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ABSTRACT:

DoBROWOLSKI, R., DURAKIEWICZ, T. & PAZDUR, A. 2002. Calcareous tufas in the soligenous mires of eastern Poland
as an indicator of the Holocene climatic changes. Acta Geologica Polonica, 52 (1), 63-73. Warszawa.

Measurements of stable carbon and oxygen isotope composition and radiocarbon datings of sediments of soligenous
mires from the Lublin Upland (E Poland) were used for reconstruction of palaeoenvironmental changes during the
last 10 ka. Six depositional phases of the Holocene calcareous tufas were recognized: 10.3-9.9; 8.0-7.5; 6.7-6.5; 6.0-
5.6; 2.5-1.7; 1.0-0.6 ka BP. They corresponded to the periods of relatively warm and humid climatic conditions.
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INTRODUCTION

Soligenous mires belong to the rare group of fens
supplied with groundwaters of distinct flow, generally of
ascending nature (SIORs 1948). They usually form raised
knolls up to several metres high and 10-20 m in dia-
meter and are characterized by a specific lithology of
deposits. Layers of slightly consolidated calcareous tufas
with various grain-sizes occur within reed and sedge fen
peats (DOBROWOLSKI 1996). Such beds are excellent for
detailed palaeoenvironmental studies because of their
continuous peat-tufa sedimentation. Carbonates can be
a very important indicator of humidity-thermic changes
because their deposition is closely connected with the
environmental conditions (BAkaLowicz  1990).
Continental carbonate deposits like tufa were used as

such indicators in many karst areas of Europe (among
others GEUERTS 1976; SRDOC & al. 1980, 1982, 1983;
THORPE & al. 1980, 1981; LECOLLE & LECOLLE 1990;
ANDREWS & al. 1994; HLADKOWA & al. 1996; PAZDUR &
al. 1988a, b; SANCzO & al. 1997). Soligenous mires are
suitable for estimation of the reservoir effect as both
carbonate and organic fractions can be radiocarbon
dated (PAzDUR 1988).

From among five sites of the soligenous mires found
in eastern Poland (Text-fig. 1) which are characterized by
similar lithological sequences, the Krzywice-1 and Rudka-2
sections were selected for palaecoenvironmental and
chronostratigraphic reconstructions. The Krzywice and
Rudka mires represent the so-called open artesian type
with raised peat-tufa knolls, clearly visible in relief. In
both of the examined sections the depositional conditions
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Fig. 1. Location map; A - Distribution of
soligenous mires in eastern Poland (after
DOBROWOLSKI & al. 1999, completed): A
- Antonin site, I - Ignatow site, K -
Krzywice site, R - Rudka site, Z -
Zawadowka site; B - General location in
Poland; C - Topographic situation in the

environs of the Rudka and Krzywice

were similar and the stratigraphically correlated main
tufa layers were sedimented simultaneously. Therefore,
the differences between the successive key horizons were
considered to be a result of regional changes.

DESCRIPTION OF THE STUDY SITES

The examined soligenous mires occur in the north-
eastern, marginal part of the Lublin Upland, near the
border of the Lublin Polesiye (Text-fig. 1). In spite of
local differences, especially in the lithology of the sur-
face deposits near the sites, the existence conditions of
the mires are similar. It concerns, among other things,
strong relationships between groundwater circulation
and structure of the Upper Cretaceous rock massif.
These conditions directly influence the character of

soligenous mires

water supply to the mires, and indirectly the sedimenta-
tion type within the mires.

Krzywice site

This site is situated in the borderland of three dis-
tinctly differentiated morphostructural regions: Chetm
Hills, Grabowiec Height and Dubienka Depression
(Text-fig. 1). The soligenous mire set is composed of two
neighbouring peat-tufa knolls (Krzywice-1 and
Krzywice-2) 25-30 m in diameter, raised about 1 m over
the peat plain. They occur in the central part of the broad
(about 1.2 km?) karst depression; its accumulation floor
reaches 195-200 m a.s.l. This form is surrounded by low
hills built of marly opokas overlain in places by a thin
cover of the Pleistocene sands (Text-fig. 2).
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Fig. 2. Geological and geomorphological conditions of the occurrence of soligenous mires in Krzywice and Rudka (after DOBROWOLSKI 1998)

deposits and the cover of weathered carbonate rocks.

