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ABSTRACT. Large sets of radiocarbon dates of 1019 peat, 155 speleothem, and 100 tufa samples, as well as dates of 330 flu-
vial samples, were investigated in order to estimate environmental variability during the last 16,000 calendar years in Poland.
All “C dating was carried out in the Gliwice Radiocarbon Laboratory, and results are stored in the RoS database. Probability
density functions (PDFs) were created by summing up (on the calendar timescale) individual age probability distributions of
all dates for different types of material and for different regions of Poland. We used an updated version of the Gliwice Radio-
carbon Laboratory calibration program GdCALIB. The “C dates were calibrated using the IntCal04 calibration curve
(Reimer et al. 2004), and results were compared with other paleoenvironmental records. The authors conclude that analyzing
PDF:s of different types of sediments can be helpful in the qualitative reconstruction of the past environment. The PDF for peat
samples primarily reflects paleohydrological conditions; the PDFs for speleothem and tufa samples reflect changes in tem-
perature and humidity, while analysis of the PDF created for fluvial data is in a general agreement with the PDFs constructed
for peat samples.

INTRODUCTION

Information about all samples dated in the Gliwice Radiocarbon Laboratory is stored in the RoS
database (Piotrowska et al. 2004), which has been in use since the mid-1980s (Pazdur and Porwot
1987; Michczynski and Pazdur 1989, 1994). The development of this database was closely con-
nected with the proposition to create one joint International Radiocarbon Database (IRDB). The
prime mover of the efforts to establish the international online database of radiocarbon dates was
Renée Kra (Kra 1988; Walker and Kra 1988). Many reasons contributed to the abandonment of the
IRDB proposal in the early 1990s. Despite this, many 14C laboratories have their own databases, and
some of them make information about the dated samples available on internet sites.

In our opinion, large sets of “C dates stored in databases are potential sources of information about
environmental changes in the past. Using large sets of dates for reconstructing the variability of
some events is not a new idea. Since the 1970s, scientists have attempted to obtain paleoenviron-
mental signals on the basis of large sets of dates (e.g. Geyh and Streif 1970; Geyh 1980; Pazdur et
al. 1995; Hercman 2000). By constructing histograms or probability density functions (PDFs) and
analyzing the shape of the resulting curves, it is possible to associate periods of time with different
environmental conditions. When the criteria for including dates in an analyzed set are chosen suit-
ably (Geyh 1980; Gozdzik and Pazdur 1987; Stolk et al. 1994), fluctuations in the constructed
summed distributions reflect changes in the geological phenomena under investigation. Changes of
environmental conditions are reflected in a clustering of dating results in certain time intervals.

METHODS

The results presented in this paper extend earlier studies (Michczynska and Pazdur 2004; Mich-
czyfiski and Michczyfiska 2006) in which large sets of 14C dates were used to provide information
about environmental changes in the past.
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Dates coming from 1 site (e.g. 1 peat bog) may reflect, first and foremost, local effects. When dates
obtained from a larger territory are considered, and PDFs are constructed by adding up particular
distributions, the influence of local effects can be eliminated, and information on changes derived
from regional or global stimuli are highlighted. We constructed PDFs for different types of material
and regions by summing the probability distributions of individual “C dates after calibration using
appropriate normalization procedures. We used an updated version of the Gliwice Radiocarbon Lab-
oratory calibration program GdCALIB (Pazdur and Michczyniska 1989; Aitchison et al. 1989;
Michczyfiska et al. 1990). The 4C dates were calibrated using the calibration curve IntCal04
(Reimer et al. 2004).

From the outset, we make 2 assumptions (Michczyfiska and Pazdur 2004):

1. The amount of organic matter in sediments depends on paleogeographical conditions.
2. The number of '*C-dated samples is proportional to the amount of organic matter deposited in
sediments in studied time intervals.

During our analysis, we attempt to judge the robustness of these assumptions and to define their lim-
itations. The first assumption is self-evident, whereas the second is equivalent to the assumption of
a random character in the collected and dated samples. We have assumed that this random character
is preserved because we have large sets of dates coming from a wide geographical area (Poland),
and these dates were collected by different investigators interested in various scientific disciplines.

