlated well
with the MIS 5e/5d transition time (Fig. 8A). Additionally,
itis in agreement with the published U-series age (Fig. 8B).
Based on the added chronological information, the duration
of the younger hiatus can be estimated as 97.5%% ka. The
duration of the older hiatus was rather short, probably less
than 1 ka. Based on our approach, the mean growth rate
for phase B was between 0.3 and 0.5 mmka'. Using the
proposed approach allows us to estimate the chronology for
the full profile of the studied stalagmite.

There are many stalagmites, where the chronology error
is not well defined (Comas-Bru et al., 2020). For example,
the authors do not provide the continuous confidence bands
for their chronology of the speleothem from Spanish Cobre
Cave. Its chronology is based on the sets of U-series samples
and fluorescence lamina counting (F1). They only stated that
the 2 o error of the estimated age-depth model is 1.5 ka, and
it includes the U-series age error; the potential error of Fl
is not included. This speleothem has three growing phases
divided by two principal hiatuses (Rossi et al., 2014). The
age difference between the dated points counted by the Fl
is in good agreement with the U-series ages (Fig. 10; black
line). The main problem with this dataset is the low num-
ber of U-series ages for the youngest growing phase (Ph3)
and their large uncertainties of more than 3.5 ka (Fig. 10).
Even, if estimated by Fl, age-depth model fits the U-series
age well. The age-depth model here should be considered as
less reliable. The MOD-AGE software requires at least three
dated points for age-depth model calculation. Therefore, we
used MOD-AGE here only to estimate the age-depth model
for the Ph1 and Ph2 phases (Fig. 10). The age-depth models
estimated by MOD-AGE are generally smoother than the
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Fig 9. The result of correlation of the DY-1 6*°0 record with the LRO4 record: A
—the 60 record correlated with LRO4; B— age-depth model estimated
for phase B (blue lines) and age-depth models estimated for phases A
and C based on the U-series ages (data from Jo et al. 2011) — (1) LRO4
record; (2) DY-1 60 record; (3) age-depth model made by the authors
(Jo et al. 2011); (4) age-depth model made by the OIS approach.

FI models. However, the FI models are in good agreement
with the MOD-AGE models (Fig. 10; black lines and red
lines). The OIS approach was used here as a third method
for estimating the durations of hiatuses. The 'O recorded in
stalagmites from Cobra Cave is under the strong influence of
moisture from Atlantic sources (Rossi et al., 2014). There-
fore, we chose the GRIP record as the reference record. The
GRIP chronology bases on ice flow and snow accumulation
model “ss09sea” (Johnsen et al., 2001). To check potential
diachronicity with speleothem records, the Greenland ice
core record can be compared with Hulu Cave stalagmite
(Lisiecki and Stern 2016). The comparison by matching the
onset of interstadials on both records shows differences up
to 0.8 ka (Lisiecki & Stern 2016). Observed chronological
bias is lower than the large uncertainty of U-series ages mea-
sured in the stalagmite from Cobra Cave (Rossi et al.,2014).
Therefore, in this specific case, correlation with the GRIP
record can bring additional chronological information. The
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Fig 10. The comparison of age-depth models for stalagmites from Span-
ish Cobra Cave (Rossi et al. 2014): A — the results of age-depth
model estimation — (1) age-depth model made by the authors,
fluorescence lamina counting (Fl); (2) age-depth model made by
MOD-AGE; (3) age-depth model made by the OIS approach; B —
the result of the correlation with the GRIP record.

results of the performed correlation are in agreement with
the age-depth model estimated by MOD-AGE (Fig. 10A;
red and blue lines). During the hiatus (H1), the GRIP record
has strong events of low values, which increases the reli-
ability of this correlation (Fig. 10B). The age-depth model
estimated by the OIS approach is sharper than the F1 model.
However, for the Phl and Ph2 phases, it is in good agree-
ment with the Fl model. In the case of the Ph3 phase, both
models are in agreement with two U-series ages. However,
the age-depth model estimated by the OIS approach sug-
gests additional growth cessation between 102 and 98 ka.
The model estimated by Fl is more regular (Fig. 10A). How-
ever, due to large errors of U-series ages for Ph3, its reli-
ability is low. Additionally, the correlation of the "0 record
from Ph3 with the GRIP record is not reliable. The GenCorr
software is not able to find positions with a sufficiently low
mean distance between the correlated records. At that time,

165



GEOCHRONOMETRIA | ESTIMATION OF THE DURATIONS OF BREAKS IN DEPOSITION — SPELEOTHEM CASE STUDY

local factors had a stronger influence on 8'*0. Therefore, its
shape does not reflect regional and global changes well and
cannot be used as alternative age-depth model.

In the previous examples, we used U-series ages as the
pointed age benchmarks, and every depositional episode had
at least one defined age benchmark. The last example (LDH
profile) is beyond the U-series age limits. Additionally, the
uranium concentrations measured in a set of samples from
this profile are lower than 0.07 ppm (Héuselmann et al.,
2015). It is far too low for eventual application of U-Pb dat-
ing. The LDH profile chronology is based on eight paleo-
magnetic benchmarks (Table 2). The whole profile has ten
principal hiatuses and eleven sedimentation phases. There-
fore, the number of points with defined ages is far too low to
estimate age-depth models for the individual sedimentation
phases. In this case, due to the LDH profile age and its dura-
tion, the LRO4 stack record is the only robust 8'3O record
available that covers the required interval.

