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Spring-fed fens in Wardzyñ rep re sent the rare group of al ka line mires sup plied by ar te sian ground wa ter. Us ing
multidisciplinary meth ods (in clud ing sedimentological, hydrometric and hydrochemical, pol len, macrofossil, malacological,
geo chem i cal, ra dio car bon dat ing, and sta ble ox y gen and car bon iso tope anal y ses) we have been able to (1) re con struct the
main phases of spring-fed fen de vel op ment, and to (2) de ter mine the cause of Neoholocene ground wa ter as cen sion re spon -
si ble for the mire in cep tion. These phases are char ac ter ized by cy clic or ganic (peat) and car bon ate (tufa) sed i men ta tion as -
so ci ated with the Ho lo cene fluc tu a tions in hu mid ity and tem per a ture. The be gin ning of the ac ti va tion of hy dro log i cal sys tems
(in volv ing the flow of con fined ground wa ter of the Cre ta ceous aqui fer) at Wardzyñ oc curred in the Subboreal pe riod of the
Ho lo cene, af ter a long ep i sode of de creased hu mid ity ini ti ated ca. 4.2 ka cal BP.

Key words: spring-fed fen, cal car e ous tufa, peatland, Neoholocene, £ódŸ Up land, cen tral Po land.

INTRODUCTION

Spring-fed fens be long to the group of soligenous al ka line
mires fed by con fined ground wa ter. These unique and re mark -
ably rare mires as sume the form of small or elon gated ridges el -
e vated vis i bly above the level of peat bog plains, which are usu -
ally char ac ter ized by dif fer ent eco log i cal con di tions and types of 
wa ter sup ply. In such eco sys tems, the pres ence of highly ox y -
gen ated wa ter con trib utes to faster de com po si tion of or ganic
mat ter or to the sec ond ary pre cip i ta tion of cal cium car bon ate (=
car bon ate encrustations of plants in the spring niche), de pend -
ing on the pres ence of autogenic or cli mat i cally con trolled con -
di tions (Kovanda, 1971; Dobrowolski, 1994; Grootjans et. al.,
2012). Con se quently, the ma jor part of a spring-fed fen is built
of peat-tufa rhythmite (sensu Dobrowolski, 2011) which con -

sists of al ter nat ing lay ers of car bon ate and biogenic sed i ments.
Since the de po si tion of cal car e ous tufa is closely con nected
with the sur round ing en vi ron ment, these sed i ments are suc -
cess fully em ployed as the ba sis of de tailed palaeo -
environmental re con struc tions and are treated as an im por tant
in di ca tor of hu mid ity-tem per a ture changes in the Ho lo cene
(Dobrowolski et al., 2002, 2005, 2012, 2016; Pazdur et al.,
2002; Mazurek et al., 2014). Their palaeogeographic sig nif i -
cance is fur ther strength ened by wide geo graphic dis tri bu tion in
the North ern Hemi sphere, as well as their ap pear ance through -
out hypsometrically, cli mat i cally and morphogenetically di verse
re gions. They are known from moun tains (Hajek et al., 2002;
Hájkova and Hájek, 2003; Grootjans et. al., 2012), car bon ate
up lands (Kovanda, 1971; Pazdur et al., 1988; Dobrowolski,
1994, 1998, 2000; Dobrowolski et al., 2002, 2005, 2016;
Alexandrowicz, 2004), and mo raine pla teaus (Jasnowski, 1975; 
Alexandrowicz and ¯urek, 1996; Wo³ejko, 2002; Osadowski et
al., 2009; Dobrowolski et al., 2010, 2012; Szwarczewski et al.,
2011; Mazurek et al., 2014).

Be cause of the as cend ing char ac ter of the wa ter sup ply to
spring-fed fens, their be gin ning has al ways been ex plic itly as -
so ci ated with the un lock ing of ver ti cal cir cu la tion of ground wa ter 
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due to the deg ra da tion of the Weichselian per ma frost
(Dobrowolski, 2006). Hence, the bot tom spring-fed se ries has
been dated, de pend ing on the geo graph ical lo ca tion of the site,
as be long ing to ei ther the end of the Late Gla cial or the be gin -
ning of the Early Ho lo cene (Dobrowolski et al., 2002, 2005,
2010, 2012; Pazdur et al., 2002; Mazurek et al., 2014).