INTERPRETATION PROBLEMS

Before beginning the analysis of the shape of the constructed probability density functions (PDFs),
one should consider what can influence PDFs, apart from changes in environmental conditions:

 The reliability of the constructed PDFs depends on the number of samples in analyzed sets.
When the number of dates is too small, the gaps in the PDFs reflect periods when samples have
not been collected rather than necessarily indicating a deterioration in environmental condi-
tions. In an earlier publication, we quantified how many dates are required to give statistically
reliable results in such analyses (Michczyfiska and Pazdur 2004). In that paper, '“C dates were
analyzed, and using criteria proposed by Geyh (1980) it was established that the minimum
number of dates (statistical fluctuations <50%) depends on the mean standard deviation (AT)
and the duration of the analyzed time interval. For example, a time interval of 0—14 kyr and
AT = 115 yr, the minimum number of dates is equal to 200, and for AT = 120 yr the minimum
number is 125 dates. To obtain reliable results (statistical fluctuations <20%), a set of about 780
dates with a mean standard deviation AT = 115 yr is required.

* Michczyfiska and Pazdur (2004) noticed the presence of high, narrow peaks in the PDF con-
structed on the calendar timescale (cf. Figure 1a), and because of the coincidence of these peaks
with the localization of the border of the Holocene subdivision, the authors suggested that the
peaks might be a result of the methodology of sampling. The methodology of sampling may
also be reflected in an unrealistic bimodality of the PDFs for some time periods. During the
analysis of the shape of PDFs, it should be also taken into account that dating the beginning and
the end of some phases may produce 2 peaks separated by gaps on the PDF (Starkel et al. 20006).
The problem of the presence of these peaks and the influence of the shape of the calibration
curve was discussed also by Michczyiniski and Michczyfiska (2006). The authors noticed that
the calibration curve is characterized by steep slope sections for time periods where high, nar-
row peaks of PDFs are observed. Through a Monte Carlo experiment, they found that the shape
of the calibration curve influences the shape of the PDF to a considerable degree. The high, nar-
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Figure 1 Comparison of the shape of the PDF constructed for 785 1“C dates for peat samples from the territory of Poland
(a) with (b) the variations in atmospheric methane concentration (GRIP ice core, Blunier et al. 1995); (c) the temperature
of central Europe during the Holocene reconstructed from pollen data (Davis et al. 2003); (d) the 8'80 record along the
GRIP ice core (Johnsen et al. 1997); and (e) the residual A'*C (Reimer et al. 2004).

row peaks of the PDF are produced both by preferential sampling and through the influence of
the calibration curve shape itself. The steep slope sections of the calibration curve work as an
amplifier and increase the height of the PDF. The timing of changes in the environment are
identified by preferential sampling from places of visible sedimentation changes, but they are
also recorded in the shape of the calibration curve. These effects are cumulative.

» The shape of the PDF is also influenced by the fact that younger deposits are generally better
preserved and found more frequently than the older ones. This leads to an obvious tendency: the
older the samples, the lower the height of the PDF curve. Moreover, older dates are subjected to
greater measurement uncertainty due to purely statistical reasons (Gozdzik and Pazdur 1987;
Michczyniska et al. 2003).

With these reservations in mind, we attempted to find environmental signals recorded in PDFs over
the last 16,000 calendar yr.

ANALYZED MATERIAL

Four sets of 14C dates—1019 peat, 155 speleothem (Pazdur et al. 1995, 1999), 100 tufa samples
(Pazdur et al. 2002), and 330 fluvial data (Starkel et al. 2006)—were selected from the RoS database.
Our analysis is limited to the Holocene and Late Pleistocene because no mires were preserved in
Poland prior to the last glaciation, and dates for peat samples cover only the mentioned period. At
the beginning, dates of peat samples from the Baltic coastland were grouped in a separate set because
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changes in the Baltic sink range may influence peat deposition, and therefore there may be differ-
ences in deposition between the interior of Poland and the Baltic coastland. We constructed PDFs for
all of the materials listed above, as well as for peat and fluvial data for different Polish regions.

