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Abstract: Studies with application of stable isotopes of oxygen and carbon have been performed on
calcareous tufa, groundwater and dissolved inorganic carbon (DIC) from the spring mire cupola
in Wardzyn. This study was focused on the verification of the a priori hypothesis that the analysed
calcareous tufa is a chemical deposit and on the attempt to supplement an earlier scenario of
environmental changes in the Subboreal with oscillations of water temperature. The constructed
model of chemical and isotope balance, and 513C determinations in DIC, allowed for calculating
ratios of stable isotopes of carbon in particular speciations and in gaseous CO,. The obtained
results coupled with 5'C values in calcite indicate that this mineral precipitated from the solution
chemically (without the contribution of living organisms). Additionally, it was possible to reconstruct
the temperature range at which the calcareous tufa was formed. The reconstructed scenario of
changes in the thermal conditions was refined based on §'®0 determinations in groundwater and
calcite. Accordingly, the oldest calcareous tufa, with an age of about 5500 cal years BP, was formed
in cool climate conditions (with average annual temperatures by about 3 °C lower than presently).
The formation of younger series of the calcareous tufa took place between 4400-2900 cal years BP and
represents a much warmer period with two distinct cooler episodes at 3900 and 3000 cal years BP,
respectively. The course of the obtained temperature curves correlates well with the GISP2 curve and
curves obtained for other sites in Northern, and Central Europe.

Keywords: climate change; paleohydrology; stable isotopes; Poland

1. Introduction

Climate changes over the Holocene are a field of interest for researchers representing various
branches of science from the beginning of the 20th century. These studies are of particular importance
as they help to better understand the mechanism of recent climate change and can provide important
premises for further changes forecasting. Interpretation of changes in climate parameters, in particular
air temperature, is possible thanks to the analysis of marine and terrestrial sediments [1] and ice cores
extracted from glaciers [2,3]. There is a number of indicators of climate change in deposits such as
pollen (e.g. [4]) or macrofossils found in peat (e.g. [5]). An important carrier of information about
climate changes are stable carbon isotopes 5'>C and 5'80 in endogenous calcite (tufa deposits), which
were used among others to reconstruct Holocene climatic changes in southern Poland [6] and in the
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Bohemian Karst [7]. The isotopic composition of fine-grained calcite from lake sediments were used
to reflecting variations in the precipitation seasonality in the Baltic region as evidence of changes in
North Atlantic ocean-atmospheric circulation [8]. However, apart from information on the variability
of climatic conditions, it is necessarily for palaeoclimatic reconstruction to refer registered changes
to the time axis. The above conditions were fulfilled for the sediment series of mire spring cupola
in Wardzyn.

The spring mire cupola in Wardzyn represents an accumulation of hydrogenic and chemical
deposits, genetically related with a set of groundwater springs located in the marginal zone of the
Wolboérka valley. Previous studies of the cupola [9] have allowed for distinguishing four levels of
calcareous tufa, predominantly composed of calcite separated by peat layers. Radiocarbon dates of the
peat indicate that the carbonate horizons were formed from about 5500 cal years BP to about 2900 cal
years BP, and the lithological features and mineralogical composition of the deposits record changes of
environmental conditions in the Subboreal. The succession of strata and the mineral composition of the
deposits has allowed for linking the calcareous tufa formation with dry episodes, with the peat layers
representing intervals with elevated annual precipitation [9]. This study applies determinations of stable
isotopes of carbon and oxygen in calcite, coupled with 80710 ratios determined in groundwater and
13C/12C ratios determined in DIC. Calcite is the most commonly used carbonate in paleoenvironmental
reconstructions. It precipitates in the aquatic environment as a result of carbonate imbalance. Calcite
precipitation is accompanied by the fractionation of stable carbon and oxygen isotopes. The main
factor determining the isotope fractionation (especially in the case of oxygen) is the water temperature.
On this basis, by determining stable isotopes in calcite, one can reconstruct how the temperature of the
water changed during the precipitation of this mineral from the aqueous solution.

The §'3C composition of various carbon pools is a tracer for the origin of carbon and contributes
to understanding the global carbon cycle in the context of the climate change and the global worming
effects. The §'80 of carbonates preserves a record of the ¥0/1°O composition of the water from which
the calcite is precipitated and allows to determine the temperature of precipitation process; this led to
formulation of the 88 Oc,co3 paleotemperature scale [10].

Terrestrial or freshwater carbonates, including spelothem, travertine, calcrete and secondary
mineralization in soli and near surface fractures, precipitate from groundwaters at or near the point of
discharge. The geochemical processes that initiate calcite precipitation can include depressurization and
CO; degassing (e.g. spelothem and travertine), evaporation (e.g. soil calcrete), freezing of bicarbonate
waters, sulfate reduction and other biotic reactions [11]. Their C and O isotopic composition is a
reflection of the geochemical and climatic (i.e. mainly temperature) conditions during precipitation,
and can be used to interpret their origin.

In fact, there are two temperatures recorded by the §'80 of freshwater calcite: (i) the water
temperature at which precipitation took place—i.e. the temperature of equilibrium fractionation
between water and calcite, and (ii) the climatic temperature (i.e. mean annual air temperature) recorded
by the 5'80 of water according to the local T-5'80 relationship [11].