The Upper Cretaceous aquifer, related to the
Maastrichtian fissured rocks, is the only one occur-

The groundwater table is free within the hills and

confined in the depression. In its central part, the

ring in Krzywice. It is supplied mainly with rainwater

artesian waters feeding the soligenous mire flow out

under hydrostatic pressure.

infiltrating directly into the carbonate substratum, or

indirectly through the Quaternary unconsolidated



66 RADOSEAW DOBROWOLSKI & al.

Rudka site

This site is situated in the SE part of the Chetm
Hills (Text-fig. 1), in a broad plain of mire (0.4 km?)
filling the large karst depression. Two peat-tufa
knolls (Rudka-1 and Rudka-2) rise about 1 m over
the accumulation floor of this karst form which is at
205-215 m a.s.l. (Text-fig. 2). Ascending springs occur
on both knolls. The carbonate complex of Upper
Maastrichtian chalk, in places with interbeds of marls
and opokas, predominates among the surface
deposits surrounding the site. The Quaternary
sediments differ in respect of thickness and lithology
in the vicinity of the site. Odranian fluvioglacial
sandy and sandy-silty deposits and Vistulian lacus-
trine-flood sands and silts predominate.

Fissured chalk deposits form the regional aquifer,
generally with a free groundwater table. However, the
groundwater is confined in places because a clayey
residuum of Upper Cretaceous rocks overlies the
water-bearing horizon. This situation results in the
occurrence of ascending springs in the floor of the
karst depression, and formation of the spring solige-
nous mires.

MATERIAL AND METHODS

Geology of the sites was studied in detail and two
cores of undisturbed structure were taken from the
soligenous mires (Krzywice-1 and Rudka-2 sec-
tions). The thicknesses and lithological sequences
were similar in both profiles. Detailed sedimento-
logical, malacological and pollen analyses were
carried out for both the sections (ALEXANDROWICZ
& al. 1994, DOBROWOLSKI & al. 1999). Samples for
radiocarbon dating and measurements of oxygen
and carbon isotope contents were selected from the
lithofacial key horizons representing peat and tufa
sedimentation cycles (DOBROWOLSKI & al. 1996,
1999).

In both the Krzywice-1 and in the Rudka-2 sec-
tions the tufas occur as pale coloured, weakly con-
solidated calcareous deposits encrusting hydrophilous
plants in the outflow zone of the ascending spring.
Tufa layers are from 0.5 to 40 cm thick, their grain-
size varies; coarse-grained tufas occur in the top parts
of the sections, fine-grained and silty tufas in the
bottom parts (DOBROWOLSKI 1998 a, b). Young tufa is
usually strongly porous because it represents the
structure of non-transformed plant material, mainly
calciphilous mosses, sedge and reed roots. Older tufas
have lost this structure as a result of compaction.

Measurements of stable carbon and oxygen isotope
composition

The analytical material used for carbon and oxygen
stable isotope measurements in the soligenous mires
were the authigenic carbonates precipitated in the oxi-
dizing environment as calcareous tufa. Basically, in this
type of sediment, the oxygen isotopic composition,
8'80, depends primarily on the isotopic composition of
the groundwaters as well as on the temperature of the
deposition/crystallization (MCCREA 1950). 41 carbon-
oxygen pairs of measurements were made for the
Krzywice-1 (DOBROWOLSKI & al. 1996) and 20 pairs for
the Rudka-2 section (Text-fig. 3).

Measurements of the oxygen and carbon isotopic
composition were made by use of gaseous CO, obtained
from carbonate samples in accordance with the standard
procedure based on the reaction with phosphoric acid
(MCcCREA 1950). Reaction of 5 to 10 mg of sample with
concentrated acid (103.3%) was performed in a glass
vacuum extraction line adapted to work on-line with the
mass spectrometer. Samples of carbonates of grain size
< 0.1 mm were placed in separate glass containers. The
temperature of both the acid and the samples was
stabilized at 25°C. Sample and acid were evacuated and
degassed. When the pressure was constant at 10~ mbar,
the glass reaction vessels were sealed and the samples
were flushed with phosphoric acid. CO, from carbonates
was obtained according to the reaction:

2H,PO, + 3CaCO, = Ca,(PO4), + 3CO, + 3H,0,

which was continued for 24 hours. The vessels were
placed in a thermostatic chamber with forced air con-
vection, at 25°C. The CO, gas obtained from each
sample was dried (purified from water) by use of the
P,O, water trap and, when purified, the CO, was
trapped on a medium volume cold finger. The isotopic
composition of the CO, gas was measured by use of
the modified triple collector mass spectrometer
MI1305 (Haras 1979; Haras & SKORzYNsKI 1980;
DuRrRAkIEWICZ & HAras 1994; DURAKIEWICZ 1996).
Measurement of each sample was performed 13 times,
by the common sample/reference switching method.
800 voltage samples were measured for each switching
period, each of the samples representing the 44, 45
and 46 ion currents converted to voltage by use of the
I/U converter. The unnormalized ‘delta’ values in per
mil reference were obtained by use of the following
formulae:

0, op= {[(146/144)sample/(146/144)reference]-1} 1000,
MC, op= {[(145/144)sample/(145/144)reference]-1} #1000,
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Fig. 3. Correlation of the lithostratigraphic horizons in the Krzywice-1 and Rudka-2 profiles of soligenous mires

and subsequently the §'°0,  and 8°°C, values were nor-
malized. The normalization procedure includes the cor-
rections for the mass spectrometer internal fractionation.

Analytical error was calculated as a square root of
the sum of squares of deviations from the mean value,
divided by n-1, where n is the number of measurements.
The standard analytical error does not exceed 0.08 %o.

Carbonate crystallization temperature was calculat-
ed by use of the formula (EPSTEIN & al. 1953):

T=16.5-4.3(3c-dw)+0.14(3c-dw)?,

where &c is the isotopic composition of the carbonate,
expressed in delta notation (%o) , dw - isotopic compo-
sition of modern water.

Radiocarbon dating and reservoir effect

Thirty one radiocarbon datings of tufas from the
soligenous mires were performed (16 datings from the

Krzywice-1 and 15 datings from the Rudka-2 sections).
Radiocarbon age of either the carbonate or organic frac-
tion was determined for each tufa sample, but in several
samples both fractions were dated (Table 1). Thus, the
values of the reservoir effect could be estimated. The
O"3C values determined in the carbonate deposits were
used for correction of the radiocarbon ages.

All of analyzed samples were dated using CO,-filled
proportional counters. T values in Table 1 mean “C ages
of carbonate (T) and organic matter (T, ) normalized
to 83C= -25%o, according to the recommendation of
STUIVER & PoLACH (1977).

The radiocarbon activity of freshwater carbonate
sediment at the moment of precipitation (A;) is
obviously influenced by isotopic composition of carbon
compounds dissolved in water. Radiocarbon studies of
groundwater have resulted in the formulation of
different models which estimate the initial *C activity
of HCO; ions dissolved in water (Mook 1976,
PEARSON 1992). However, physicochemical processes
involved in precipitation of tufa are complex and
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numerous environmental factors may influence them
(FrRIEDMAN 1970, UspOWSKI & al. 1979, PAZDUR & al.
1988a). Direct application of such models in “C dating
of tufa has led to unsatisfactory results.

The radiocarbon age (T.) of the carbonate, deter-
mined by the ratio of measured *C activity (A) in the
sample to “C activity of the contemporary biosphere
(A,,), defined as 95% of the activity of the NBS oxalic
acid standard (STUIVER & PoLACH 1977), i.e.,

T.=-8033*In(A/A,), (1)

is greater than the real age of the sediments because of
depletion of the initial '“C activity in precipitated car-
bonate with respect to the biosphere. The difference
between T and the real age is characterized by the
so-called ‘reservoir age’ T, (or apparent age T,,,
PazDUR 1988). The value of Ty, is related to the initial
C activity of the carbonate (A,) and the reservoir dilu-
tion factor (q) through the equation:

T, =-8033*In(A/A,)=-8033*Inq. )

Observed values of q in both recent and ancient
tufas range from 0.5 to 0.95 (SRpoC & al 1983, THORPE
& al 1981, PAZDUR & al 1988, PAzZDUR 1988) and conse-
quently the values of Ty range from 500 to 5500 yr.
Extremely high values ca 11 kyr, have been recorded
elsewhere (PAZDUR 1988). The scatter of the Ty values
could be explained by dependence of Ty on the bedrock
type and the type of sediment, which depends strongly
on hydrodynamic conditions of water flow (spring tufa;
tufas: oncoids, moss travertines; peloidal calcareous
muds; calcareous muds vide PAZDUR & al. 1988a).