One of the advantages of GenCorr software is the sensi-
tivity for deposition breaks (see Pawlak & Hercman 2016).
The OIS+PM chronology may be verified by compari-
sons of the locations of hiatuses derived from the correla-
tion results with their actual positions in the LDH section
(Fig. 6A). The whole LDH profile is correlated to the LR04
record with no assumption about continued/discontinued
deposition (Fig. 5; black line). The OIS+PM age-depth
model suggests nine hiatuses, all of which can be identified
with breaks in the LDH lithological log (arrows between
panels A and B in Fig. 6). However, within the LDH spe-
leothem profile, the accuracy of the OIS chronology will

Table 2. Position of magnetozones in the LDH profile.

depend primarily on the precision of the field measure-
ments of PM sample position. These were mostly within
1-2 cm, with a maximum of 4 cm (Table 2). In general,
we may state that unconformities/hiatuses detected by
the combined OIS+PM chronology are in relatively good
agreement with the lithological log.

A comparison of the ages estimated for the LDH with
the GPTS records (Ogg 2012) shows that hiatuses can sig-
nificantly distort magnetozone stratigraphic relationships,
especially their thicknesses. This effect is particularly
strong for zones N2 and N3 in the younger part of the LDH
profile and for zones N6 and R6 in the older segments.
The duration of breaks in deposition is much longer than
that suggested by Bosdk ef al., (2002). The longest periods
of non-deposition are detected inside the N3, R2, and R3
zones and cover time spans of approximately 185, 100 and
95 ka, respectively (Fig. 11).

6. Conclusions

Deposition breaks in speleothems are often caused by cli-
matic factors, so they are carriers of climatic information.
Hence, the correct and possibly accurate estimation of the
durations of breaks is important for accurate paleoclimatic
reconstructions.

The approach based on two dated points located close
to hiatus boundaries may not be precise enough to estimate
the time hidden in the hiatus because dated points are never
located directly on the hiatus boundaries. The age-depth
modeling approach gives robust results. However, it is not

Age* Polarity Magneto-

Paleomagnetic benchmarks

[Ma] chron* zone Depth** Age***
Symbol [em] [Ma]

(2.581-) <3.03 C2An.1n N1
N1/R1 13+4 3.03£0.03

3.03-3.12 C2An.1r R1
R1/N2 32+1 3.1240.03

3.12-321 C2An.2n N2
N2/R2 39+2 3.2140.035

3.21-3.33 C2An.2r R2
R2/N3 53+2 3.33£0.035

3.33-3.60 C2An.3n N3
N3/R3 60+ 1 3.60£0.04

3.60-4.19 C2Ar R3
R3/N4 124+1 4.19+0.04

4.19-4.30 C3n.1n N4
N4/R4 1392 430+ 0.045

4.30-4.49 c3n.dr R4
R4/N5 15144 4.49 +0.045

4.49-4.63 C3n.2n N5
N5/R5 16742 4.63+0.05

4.63-4.80 c3na2r RS
R5/N6 1952 4.80£0.05

4.80-4.90 c3n3 N6
n-3n N6/R6 20041 4.90£0.05

4.90-4.98 c3n3 R6
n-3r R6/N7 21841 4.98+0.05

>4.98(-5.23) C3n.4n N7

Explanations: N —normal polarity, R — reverse polarity; *after Ogg (2012); ** depth with error; *** age with assumed age uncertainty (for explanations,
see the text). PM benchmarks marked as italic are located at hiatuses and were not included into PM+OIS chronology.
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Fig 11. The comparison of the GPTS record (Ogg 2012) with the time scale of the LDH section obtained by integrated OIS and PM chronology: 1 —normal

polarity, 2 — reverse polarity, 3 — non-deposition time (hiatus).

always possible to have a sufficient number of age data
to calculate independent age-depth models for individual
depositional phases.

Our study shows different situations in several examples
of speleothems with hiatuses: (1) stalagmite PD-4 (Slova-
kia), where the hiatus duration was estimated by the clas-
sic age-depth modeling approach based only on U-series
data; (2) stalagmite SC-3 (Poland), where oxygen isotopic
stratigraphy is used to establish the chronology in a part of
the stalagmite with only one U-series age; and (3) the flow-
stone profile from Ledena Dvorana in Slovenia, where the
chronology bases on paleomagnetic benchmarks and oxy-
gen isotopic stratigraphy. Additionally, the three examples
selected from the literature: (1) a stalagmite from Daeya
Cave (Korea); (2) a stalagmite from Cobre Cave (Spain);
and (3) one stalagmite from a Macedonian cave located near
Lake Ohrid, were used. In the case of two examples, first
from Cobra Cave and second from the Macedonian cave, the
long 8"0 record can have episodes when local conditions
have a strong impact on its values, and this part of that record
cannot be correlated to the reference curve. Therefore, the
results of the OIS correlation should be verified by inde-
pendent chronology, such as U-series ages. Nevertheless,
the OIS approach combined with the independent chrono-
logical information, such as U-series ages, can be helpful
for the detection of hiatuses and estimation of their duration.
Finally, the flowstone profile of the Ledena Dvorana (LDH;
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