The main focus of these investigations was to verify the a priori hypothesis that the analysed
calcareous tufa is a chemical deposit and to supplement an earlier scenario of environmental changes
in the Subboreal with oscillations of water temperature determined in the spring zone.

2. Materials and Methods

2.1. Study Area

The spring mire cupola in Wardzyn is located along the margin of the moraine plateau
(Romanowskie Hills) within a depression assigned to the polygenic valley of upper Wolbodrka
(Figure 1). The cupola covers an area of about 1.5 ha. At present, 20 permanent springs function within
it; their total discharge varies within 10.5-16.5 1/s. The spring deposits infill an erosional incision,
which is an elongation of a small dry valley visible in the plateau morphology. The cupola is composed
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of peats with 1 to a maximum of 4 layers of calcareous tufa [9]. These deposits with a total thickness
reaching 3.5 m lie directly on medium-and multi-grained fluvial sands (Figure 2). The oldest calcareous
tufa (series A) was probably formed at the end of the Atlantic period. Determination of its precise
date is not possible due to the lack of organic deposits in its base, however the radiocarbon age of peat
covering this calcareous tufa indicates its formation before 4600 + 60 years BP. The tufa is composed of
calcite encrusting plant remains. Sediments of series A occur only within the erosional incision. Above
lies a layer of strongly decomposed peat with high contribution of calcium carbonate and detritic
material (mainly quartz). Locally these deposits pass laterally into mineral deposits developed as silts.
Younger series of the calcareous tufa occur in a narrow, elongated zone, whose orientation corresponds
to the axis of the erosional incision of the substratum. The largest thicknesses (locally exceeding 1 m)
are attained by these deposits in the southern and central part of the analysed cupola. Three series
of calcareous tufa (B, C and D) can be distinguished here, being separated by peat layers. In the
north they represent usually over ten centimetres thick interbeds of calcium carbonate within peats.
In the marginal zones of calcareous tufa occurrence and in the topmost part of the cupola the deposits
represent rhythmites. The tufas are covered by a layer of reed-wood peat, strongly decomposed in its
topmost part.
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Figure 1. Location sketch-map.

Groundwater springs in the vicinity of the cupola are hydrodynamically related with a shallow
aquifer system comprising Cenozoic and the topmost part of Mesozoic formations. The Cenozoic
formation was formed as a result of processes related with the advance and retreat of the Scandinavian
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ice-sheets, and fluvial and lacustrine accumulation in the interglacials. The variable origin of Quaternary
deposits and the variable energy of the sedimentary environment have caused that this formation is
highly heterogeneous. The aquifer horizons attain diverse thicknesses and may locally be discontinuous.
The filtration parameters of the deposits also vary in space. The richest aquifer horizons are linked
with fluvioglacial sediments, and fluvial and lacustrine sands, which according to the stratigraphic
scheme by Marks et al. [12] represent the complex of Middle Polish Glaciations. These deposits form
an aquifer attaining a thickness of up to 35 m. The medium is siliceous and the material includes also
numerous grains of carbonate rocks (mainly Palaeozoic limestones). Locally the horizon is bipartite,
and the subdividing layer includes glacial tills and ice-dammed deposits. The aquifer sediments
are characterised by good permeability. The values of hydraulic conductivity determined on the
basis of pumping tests are within 2.7x107° to 3.0x10~* m/s [13]. The lower part of the Quaternary
formation represented by deposits of South Polish Glaciations is dominated by poorly permeable
deposits (ice-dammed clays and glacial tills). These deposits together with the Neogene weathering
cover form the aquitard. Below occur aquifer deposits of the Mesozoic formation assigned to the
L6dz Trough. Wardzyn is located in the southern part of the small L6dZ Trough—a syncline with a
SSW-NNW-oriented axis. Faults with an orientation perpendicular to the syncline axis occur within
it, resulting in a block structure of the trough. Aquifer is linked with Upper Cretaceous limestones,
marls and opokas. These deposits are usually characterised by good permeability, and the hydraulic
conductivities within the sub-Cenozoic basement are between 2.0x10™> and 1.8x10™% m/s [13].
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Figure 2. Schematic cross-section through the deposits of the spring mire cupola in Wardzyn.
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2.2. Sampling and Analytical Methods

Water samples were collected from wells (samples 1-10) during their continuous exploitation.
The water sample from the Wardzyn spring (11) was collected directly from the outflow from the peat
zone, sample (12) was collected from a negative pressure probe with a 0.3 m long active teflon bit.
Water temperature, pH, redox potential, and SEC were measured directly in the field; the content of
free CO, was determined by sodium hydroxide titration against phenylophtaleine. Water samples for
chemical analyses were collected in single PE bottles, filtered through a 0.45 um pore size membrane
filter (MCE), and preserved in HNO3, if necessary. Analysis of all water samples (Ca?*, Mg?*, Na*, K*)
involved flame absorption spectrophotometry SpectrAA 300 (Varian, Palo Alto, CA, USA) (detection
limit is 0. 05 mg/L) and UV-vis spectrophotometry S.330 (Marcel, Poland) in the case of NHs*, NO,~
(d.I. is 0. 001 mg/L) and NO;~ (d.1. is 0,01 mg/L). SO4>~ was determined by the gravimetric method
(PN-C-04566-09), C1” by Mohr’s method (PN-ISO 9297), and alkalinity according to the PN-ISO 9963-1
method (detection limit is 0.1 mg/L). The chemical analyses were performed in the Laboratory of the
Department of Geology at the Faculty of Geographical Sciences, University of L.6dz and the Laboratory
of Computer and Analytical Techniques at the Faculty of Biology and Environmental Protection,
University of £.6dZ.