The magnitude of the reservoir age can be
determined experimentally by measuring the age of
either the organic matter associated with the layer of
carbonate sediment, or detrital organic matter dis-
persed in the carbonate itself. Assuming that the age of
the organic remnants reflects the actual age of carbon-
ate precipitation, we can define the Ty, of carbonate:

c” TORG. (3)

This value determined for a tufa section with known
values of 83C throughout the profile, can be used for
estimation of the real age of tufa horizons on the basis
of T measurements. Small changes of &C or a con-
stant value indicate a constant value of T, (PAZDUR
1988): the maximum changes of 83C in the samples
from the Krzywice-1 section are from -6.71 %o to
-9.04 %o; in the Rudka-2 section the corresponding
changes are from —6.57 %o to —8.27 %o (Table 1). It was

found that a constant T} value indicates the type of cal-
careous sediment named silty tufa, precipitated from
stagnant or low-energy water, such as the sediments
from the the Krzywice-1 and Rudka-2 sites
(DOBROWOLSKI & al. 1996, 1998).

RESULTS OF ANALYSES

Analyses of stable isotopes

The analytical results obtained so far for the cal-
careous tufas from the soligenous mires Krzywice-1
and Rudka-2 allow us to present the following conclu-
sions:

- Comparison of the isotopic trends during the
Holocene from both locations reveals similarities in the
long-term changes of isotopic composition (Text-fig. 3).
Values increasing with time are observed for oxygen
(from -8.5 to —7.5 %o), and decreasing for carbon
(from —6.5 to =8 %o).

- The relative stability of the groundwater isotopic
composition is confirmed in both locations in the peri-
od from 9000 BP up to present.

- Isotopic data for the bottom parts of the Krzywice
mire reveal a fundamental change in the character of
the water source at the boundary of the Late Glacial
and Holocene. Isotopically light waters (8'30 =-15 %o),
corresponding to groundwaters from degrading
permafrost, are gradually replaced by isotopically
heavier waters (3'0 = -10.50 + -10.15 %o). This, in
the present authors’ view, is related directly to the acti-
vation of the ascending spring, with change of the water
supply to ascending, as soon as the vertical circulation
was triggered by lack of permafrost. The oxygen isotope
curve shows also, that, in the period from 10250 BP to
9900 BP, mixing of waters of different isotopic compo-
sition took place, with a gradually decreasing input of
isotopically light waters.

The isotopic composition of meteoric water depends
on numerous factors, e.g. air temperature, distance from
coastline, geographic location etc. As was shown empiri-
cally by DANSGAARD (1964), there exists a positive corre-
lation between 88O in H,O and air temperature.
Extrapolation of the Dansgaard’s formula into the past
seems useless, considering the empirical and modern
character of his data and the number of unknown factors
influencing 8'%0 in H,O other than air temperature in
our area of interest. But the general idea of positive cor-
relation, even one of unknown slope, may be applied to
the entire Holocene. We therefore conclude that, in
agreement with palacogeographic predictions, the initial
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negative excursion in 8'%0 of our data corresponds most-
ly to degradation of isotopically light permafrost waters.

The isotopic record was also used as a source of
information about the directions of changes of the
palaeoenvironmental conditions in the vicinity of the
mires, especially in the estimation of the relative
changes in the temperature. Estimation of palacotem-
peratures of the calcareous tufa on the basis of isotopic
composition is possible (BakaLowicz 1990), but
requires knowledge about the isotopic composition of
the water. In practice, this knowledge is not available
and therefore the a priori assumptions are made,
assuming various water compositions for various points
in the profile. In the authors’ view, it is clearer to pre-
sent data calculated for only one a priori assumed value
of 380 in H,0, and then treat the data obtained as a
signal of relative changes of temperature only.
Therefore it was found convenient to treat the temper-
ature value from the top of the section, which repre-
sents modern water and modern temperature, as a
reference point Tref, and then calculate the relative
temperature factor RT, at each point x in the section as:

RTx= Tx /T wz

The dimensionless values of RT, may be treated as
generalized and relative temperature changes in the
section. As may be seen in Fig. 4 these values are in
good concordance with earlier palacogeographic inter-
pretations of environmental changes, especially
temperature changes (vide ALEKSANDROWICZ & al.
1994; DoBrOWOLSKI & al. 1999), up to the mid-
Atlantic. Carbonates from the lower parts of the section
represent, in the authors’ view, precipitates formed
under conditions of varying isotopic composition of the
water. This might be due to the influence of degrading,
isotopically light permafrost.