Michczynska and Pazdur (2004) constructed PDFs for 785 dates of peat samples covering the
period from the Late Glacial/Holocene transition to the present, and analyzed in detail in the transi-
tion period. This period was chosen because it is a time of significant change in the environment,
and many paleoclimatic records exist for this period. Excellent agreement between the PDF shapes
constructed and other environmental records for the Late Glacial/Holocene transition testify to the
validity of the basic assumptions of our analysis (Michczyfiska and Pazdur 2004).

In this paper, we attempt to broaden our analysis for the Holocene period. The Holocene is much
more stable by comparison with the transition period, and amplitudes of potential global environ-
mental changes are significantly lower. For this period, the influence of regional effects becomes
more visible. Only one of our data sets (the set of 785 4C dates of peat samples described above) has
sufficient determinations to provide statistically reliable results using frequency analysis. In the case
of the remaining sets, the PDFs may have some gaps resulting from too few dates.

RESULTS

The probability density function (PDF) constructed using the bulk of the dates (785 dates for peat
samples) was compared with global environmental data (Figures 1a—e). The Late Glacial/Holocene
transition is very well recorded in the PDF (cf. Figure 1a with 1b and 1d for this time period). The
methane concentration curve in the GRIP ice core (Figure 1b; Blunier et al. 1995) also has strong
correlations (if we do not take into account high, narrow peaks of the PDF, treating them as the result
of a preferential sampling). Methane is formed mainly by the decomposition of organic matter in
boggy continental areas, and methane concentration changes are an indicator of climate humidity.
During the Atlantic optimum (cf. temperature reconstruction in Figure 1c; Davis et al. 2003), the
PDF exhibits a decrease. When the shape of the PDF and the 8'30 record along the GRIP ice core
are compared (Figure 1d; Johnsen et al. 1997), it is evident that there is a high similarity only for the
transition period. For the Holocene, there are no significant changes in the 8'80 value, except the
event at 8200 BP.

The shape of the PDF suggests that a humid, moderate (or moderate, cool) climate supports peat for-
mation, and this is in excellent agreement with the climate of the largest contemporary areas of peat
bogs. The PDF reflects environmental conditions favorable for peat sedimentation to an adequate
degree.

PDFs were constructed for all of the types of materials listed above (Figures 2 a—d). It is well known
that the sedimentation of these materials depends on hydrological conditions. The dry periods are
wholly unfavorable for them. By comparing the shapes of PDFs and looking for common time peri-
ods characterized by minima, it is possible to establish the periods that were characterized by dry
conditions (Figure 2e). These dry periods are very well correlated with those established by Ralska-
Jasiewiczowa (1989) (Figure 2f).

The PDF derived from tufa samples shows a maximum during the Atlantic optimum. The PDF for
speleothem dates exhibits a small maximum for this time period as well. Processes of tufa and spe-
leothem formation are more sensitive to temperature changes than processes of peat formation, but
they are all very sensitive to dry conditions.

PDFs constructed for peat samples for different Polish regions (cf. Figure 3) and for fluvial data for
different parts of Vistula and Oder catchments are presented in Figure 4. There is a very good cor-



Probability density X 10-4(1/yr)

Frequency Distribution of 1*C Dates 803

d Tufa,
100 dates

[

Speleothems,
155 dates

b

Fluvial data,

331 dates

a
Peat,

| 785 dates

16000

14000

10000 8000

Cal age (BP)

6000 4000

Figure 2 PDFs constructed for sets of 14C dates: (a) 785 dates of peat samples; (b) 331 dates of samples connected with flu-
vial events; (c) 155 dates of speleothems; (d) 100 dates of tufa samples. Periods with environmental conditions unfavorable
for sedimentation (MMP) of all types of analyzed materials; dry periods (e) were established on the basis of coincidence of
lowering of PDFs. For comparison, the reconstruction of lakes and mire levels for northern Poland R-J (Ralska-Jasiewicz-
owa 1989, after calibration) is presented in (f). A good agreement of establishing dry periods is seen. Small vertical lines
at the bottom of the figure indicate borders of the Late Glacial and Holocene subdivisions (Pazdur 2004; Starkel et al. 2006).
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Figure 3 Map of Poland with divi-
sion on geographical regions: 1—
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50°N