Ten samples of groundwater from springs and shallow dug wells within the study area were
taken for determination of the isotopic composition of oxygen and hydrogen. All waters were collected
in 30 ml glass bottles to overflowing and tightly capped to avoid air bellows inside. The 80/16O
ratios in waters were determined by the CO,-H;,O equilibration technique with application of
on-line continuous flow Gas Bench II system supported by Combi PAL autosampler (CTC Analytics,
Zwingen, Switzerland) and connected to MAT 253 (Thermo Fisher, Germany) isotope ratio mass
spectrometer (IRMS). The equilibration process was performed for 18 h at 32 °C. The 2H/'H ratios
in water samples were determined with application of H-Device automated system equipped with
Combi PAL autosampler and connected to MAT 253 IRMS. For mass spectrometric analysis of
the 2H/'H ratio the hydrogen gas was obtained via direct reduction of water on hot chromium in
temperature 850 °C. The results were reported using  notation with respect to the VSMOW international
standard. Normalization of measured data was performed according to three international standards,
namely: VSMOW (82H = 0.0%o, 80 = 0.0%o), VSLAP (8°H = —427.5%0,6'80 = —55.50%o), and
GISP (52 = —189.5%0, 180 = —24.76%o). The precision of the 5180 and 5?H measurements were +0.1%o
and +1.0%o respectively.

Twelve samples of water were collected from the same springs and shallow wells for determination
of stable carbon isotopic composition of DIC (dissolved inorganic carbon). All waters were collected in
100 ml glass bottles to overflowing, tightly capped to avoid air bellows inside, and additionally capped
with parafilm to avoid evaporation and gas exchange during transport. The *C/'2C ratios of DIC in
water samples were determined on the evolved CO, gas with application of the on-line continuous
flow Gas Bench II system equipped with Combi PAL autosampler and connected to MAT 253 IRMS.
CO; gas was evolved from DIC using >98% anhydrous H3POy acid and left for 18h equilibration at
70 °C prior to the isotopic analysis.

Thirteen samples of carbonates (i.e. >98% calcite) were collected from carbonate domes within
the study area for determination of their carbon and oxygen isotope composition. The 3C/!2C and
1807160 ratios of calcites were determined on the released CO, gas with application of the same on-line
continuous flow Gas Bench II system connected to MAT 253 IRMS. CO, gas was released into the
vials headspace from solid calcites reacting with concentrated (i.e. >98%), anhydrous H3PO, acid
at 70 °C for 1h. The results of measurements of 513C of DIC, and 5!3C and 580 of the carbonates
were reported with respect to VPDB international standard. Normalization of measured data was
performed according to two international standards, namely: NBS-18 (carbonatite: §'3C = —5.01%so,
8180 = —23.01%0) and NBS-19 (limestone: §'3C = +1.95%o, 580 = —2.2%o). The precision of the 5'3C
and 5'80 analysis were + 0.1%o. The precision of the isotopic measurements was calculated based on
long-term measurements of international reference materials.
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The isotopic analysis was performed in the Institute of Geological Sciences of the Polish Academy
of Sciences, Warsaw, Poland.

Six peat samples, 50 g each, were collected from two cores for the radiocarbon analysis.
Determinations were made in the Absolute Age Laboratory at Skata. The scintillation technique
with the use of a low-background spectrometer was applied, in which benzene obtained from the
material containing organic carbon is analysed. In earlier studies, the radiocarbon age was used. In the
current study the age was calibrated against the IntCal 13 curve with application of OxCal software,
version 4.3 [14].

2.3. Mathematical Model

Determination of the temperature of calcium precipitation based on stable isotopes of carbon
required calculation of equilibrium values of 5!3C in relation to the main speciations of carbon dioxide
in the solution and gaseous carbon dioxide. Therefore, calculations were based on chemical and
isotopic equilibrium, taking into account solution temperature and mass balance. The first stage of
the calculations included determination of molar concentrations of CO32~, HCO5 ™~ and COg(aq) in the
solution based on the chemical equilibrium model. PHREEQC-2 v. 2.0.53 software [15] was used in
the calculations. The input data were results of physical-chemical parameters of the waters. Molar
concentrations mCO32~, mHCO3— and mCOy(aq) calculated by the chemical mass balance model were
next applied for calculating '3C in relation to these speciations. It was assumed that DIC concentration
in the solution, expressed in moles per litre, includes the sum of moles of stable isotopes of inorganic
carbon per litre of solution:

DIC = m"¥Cpy + m'?Cpy (1)

This assumption allows to express the [13C/*2C]pjc ratio as:

13
m>Cpc  _ [B_C] @)
DIC-mBCpyc 2C Ipic
and therefore: »
13 % DICDIC
m>Cpe = [g] 3)
12¢ Ipic

Analogous equations may be expressed in relation to the main speciation forms of carbon dioxide
in the solution, e.g. for HCO3™:
13(:]
[% mHCO;
m3Crco, = —Fﬁ?