Radiocarbon dating

Tg values and corrected carbonate ages for the
reservoir effect (T..,) of tufa carbonate itself

(Toea=TTy) are listed in Table 1.

EVIRONMENTAL HISTORY

Sedimentological analysis of the tufas, including the
results of radiocarbon datings, isotope, malacological
and pollen analyses, allowed us to reconstruct a
sequence of events during the existence of the solige-
nous mires at Krzywice and Rudka.

Development of the mire at Krzywice started in the
Allerdd, when non-carbonate sedge peats were deposited
under permafrost conditions in a cold temperate climate.
Their variety evidenced a limited supply of carbonates
from the surroundings though Upper Cretaceous car-
bonate rocks were exposed over vast areas. It should be
related to low precipitation and the occurrence of
permafrost. During the Younger Dryas the floors of the
deepest depressions were occupied by small, intermittent
water bodies in which calcareous gyttja and lacustrine
chalk accumulated. Signs of climate warming are visible
at the top of the shallow-water deposits (Text-fig. 3). A
distinct change of the sedimentation conditions and type
occurred at the beginning of the Holocene. The water
bodies gradually diminished and declined. During the
Preboreal, under rather dry climatic conditions, a fen
started to develop once again, but now as a soligenous
mire. At first, the succession of the calciphilous moss
species Calliergon giganteum and Scorpidium scorpioides
(PB-1) appeared, then the communities of reeds and
sedges developed, and calcareous tufas accumulated. It
was connected with a complete transformation of
groundwater circulation after degradation of permafrost,
resulting in a change of water supply to the mire, and in a
rise of ascending springs. The isotope signal record in the
carbonate deposits suggests that the process of
permafrost deterioration finished at the beginning of the
PB-2 phase. At that time a long-lasting development of
typical soligenous mire started. A period of rather stable
environmental conditions began in the Preboreal phase.
It was characterized by cyclic organic (reed-sedge and
sedge-reed peats) and carbonate (calcareous tufas)
sedimentation. A gradual humidity decrease occurred in
the end of the Preboreal and during the whole Boreal
period, resulting in a rather slow peat accumulation (Text-
fig. 3). However, occurrences of single, thin (up to a
dozen or so millimetres) interbeds of carbonate
sediments (silty calcareous tufas) evidenced wetter
episodes. Air humidity and temperature increased at the
beginning of the Atlantic period. Distinctly cyclic organic
and carbonate sedimentation indicated the occurrence of
alternating episodes. Tufas were deposited during the
warmer episodes (AT-1, first stage of AT-3, AT-4), and
peats formed during the colder ones (AT-2, late stage of
AT-3). Such an interpretation is indirectly confirmed by
changes in the molluscan associations (ALEXANDROWICZ
& al. 1994) and by the isotope record. A distinct decrease
in humidity followed by a decrease in temperature,
occurred in the Subboreal period. Carbonate sedimenta-
tion was significantly reduced, and the rate of organic
material growth was slow (0.31 mm/year). Humidity
increased at the beginning of the Subatlantic period
(SA-1). This was evidenced by a higher rate of peat growth
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Krzywice-1
Name of Depth [m] F  Lab. No. Torg
sample Gd- [BP]
KRZ 1/94 5,37-5,50 (@) 10280 11530£100
KRZ 2/94 4,37-4,60 (0] 10070 10770140
KRZ 4/94 4,00-4,10 C 7516
KRZ 4/94 4,00-4,10 (0] 10072 9970£140
KRZ 5/94 2,80-2,95 (@) 9237 6670£170
KRZ 5/94 2,80-2,95 C 7517 1062050
KRZ 6/94 2,70-2,79 C 7518
KRZ 7/94 2,42-2,55 (0] 10073 6120£100
KRZ 8/94 2,31-2,43 C 7519
KRZ 9/94 2,16-2,31 C 7522 9730£70
KRZ 10/94 2,00-2,15 (0] 10074 3620£130
KRZ 11/94 1,00-1,12 (0] 10079 153070
KRZ 12/94 0,79-0,92 C 7524
KRZ 13/94 0,56-0,66 C 7525
KRZ 14/94 0,56-0,43 C 7520
KRZ 14/94 0,56-0,43 (0] 9231 MODERN
Rudka-2
R2-1 4,20-4,10 (0] 10655 8700£180
R2-2 3,21-3,09 C 10642
R2-3 3,09-3,01 C 10651
R2-3 3,09-3,01 (0] 10649 5620+160
R2-4 2,80-2,70 C 10645
R2-4 2,80-2,70 (0] 9816 5890+270
R2-5 0,92-0,87 C 10646 2720£140
R2-5 0,92-0,87 (0] 9801 2220£190
R2-6 0,87-0,82 C 10659
R2-7 0,82-0,74 C 7980
R2-8 0,74-0,71 C 9797
R2-8 0,74-0,71 (0] 9807 1750£180
R2-9 0,71-0,65 C 10663
R2-10 0,48-0,37 C 7983
R2-10 0,48-0,37 (0] 9809 330£220