The Wardzyñ spring-fed fens should be rec og nized as a
unique site, dif fer ent from all pre vi ously re searched, while the
cause of the as cen sion as one of the most palaeogeo -
graphically and hydrogeologically sig nif i cant re search ob jec -
tives. Even though the Wardzyñ site was al ready de scribed ear -
lier, mostly as a peat bed and in the con text of hy dro log i cal con -
di tions of spring-fed fen func tion ing (Ziu³kiewicz et al., 2012), it
is the first time we have at tempted to de scribe the gen e sis and
palaeoenvironmental evo lu tion of this ob ject with the use of
multi-proxy data. Con se quently, the aim of this study was (1) to
de fine the geo log i cal and hy dro log i cal ba sis for the for ma tion of
the spring-fed fen in the mid dle of the Subboreal pe riod of the
Ho lo cene, and (2) to re con struct the main evo lu tion phases of
the mire in re la tion to the Neoholocene hu mid ity-tem per a ture
changes and/or hu man im pacts based on multidisciplinary
stud ies of peat-tufa de pos its.

STUDY SITE

The study site is lo cated in the cen tral part of the Pol ish
Low lands, within the £ódŸ Hills mesoregion (Fig. 1). It is sit u -
ated in the south ern part of this re gional unit, within a gla cially
el e vated area, the so-called Romanowskie Hills (sensu
Wieczorkowska, 1975). It is a wa ter shed be tween the catch -
ments of the Vistula and Odra rivers. This re gion is char ac ter -
ized by a rel a tively greater num ber of mires than other parts of
cen tral Po land (Okupny et al., 2014). The re search area is sur -
rounded by a glacifluvial de pres sion as so ci ated with the mar -
ginal wa ter flows dur ing the re ces sion of the Wartanian ice
sheet.

The al ka line spring mires in Wardzyñ con sist of two sep a -
rate spring-fed cu po las (see Figs. 1 and 2), named Wardzyñ-1
(51°38’13”N; 19°38’17”E; 191.5 m a.s.l.) and Wardzyñ-2
(51°38’20”N; 19°38’21”E; 193.5 m a.s.l.). They are lo cated
within a vast com plex of val ley fens (ca. 20.8 ha, vide
Turkowska and Wieczorkowska, 1999) at the foot of the slopes
of a kame pla teau, in the con tact zone with the Wolbórka drain -
age ba sin (Fig. 1). The li thol ogy and pres ent hy dro log i cal con di -
tions of both cu po las were ear lier iden ti fied by Ziu³kiewicz et al.
(2012) and Okupny (2013). They pro trude 1.0–1.2 m above the
sur face of the peat plain, and cover the area of ca. 1.5 ha
(Fig. 2). We ana lysed in de tail the larger cu pola that is a dis tinct
landform of 314 m in length and a max i mum of 75.5 m in width.
The spring-fed fens in Wardzyñ rep re sent the eutrophic-cal car -
e ous type of soligenous mires sensu Wo³ejko (2000).

GEOLOGICAL AND HYDROGEOLOGICAL SETTING

The study area (Romanowskie Hills) is built mainly of
Wartanian glacigenic de pos its that con sist of: (1) dis con tin u -
ous se ries of tills cov ered par tially by (2) sands with grav els of
dead-ice mo raines and (3) sands of kames (Wieczorkowska,
1975; Turkowska and Wieczorkowska, 1994). The area is
drained by the river heads of the Wolbórka River. The val ley
floor is com posed of Ho lo cene deluvial silt, or ganic silt and peat
(Fig. 3). Be neath them, there are Weichselian sands and flu vial
silts with patches of or ganic mat ter, and de pos its of a
Wartanian ice-mar ginal lake (Turkowska and Wieczorkowska,

1994). Hydrogeologically, the Wardzyñ site is lo cated within the
Me so zoic £ódŸ Ba sin, upon one of its el e vated tec tonic blocks
sep a rated from the ad ja cent horsts by sub-lat i tu di nal faults.
They act as a bar rier for ground wa ter flow. One of these faults
may pos si bly con trib ute to an as cend ing spring that sup plies
the stud ied ob jects. The Up per Cre ta ceous lime stone, marl and 
opoka are the aqui fer in the top part of the Me so zoic com plex in
this part of the £ódŸ Ba sin (Ziu³kiewicz, 2003). In the study area, 
the wa ter flows within these rocks from north to south. The Up -
per Cre ta ceous de pos its are cov ered by low-per me able
Paleogene re sid ual clays or by ice-mar ginal lake de pos its.