(4)

12c ]HCO3

Because in Equation (4) the [13C/12C]HCO3 ratio is the unknown, it is easier to express it by the
isotope fractionation ratio in relation to gaseous carbon dioxide 0413CHCO3-C02(g)1

13,
az[—c] mHCO;

12c CO;(8) 5
— %)

13 _
m>Cyco, =
1+0(2[

12Clcoy(g)

In Equation (5), the al3CHCO3-COZ(g) ratio was expressed as a, for simplification. Similarly,
the fractionation coefficients of carbon stable isotopes among other speciations and the gaseous carbon
dioxide are expressed below as a1 and a3:

a1 = aPCeo,-coy(g)
ay = aP®Chco,-coy(y) (6)
a3 = a®Cco,(ag)-COs (g)
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Coefficients a1, ap and a3 were determined based on the solution temperature T [K] and the
following equations [16-18]:
103Inay = 0.87-10°T2 - 3.4
103 Inap = 9.552:103T~1 - 24.10 (7)
10°Inaz = —0.373-10°T~! +0.19

Such approach allows on one hand taking into account the thermal conditions of the solution
in the calculations, and on the other minimises the number of unknowns in the system of equations,

which, in order to calculate the isotope ratio [13C/12C]C02(g) in gaseous carbon dioxide, should be
expressed as:

13
a][%]co ( )~mCO3
1 _ 8
mB3Cco, = T
l+m[%]co2(g)
13
az[%] ( )~cho3
COy (g
m13CHCO3 = 1 132C (8)
13
a3|:]27C:| 'mCOZ(aq)
13¢ _ Clcoy(g)
m COy(aq) — 13C
1+a3[f]
13, 13, 13 N Coz<g)13
m>Cpic = m~Cco; + m~Crhco, + M °Cco,(aq)

After substituting the right sides of the first three equations to Equation (4), and transforming it,
Equation (9) was obtained, in which, for simplification, unknown [13C/12C]C02(g) was expressed as x:

ayaa3(PCpic - (mCO3 + mHCO3 + mCOy (g )
+(0‘10‘2(13CDIC - (mCO3 + mHCO3)) + a2a3(13CDIC - (mHC03 + mCOz<aq)))

+a13("*Cpic — (mCO3 + mCOyag) )))2 ®
+(041(13CDIC - mCOa) + LYZ(BCDIC - WHCO3) + a3(13CDIC - mCO2(aq)))x +PCoic
=0

It is a cubic equation in the form of:
A} + B2 +Cx+D =0 (10)

The coefficients of this equation were determined based on earlier calculated values of fractionation
coefficients and molar concentrations for particular speciations. The concentration of isotope 3Cpyc
was assumed based on laboratory determinations. After calculating coefficients A, B, C and D, the real
elements of this equation were determined and thus x was obtained, i.e. [13C/12C]C02(g). Next, based
on the following relationships it was possible to calculate §'3C for particular speciations:

13¢

33Coy(g) = [% - 1]-1000 (11)

[12(-’ ]VPDB

And
613Cco, = a16"Co, (g) + 11000 — 1000

6BCrico, = 20" Co, (g) + @2-1000 — 1000 (12)
8BCc0,(aq) = @30°Ceo, (g) + @3:1000 — 1000

The calculated values of 6'3 Cco,(g) and 613 Ccaco, determinations in calcite obtained from samples
of calcareous tufa were used to interpret the thermal conditions of tufa formation. This was achieved
by using equation [19]:

10% In @, (g)-caco, = —2:988-10°T72 +7.6663-10°T ! —2.4612 (13)



Water 2019, 11, 1945 8 of 17

At the assumption that calcite precipitation during tufa formation took place in isotope equilibrium
conditions, Equation (13) may be used to reconstruct the water temperature. This requires determining
the fractionation coefficient from equation:

613Cco, () +1000

QACO,(g)-CaCO; = 513Ccaco, +1000 (14)
and transformation of Equation (13) to:
(24612 + 103 In Ao, (g)-caco, ) T2 — 7.6663-10°T + 2.988-10° = 0 (15)

In the value range of ®CO,(g) — CaCOjs typical for the discussed environment only one element
of the equation may be used to reconstruct water temperature; it may be determined from equation:

7.6663-103— \/5.8772»10772.9416-10771.19521010 In @, (4)-cacos

T[°C] = -273.15 (16)

49224+210° Inaco, (g)-cacos

Additionally, a thermometer based on stable oxygen isotopes was used for palaeotemperature
reconstruction. In this case the isotope equilibrium may be expressed as [20]:

10% In aCaco,-H,0 = 2.78-10°T2 - 2.89 (17)