T, Ty T e
[BP] [years] [BP] [/, PDB]
11530£100
10770£140
10590£80 9970£140 -7,43
9970£140
6670170
6670170 -7,32
10540£70  3950+250  6590+200 -8,08
6120£100
967060  3950+250 5720+200 -6,71
3950+250 5780£200 -6,71
3620£130
1530£70
4340+60 353060  810+100 -8,17
4200£50 3530+60 670£80 -9,04
3530+60 3530+60 0+60 -8,28
0+60
8700£180
7130£190  1360£130 5770+£120* -6,57
6980+180 1360£130 5620+160 -6,57
5620+160
7670£150 1780220  5890+270 -7,39
5890+270
500140  2220+190 -7,74
2220£190
2870£140 ? -7,74
3080+70 ? -7,74
3530+210 1780£150 1750+180 -7,25
1750+180
2980+140 1780£150 1200£110* -7,25
219060  1860+120  330+220 -8,27
330£220

Table 1. Results of 1*C dating of carbonate (C) and organic (O) fractions (F) of tufa samples (T, Ty), 3*C measurements and estimation of reservoir

(Tg) and “true” conventional radiocarbon ages (T) of the tufa horizons. T value means T if was dated organic fraction of tufa and T, for tufas

without organic matter.

and the succession of molluscan assemblages. A tempera-
ture rise was recorded in the phases of carbonate
sedimentation during SA-2.

The soligenous mire at Rudka started to develop in
the Boreal period of the Holocene (Text-fig. 3).
Sedimentation of sedge peats, in a reducing environment
with low pH and lack of carbonate precipitation, was con-
nected with progressive swamping of the area, and lasted
untill the mid-Atlantic period. The change in the
character of the water supply to an ascending one at the
boundary of the AT-2 and AT-3 phases was evidenced by
sedimentation of carbonates (interbeds of silty tufa). The

amount of carbonate material in the peat increased
gradually during the Younger Mesoholocene and reached
its maximum in the initial stage of the AT-4 phase. Sedge
peat was replaced by sedge-reed simultaneously with the
appearence of calcareous tufas in the section. The
gradual increase in carbonate content in the latter part of
the Atlantic period resulted from progressive climatic
changes — an increase in humidity and temperature —
which caused intensive leaching of carbonates from the
Upper Cretaceous bedrock.

The Subboreal period was characterized by cyclic
biogenic and carbonate sedimentation (Text-fig. 3).
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However, the carbonate material did not form distinct
lithostratigraphic horizons, but was usually dispersed.
Including the results of isotope analyses we think that
this type of sedimentation was a record of air humidity
changes (alternating dryer and less dry periods) with
rather stable air temperatures.

Repeated, considerable increases in the amount of
carbonate in the soligenous mire started from the begin-
ning of the Subatlantic period, with a maximum between
2500 and 1700 years BP. Distinct layers of calcareous
tufas were formed as a result. One episode of climate
cooling about 330+220 years BP (Little Ice Age?) was
evidenced by a substantial decrease in carbonate
content, which is visible in both the Rudka-2 and

Krzywice sections. We suppose that during the
Subatlantic period (mainly in the SA-3 phase) the
character and course of sedimentation in the mire was
influenced not only by climatic change but also by local
factors, especially those connected with human impact
on water conditions (deforestation followed by agricul-
tural drainage).