Great Poland; 3-Lowlands; 4—
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relation of PDFs for peat samples and fluvial data for all of Poland (except the Baltic coastland) and
for separate regions (Figures 4a—g). The different shape of the Baltic PDF peat samples (Figure 4h)
is probably the result of the influence of the Scandinavian ice sheet and the Baltic basin. The transi-
tion between the Allergd/Younger Dryas is not visible in the PDF shape for this region, and only this
region has a PDF with a distinct, wide maximum for the Atlantic period.
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Figure 4 PDFs constructed for sets of 14C dates for different regions of Poland: (a) 785 dates for peat samples, all of Poland,;
(b) 331 dates for samples connected with fluvial events, all of Poland; (c) 238 dates for peat samples, S Poland (Mountain,
Subcarpathian Dales, Uplands; cf. Figure 3); (d) 202 dates for fluvial samples, upper Vistula Valley and Carpathian valleys
in Vistula catchments; (e) 126 dates for peat samples, Lowlands; (f) 301 dates for peat samples, Lake Districts; (g) 122 dates
for fluvial samples, mid-lower Vistula and Oder valleys; (h) 234 dates for peat samples, Baltic coastland; (i) MMP - evalu-
ation of dry and wet periods on the base of PDFs shapes; (j) R-J - the reconstruction of lakes and mires levels for northern
Poland (Ralska-Jasiewiczowa 1989; after calibration). Very good correlation of PDFs in a—g is visible. (i) Estimation of dry
and wet periods based on the PDFs’ shapes; (j) small vertical lines at the bottom of the figure—the same as in Figure 2.

The distinct tendency to collect samples from selected horizons is reflected in the shape of PDFs for
the less numerous sets of 14C dates. The clustering of the dates near the Holocene subdivision bor-
ders is visible especially for the sets of 100 '“C tufa dates (Figure 2d) and for 126 '“C dates of peat
samples coming from the Lowlands (Figure 4e).
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Hydrological conditions during sedimentation play a crucial role for all analyzed types of materials.
These hydrological conditions are reflected in the shape of the PDFs. On the basis of the coincidence
between gaps and maximums observed in the PDFs for different types of materials and different
regions, we estimated several periods of favorable (wet) and unfavorable (dry) conditions in the
study area (Table 1).

Table 1 Dry and wet periods established for the territory of Poland.

Dry Wet

12,700-11,500 11,200-10,150

10,150-9600 9600-9000
7200-6500 8150-7500
4600-3850 6500-4600
3300-2900 3850-3000
1250-900 2900-1250

900-500

CONCLUSIONS
The following points suggest that the basic assumptions listed above hold true:

* The information about the Late Glacial/Holocene transition is very well recorded in all the ana-
lyzed PDFs. A good correlation between all PDFs and other independent environmental data is
evident for this time period.

* A very good correlation is observed between the main trend of the methane concentration curve
and the shape of the PDF for peat samples for the entire period.

» Paleohydrogeological conditions attested to by the PDFs are very well correlated with those
established primarily on the basis of the levels of lakes and mires for northern Poland by Ral-
ska-Jasiewiczowa (1989).

The analysis of PDFs of different types of sediments can be helpful in the qualitative reconstruction
of past environments. The main tendency of PDFs reflects environmental conditions favorable and
unfavorable for sedimentation to an adequate degree. Analysis of the shape of PDFs can be also
helpful in the reconstruction of environmental differences between various regions. For example,
the influence of the Scandinavian ice sheet during the transition from Late Glacial/Holocene is very
well recorded in the PDF shape for the Baltic coastland region.

The PDFs for peat samples and for fluvial data primarily reflect paleohydrological conditions. PDFs
constructed for speleothem and tufa samples reflect changes in temperature and humidity. Common
signals (correlation of the gaps and maximums) over all analyzed sets were used for reconstructing
hydrological conditions during the Late Glacial and Holocene (Table 1).

The tendency to collect samples from selected horizons is reflected in the shape of PDFs by high,
narrow peaks. The clustering of the dates near the Holocene subdivision borders is visible especially
for the less numerous sets of 14C dates: sets of 100 “C tufa dates (Figure 2d) and for 126 4C dates
of peat samples coming from Lowlands (Figure 4e). On the other hand, the specific shape of these
disturbances (high, narrow peaks) allows us to isolate them from the rest of the environmental signal.
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