Similarly as in the case of stable isotopes of carbon, the value of the fractionation coefficient was

calculated from equation:
6'80c,c0, +1000

ACaCO3-H,O0 = B0m,0-+1000 (18)

As 5180Caco3 were accepted determinations for calcareous tufa, whereas the 6180H20 value was
accepted as a fixed value corresponding to the average value of the ratio of stable isotopes of oxygen
in groundwater supplying the springs in the vicinity of the cupola. In Equation (18), 5'0 values for
water and calcite should be expressed in relation to the same standard. The temperature of calcite
precipitation was calculated according to equation:

o _ 2.78-106
T[°Cl = 72210 - 27315 (19)

3. Results

The achieved results indicate that waters of the Cretaceous and Quaternary formations have a
composition typical of hypergenic zones They represent typical freshwater with mineralisation not
exceeding 550 mg/L (averagely 418.9 mg/L), representing the HCO3-Ca and subordinately HCO3-504-Ca
types (Table 1). Differences in the ionic composition can be observed between the Upper Cretaceous
and the Quaternary. Quaternary waters contain more sulphates and (to a lesser degree) magnesium.

6180 and 6°H determinations in the analysed groundwater (Table 2) are within the range of
—11.43—-9.35%o0 (averagely —10.29%o) and —78.89——72.27%o (averagely —76.56%o). The obtained range
of §'0%o values corresponds to the range typical of precipitation water registered in stations located
on continental areas. At average annual atmospheric temperature in the range of 8-10 °C, 5'80 values
in precipitation water are typically within —~9%o——11%so, as confirmed also by data from Poland [21,22].
The obtained results indicate that the groundwaters studied are infiltration waters, and the main factor
influencing the fractionation of stable isotopes of oxygen is atmospheric temperature. The infiltration
origin of the water is also indicated by the fact that the results of 6'80 coupled with values of 5°H are
close to the global meteoric water line (GMWL) (Figure 3). Spatial diversity of the isotopic composition
results from the infiltration of meltwater and variable in time intensity of evapotranspiration [23].
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Table 1. Chemical composition of the analysed groundwater.

90f17

1\1;‘(:11:1: . Stratygraphy Temperature  pH Eh SEC Ca?*  Mg?* Nat K* NHg* Cl- HCO3~ SO42~ NO;~ NO,- TDS
(@) - (mV) (uS/cm) (mg/L)

1 K, 9.9 778  -47 402 72.3 5.1 56 15 0.51 3.2 311.1 0.6 <0.01 0.08 400.0
2 K, 9.3 738  -88 382 64.5 3.6 33 09 0.19 9.1 231.8 13.6 <0.01  0.065 327.1
3 Q 9.9 736  —46 594 91.8 7.5 98 33 0.302 23 298.9 55.7 <0.01 0.08 490.4
4 Q 9.9 747 89 407 69.5 3 34 07  <0.001 10.1 183 33.5 21.79 0.073 325.1
5 Q 9.8 7.3 -96 608 117.2 6.1 103 1.6  <0.001 389 244 1127 <001  0.026  530.8
6 Q 9.7 724  -97 496 100.8 55 81 19 0.234 38.9 244 41.3 <001  0.094 4408
7 Q 9.9 7.2 -3 663 111.3 5.7 112 51 0.025 27 256.2 111.3 0.6 0.134 5286
8 K, 10.9 7.2 -79 545 95.7 8 5 1.6 2.14 5.7 390.4 6.8 <0.01 0.08 515.4
9 Q 9.9 749 =28 357 63.3 3.2 54 21 0.044 10.6 170.8 39.5 1.62 0.092  296.7
10 K 9.6 7.4 -69 487 88.3 7 48 14 0.293 5.2 359.9 6.8 <0.01 0027 4737
11 Q 10.4 1.66 217 472 71.1 24 66 22  <0.001 15.6 97.6 479 57.18 0.08 300.7
12 Q 9.5 705 128 450 85.5 41 4 04  <0.001 5.6 280.6 17.1 <001 <0001 397.3
Mean 9.9 738 99 488.6 85.9 5.1 65 19 0.31 16.1 255.7 40.6 20.30 0.08 4189
Standard deviation 0.4 020 969 929 17.4 1.8 26 12 0.6 12.3 77.9 36.2 229 0.0 86.3
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Table 2. Determinations of stable isotopes of oxygen and carbon in groundwater with calculations of chemical and isotope equilibrium with regard to the main

speciations of carbon dioxide.