Sedimentation rates (determined from the radio-
carbon datings) of the organic-carbonate deposits in
both of the examined soligenous mires (Text-fig. 3) were
similar to the average values for peat growth in the
Holocene fens in Poland (ZUREK 1986). However, the
course of this process was rather uniform in the Rudka
mire during the whole period of its existence, while at
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the Krzywice site there were marked distinct ‘accelera-
tions’ during rather wet intervals and ‘decelerations’
during dry ones (Text-fig. 3). It seems that these
differences resulted from the overlapping of regional
changes (climatic conditions) and local changes (geo-
logical and hydrogeological conditions, human influ-
ences).

When comparing the two sections we find great
similarity of the Meso- and Neoholocene lithostrati-
graphical sequences, and also synchronous deposition
of carbonates (calcareous tufas) and biogenic accumu-
lation. However, the timing of the begining of the
development of the spring knolls was different at
Krzywice (Preboreal) from that at Rudka (Boreal).
Rates and courses of sedimentation during the
Subboreal were also different at these two sites. This
was probably caused by local factors, especially hydro-
logical and hydrogeological ones, affecting the transfor-
mation of the groundwater system to ascending condi-
tions in the Eoholocene, and later influencing the
course of water supply during the whole Holocene.

CONCLUSIONS

The results of our studies show synchronous sedi-
mentation of the main tufa layers in the sections of the
examined soligenous mires in eastern Poland. As the
conditions of tufa deposition and the lithological
sequences of deposits in the sections were similar, we
think that the differences between the successive key
horizons were a result of regional changes (Text-fig. 4).
Therefore, palaeoclimatical and palaeohydrological
generalizations can reasonably be, though the course
of sedimentation was locally modified at various times
during the existence of the mires. Radiocarbon datings
allow us to distinguish the main phases of intensified
carbonate deposition, separated by phases of biogenic
sedimentation. This cyclicity of sedimentation was
connected with regional variability of humidity and
temperature. Carbonate deposition occurred in the
following periods:

— 10250-9900 years BP (PB-1). Progressive
climatic warming caused complete permafrost degrada-
tion during this period. Activation of vertical ground-
water circulation favoured intensive leaching of the
carbonate from the exposed surfaces of Upper
Cretaceous rocks, followed by their secondary precipi-
tation in the outflow zones of the ascending springs.

— 8000-7500 years BP (AT-1). This period was
characterized by a considerable increase in temperature
and relatively slower increase in humidity. Great
variability of both components is reflected in the sec-

tions by distinctly ‘laminated’ carbonate-organic sedi-
mentation.

— 6700-6500 years BP (first stage of AT-3).
Intensified sedimentation of calcareous tufas was
connected with repeated, distinct increase in tempera-
ture and humidity during this period.

—6000-5600 years BP (first stage of AT-4). This was
the main deposition phase of calcareous tufas
during the optimum of the Atlantic period, but was
preceded by a distinct decrease in humidity and
temperature in the late stage of AT-3.

—2500-1700 years BP (late stage of SA-1 and first
stage of SA-2). A relative increase in temperature and
also humidity occurred at the beginning of the
Subatlantic period (after the distinctly cooler and drier
Subboreal period). The amount of carbonate deposits
in the spring knoll sections increased considerably,
reaching a maximum between 1800 and 1700 years BP.

—1000-650 years BP (SA-2). During this period, the
course of tufa sedimentation was affected not only by
favourable climatic conditions but probably also by pro-
gressive deforestation, which indirectly influenced the
hydrological and hydrogeological conditions.

The main phases of tufa deposition in the soligenous
mires corresponded to warm and rather wet periods.
Cool climatic conditions were unfavourable for carbon-
ate precipitation. Distinct hiatuses connected with such
climatic conditions occurred mainly in the latter part of
the AT-3 phase of the Atlantic period, at the beginning of
the Subboreal period (SB-1) and at the boundary of the
Subboreal and Subatlantic periods (SB-2/SA-1).
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