Sampling Measured Values Calculated Values
Points Tem:)lgature 5180 (%) 6180 (%o) 61(302331c ( mDoIlfL) (ﬁﬁl(/)]f) V(nnll{j/%s f’(ﬁ:))lz}(ix;p 53Cco, (%) 8°Crico, (%o) Slsccoz(aq)(%o) 613CCOZ(g)(0/°°)
1 283.05 -11.43 -75.71 -13.46 5101073 277x107°  486x10™%  2.13x10™* -15.17 -13.02 -23.59 -22.49
2 282.45 -10.40 -76.20 -13.53 380x1073  715x107® 341x107% 3.84x107* -14.62 -12.44 -23.09 -21.99
3 283.05 -10.48 -74.57 -12.92 490x 1073  1.06x10™>  439x107°  5.00x107* -13.98 -11.82 -2241 -21.31
4 283.05 -10.53 —74.34 -13.06 3.00x1073  741x107® 275x1073 248x107* -14.34 -12.19 -22.77 —21.67
5 282.95 -10.48 -72.27 -12.62 400x1073  821x10° 353x10% 459x107* -13.55 -11.39 -22.00 -20.89
6 282.85 -9.96 -78.57 -13.19 400x1073  6.66x107° 347x107%  524x107* -13.96 -11.79 -2241 -21.30
7 283.05 -10.22 -78.48 -13.49 420x1073  648x107° 3.60x10%  590x107* -14.15 -11.99 -22.58 -21.48
8 284.05 -9.35 -77.90 -14.09 640x1072  992x107® 550x1073 887 x10™* -14.76 -12.64 -23.10 -22.00
9 283.05 -10.36 -78.65 -12.46 280x107% 694x107° 257x1073 222x107™* -13.78 -11.62 -22.21 -21.11
10 282.75 -9.67 -78.89 -14.17 590x 1073  139x107° 533x107%  5.60x107* -15.33 -13.16 -23.77 -22.67
11 283.55 - - -13.82 1.60x1073  646x107° 151x1073  8.68x10™* -15.36 -13.22 -23.74 -22.64
12 282.65 - - -15.35 460x107%  423x10° 371x10° 882x107* -15.48 -13.30 -23.93 -22.82
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Figure 3. 6'80 and 6°H determinations of the studied groundwaters in relation to the global meteoric
water line (GMWL).

513Cpyc values (Table 2) are within the range from —12.46 to —15.35%o, with an average value of
—13.51%o. Calculation results (Table 2) indicate that the dominating speciation in the groundwaters
studied is HCOj3. At the same time, this component is characterised by a higher contribution of 3C
compared to DIC. The remaining speciations, particularly CO,(,q), are according to model calculations
significantly impoverished in the heavier isotope. With regard to this, particularly interesting are
calculation results for gaseous carbon dioxide. 613Cco2(g) attains values within —20.89——22.82%0 and
thus very close to the average value in the soil carbon dioxide (—23%o) of temperate latitudes, i.e. in
areas with a dominating contribution of plants, whose photosynthesis follows the Calvin cycle [11].

6180 for calcite in samples of calcareous tufa attained values between —7.18-—7.69%o, and
513C—between —8.38--9.65%o (Figure 4). These data were used in an attempt to reconstruct the
changes of water temperature in the outflow zone. The thermometer based on oxygen indicated that the
oldest tufa series (A) was formed at conditions much cooler than presently. According to the indication
of this thermometer, water temperature in the outflow zone was about 6 °C. At present, groundwater
in the outflow zone is characterised by low temperature oscillations. Between 2011-2016, regardless
the time of the year at which the measurements were made, the registered temperatures were between
9.4-9.9 °C (averagely 9.6 °C), which is a value close to the average annual atmospheric temperature in
this area (9.0 °C between 2007-2016, synoptic meteorological station in £.6dz). The carbon thermometer
points to an even lower temperature of tufa formation from series A (4 °C) and, despite the fact
that this result should be treated with caution, it evidently confirms distinct cooling of atmospheric
temperature, and thus also of groundwater, at the end of the Atlantic period. Younger series of
calcareous tufa represent deposits of much warmer intervals, although according to the indication
of the oxygen thermometer, still lower by 1-2 °C from the present day values. At the same time,
according to the indication of the oxygen thermometer, the amplitude of temperature oscillations in
the Subboreal (i.e. during the formation of calcareous tufa from series B, C and D) did not exceed 2 °C.
A completely different scenario was obtained from the carbon thermometer. Despite the fact that this
thermometer also indicates that distinct climate warming took place after deposition of series A tufa,
the reconstructed temperature range is much wider, and the temperature oscillations have a different
course in time.
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Figure 4. Determinations of stable isotopes of oxygen and carbon in calcite and temperatures obtained

on their basis.

Analysis of variability in time required dating the calcareous tufa samples, in which determinations
of 680 and 6'3C were made in calcite. Radiocarbon age determinations in peat (Table 3) were used in
this case. After calibration of the sample ages using the IntCal 13 curve, a sedimentary rate model
was constructed (Figure 5). This allowed for recalculating the depth of tufa samples on the calibrated

radiocarbon age.

Table 3. Radiocarbon determinations and dates calibrated with IntCall3 curve.

. . " D BP
Profile Number Depth [m] Radlocar})Yon De;;;mmatlon Calibrated Date [BP]

ears 68.2% Probability  95.4% Probability

23 0.63 2810 + 50 2975-2850 (68.2%)  3059-2789 (95.4%)

o 5605-5272 (90%)

23 1.83 4690 + 90 gi;;:ggig ((;ggojo)) 5183-5120 (3.1%)

e 5112-5066 (2.4%)

2946-2843 (59%) g o

22 1.18 2780 + 50 2820-2800 (9.2%) 2998-2769 (95.4%)
3440-3433 (2.7%)

22 1.48 3130 + 50 3401-3325 (44.3%)  3450-3220 (95.4%)
3295-3253 (21.1%)

3820-3794 (1.9%)

3679-3670 (2.8%) 3761-3752 (0.5%)

22 176 334070 3641-3479 (65.4%) 3725-3440 (90.5%)

3433-3400 (2.5%)

ggg?jigg 81:;; 5569-5559 (0.8%)

22 2.33 4600 + 60 N 5471-5212 (68.4%)

5164-5135 (7.8%)
5105-5076 (7.3%)

5193-5050 (26.2%)
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Figure 5. Sedimentary rate model constructed with the use of OxCal software [14] based on the IntCal
13 curve.

4. Discussion

Previous studies of deposits within the spring mire cupola at Wardzyn [9] have allowed for
correlating the sedimentary succession with variably humidity conditions in the Subboreal. Analysis
of the sedimentary succession and mineral composition of the tufas have allowed to relate them with
periods of relatively low precipitation, whereas the peats seem to represent more humid intervals. It was
assumed that calcite dominating in the tufa composition was formed by balancing of groundwater
flowing to the surface with atmospheric carbon dioxide, and the tufas represent a chemical deposit
that was formed within the spring basin. The presented results of stable isotope analysis of carbon
confirm this hypothesis. The chemical and isotopic composition, and the temperature of contemporary
groundwater have enabled calculating the theoretical values of '3C in calcite that could be precipitated
by balancing these waters with atmospheric carbon dioxide. The obtained theoretical values of
613Ccacos in relation to the analysed 12 groundwater samples are between —8.39 and —10.30%o.
This range is very similar to that obtained for empirical measurements reformed in relation to calcite
in calcareous tufas of the cupola (-8.38——9.65%o0). Similarity of these results evidences that calcite
was formed as a chemical deposit, and isotope fractionation mostly depended on the temperature.
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Results of tufa analysis were used to interpret the temperature of the environment in the Subboreal,
with application of the chemical and isotope equilibrium model. This model, however, has certain
restrictions. The basic limit is the lack of knowledge on the chemical composition and stable isotope
ratios in groundwater during the Subboreal. In some cases it is possible to reconstruct isotope ratios
in water based on the isotope composition of organic matter in sediments. A good example is the
isotope determination of oxygen in cellulose. The results of experimental work indicate that the
fractionation coefficient of oxygen isotopes between cellulose formed as a result of photosynthesis of
aquatic plants and water is constant and does not depend on temperature, plant species or type of
photosynthesis [24]. This allows reconstruction of the isotope composition of water, based on 680
determinations in cellulose present in lake sediments. However, in the case of the studied cuppola,
organic matter present in the calcareous tufa contains an admixture of allochtonic material and this
technique could not be used. For this reason it was necessarily assumed that this composition did not
differ significantly from present day waters, and average values calculated on the basis of 6800
and 6'3Cpyc determinations in present day waters were used in the calculations. This means that
the temperatures obtained both from the carbon and oxygen thermometers should not be treated as
absolute values. However, due to the low variability of ratios of stable isotopes in DIC in present day
groundwater, they allow for indicative tracing of changes in the environmental temperatures in the
groundwater outflow zone during the Subboreal.

Temperatures reconstructed based on carbon and oxygen isotope thermometers indicate that
the oldest calcareous tufa series was formed in cold climate conditions, whereas the younger series
developed when the atmospheric temperature did not differ much from present day values. In this
part of the succession, however, temperatures reconstructed with the use of both thermometers show a
variable course of changes in time. This most probably results from the sensitivity of the fractionation
process of stable isotopes of carbon to biotic factors. If both temperature and humidity changed during
the formation of the cupola deposits, it may be assumed that these changes were accompanied by
transformation of the vegetation cover. Potential transformation of the soil layer could thus also have
influence on the fractionation of carbon isotopes both in soil carbon dioxide and in groundwater.
Variability of isotope ratios could also be influenced by variable biotic conditions in the spring basin.
Here, both macrophytes and phytoplankton developing within the spring basin could have had
influence on isotope fractionation [25]. In such conditions, isotope fractionation in calcite was not only
the function of temperature, and thus the results of the applied model remain dubious and may be
treated only as indicative. Therefore, results from the oxygen thermometer were considered as more
reliable and the attempt to evaluate the thermal changes of the environment in time was based on them.

By calibrating the age of the tufa samples, it was possible to compare temperatures reconstructed
from the oxygen thermometer with temperature curves obtained in other sites. '80 values for the
tufa from the spring mire cupola in Wardzyr obtained by Dobrowolski et al. [5] were also used in the
comparison; temperature values were calculated with the same methodology as for the determinations
presented in this report (Figure 6). The obtained curves were compared with the GISP2 Ice Core
Temperature and Accumulation Data curve [2,3]. The results indicate a similar trend of thermal changes
in the environment with time. The cooling and warming episodes recorded in Greenland (op.cit.) are
clearly reflected in the temperature curves obtained for the spring mire cupola in Wardzyn, with two
clearly marked cool episodes at about 3000 and about 3900 cal years BP, separated by a slightly warmer
period. A similar trend was also observed in Northern Europe. Based on thermometers using pollen
analysis, chironomids and stable isotopes in lacustrine deposits, Seppa et al. [1] (2009) distinguished
cool episodes between 3000-3900 cal years BP. Similar results were obtained by Stansell et. al. [7]
based on §!80 determinations; they also evidenced that the largest temperature oscillations in the
Subboreal took place in the summer months. A very similar course of temperature curves for Central
and Eastern Europe was presented by Davies et al. [4]. They elaborated averaged temperature curves
based on a qualitative reconstruction of pollen analysis from over 500 sites in Europe. The curve of
average annual temperature for Central and Eastern Europe has a very similar trend to that obtained



Water 2019, 11, 1945 15 of 17

from the Wardzyn deposits, with two cool episodes at about 3900 and about 2900 cal years BP, with
the cooling particularly occurring in the summer months. A similar course have also temperature
curves obtained on the basis of stable oxygen isotopes in calcareous tufa from the Czech Republic and
southern Poland [6,8]. Temperature changes reconstructed based on the isotope analysis of deposits
from Wardzyn correspond well also with other sites from Poland. The analysis of probability density
for various types of Holocene deposits [26] indicates that between 4850-3700 cal years BP, gradual
climate cooling and aridification took place. Next, a warm phase began, which ended about 2850 cal
years BP. A very similar trend is visible on the temperature curve from Wardzyn (Figure 6), on which
the cooler episodes at about 3900 and about 2900 cal years BP mark the limits of an interval with
distinctly higher temperatures during the Late Subboreal (SB2). Transition from cool climate to much
warmer conditions at about 3900 cal years BP is also confirmed by isotope analysis of calcite from
lacustrine deposits. Temperature curves obtained for the Gosciaz Lake [27] indicate that the change of
thermal conditions was rapid and took place after 3900 cal years BP.

-25 1 r 10.0

-26 A
Curve for Wardzyn

cupola obtained by authors ——> / :
= w ‘»‘
/ - 7.0

* r 6.0
\’\

=29 1 GISP2 curve Curve for Wardzyn
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Figure 6. Comparison of the GISP2 curve with temperatures based on stable oxygen isotopes from calcareous
tufa samples from Wardzyn. The figure presents also temperatures obtained by Dobrowolski et al. [5]
based on §'80 from the neighbouring core in the same cupola.

5. Conclusions

The model presented in this paper, based on chemical and isotope equilibrium in relation to stable
isotopes of carbon has allowed for calculating 6'3C with regard to the main speciation forms of carbon
dioxide in the solution and to gaseous carbon dioxide remaining in equilibrium with the solution. The
obtained results are very similar to 6'3C values in soil carbon dioxide in areas covered by vegetation,
in which photosynthesis follows the Calvin cycle. Because the plant communities in the study area
represent a similar type of vegetation, this lends credence to the obtained results. Moreover, these results
indicate that dissolution of carbonates in the system studied is similar to that from open carbonate
systems. This means that carbon isotope fractionation is largely controlled by temperature. Based on
this assumption, the theoretical values of 513C in calcite were calculated; their levels were similar to
those obtained for calcite from samples of calcareous tufa. This confirms the hypothesis of the chemical
nature of the calcite (formation without the contribution of living organisms) in effect of balancing the
groundwater solution with atmospheric carbon dioxide in the outflow zone (spring basin). This justifies
the application of stable isotopes of oxygen and carbon in palaeotemperature reconstructions during
the Subboreal (i.e. the interval during which the calcareous tufa was formed). Due to the complexity
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of the carbon fractionation process and the related interpretative issues, results based on §!3C were
treated as indicative, the main importance being attributed to 5'30.

The calculations indicate that the oldest calcareous tufa (series A) was formed about 5500 cal
years BP in a dry and significantly cooler climate compared to present day conditions. The formation
of subsequent series of calcareous tufa took place between 4400 and 2900 cal years BP, at thermal
conditions only slightly lower compared to present day values, with two distinct cooling episodes at
about 3900 and 3000 cal years BP. The course of the obtained temperature curves correlates well with
the GISP2 curve obtained from the ice core in Greenland and other sites from Northern, and Central
and Eastern Europe.

Results of stable isotopes of oxygen and carbon have enabled to supplement the results of previous
studies of the spring mire cupola in Wardzyn [9]. Previous analyses of the mineral composition,
especially of the sulphur minerals (gypsum and pyrite) accompanying calcite, have allowed to link
the calcareous tufa layers with intervals with relatively low precipitation. Analyses based on stable
isotopes of carbon and oxygen indicate that the tufas were formed both in cool and warm intervals.
This means that the main factor influencing the accumulation of calcite in the spring basin was humidity.
At low precipitation, springs in the vicinity of the cupola became less efficient, and the longer time of
groundwater contact with atmospheric air favoured balancing of the solution with atmospheric carbon
dioxide and in consequence precipitation of calcite. In humid intervals the springs became more
effective and conditions favouring peat accumulation developed in the spring basin. In effect, a cupola
was formed, which due to the succession of organic and chemical layers is at present a valuable object
for palaeoenvironmental reconstructions in the Polish Lowlands for the later parts of the Holocene
(particularly the Subboreal).
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