Their thick ness at tains 40 m on av er age, al though this seal
is only 7–25 m thick in the en vi rons of Wardzyñ (Olczak, 1994).
It is lower and less lithologically di verse in the south west ern part 
of the area, near Tuszyn. It con sists of sev eral metres thick lay -
ers of Paleogene marl and loam or Wartanian till. The seal ing
se ries dis ap pears in the up per seg ment of the Ner River val ley,
where the Up per Cre ta ceous and Qua ter nary de pos its con sti -
tute a uni fied aqui fer. The springs, which con trib uted to the de -
vel op ment of the cu po las in Wardzyñ, cor re spond with the con -
di tions of the func tion ing of ground wa ter out flows in the £ódŸ
Hills in terms of the hypsometric and mor pho log i cal lo ca tion,
dis charge, and wa ter min er al iza tion. The wa ter-bear ing Qua ter -
nary de pos its are the main us able aqui fer in the study area
(Fig. 4A). The Romanowskie Hills are the area of lo cal re charge 
of the wa ter-bear ing Qua ter nary beds, lo cated di rectly close to
the drain age zone of the springs in Wardzyñ. The lack of con ti -
nu ity within the mo raine tills in this area ex plains the oc cur rence
of a sin gle aqui fer in the Qua ter nary de pos its (Moszczyñska,
1986; Ziu³kiewicz et al., 2012). In Wardzyñ, the Qua ter nary
ground wa ter ta ble oc curs slightly above the level of the Up per
Cre ta ceous ground wa ter ta ble (Fig. 4B).

The out flow of wa ter from the spring niches in Wardzyñ is of
as cend ing char ac ter and oc curs in mul ti ple spots. The peat-tufa 
cu po las rise above the spring niches and the pat tern of the
ground wa ter out flow in this re gion is dis persed. The el e va tions
of the out flow points range be tween 191.5 m a.s.l. (Wardzyñ-1
cu pola) and 193.5 m a.s.l. (Wardzyñ-2 cu pola). The to tal dis -
charge rate of the spring com plex in Wardzyñ is
10.6–16.5 dm3/s (Ziu³kiewicz et al., 2012).

MATERIAL AND METHODS

HYDROMETRIC AND HYDROCHEMICAL ANALYSES

The ba sic hydrochemical anal y ses were car ried out for: (1)
spring wa ter flow ing from the min eral sub stra tum in the spring
niches, and from the sur face of the fen cu po las, and for (2) un -
con fined and con fined ground wa ter – in piezometers reach ing
wa ter from the Qua ter nary and Up per Cre ta ceous aqui fers, in -
stalled ap prox i mately 0.25–0.85 km away from the stud ied ob -
ject.

The hydrochemical and hydrometric stud ies were con -
ducted in the pe riod of 2009–2012, in quar terly in ter vals. The
mea sure ments of SEC, pH (H2O), Eh and DO were per formed
in situ. Each re peated sam pling in volved the col lec tion of wa ter
for lab o ra tory anal y sis. The scope of the anal y sis cov ered: dry
res i due, TH, main ions, am mo nium ions, ni trite ions, ni trate ions 
and fer rous ions. SI (sat u ra tion in dex) was cal cu lated us ing the
PHREEQC soft ware with the wateq4f da ta base. The chem i cal
anal y ses were car ried out ac cord ing to Witczak and Adamczyk
(1995). The Da ta base of the Pol ish Hy dro log i cal Sur vey, which
is an ar chive of lo cal ground wa ter anal y ses, was used to iden -
tify the lo cal hydrochemical back ground.
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Fig. 1. Location of the Wardzyñ site: A – in Poland, B – in the southern part of the £ódŸ Hills, 
C – geomorphological situation in the study area region
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SAMPLING AND SEDIMENTOLOGICAL ANALYSIS

Geo log i cal and palaeomorphological sit u a tion of the whole
bed rock of the al ka line spring-fed fens (both cu po las) was rec og -
nized on the ba sis of 112 geo log i cal bor ings, sit u ated along 20
sec tions per pen dic u lar to the axis of each cu pola (Fig. 2B). The
core drillings were per formed ev ery 7–15 m, us ing Eijkelkamp, a
stan dard Rus sian peatborer (length 50 cm; di am e ter 5.0 cm).
The sur vey data col lec tion was con ducted us ing a self-re duc ing
la ser ta chom e ter (TOPCON GST-105N). The mac ro scopic
lithofacies anal y sis of or ganic-car bon ate se quences of the de -
pos its was made us ing the non-ge netic Troels-Smith method for
the de scrip tion of de pos its (Troels-Smith, 1955) with

Dobrowolski’s (2011) mod i fi ca tion. One core (coded WAR-2;
j51°38’18”N; l19°38’23”E), 2.5 m long, was taken from the
west ern part of the cu pola Wardzyñ-2 (Fig. 2B) for de tailed lab o -
ra tory anal y ses of the de pos its.

PALAEOBOTANICAL ANALYSIS – POLLEN AND MACROFOSSILS

Pol len. Sam ples for pol len anal y sis were taken from the
WAR-2 core at 5 cm or 20 cm in ter vals. De tailed pol len anal y -
ses were car ried out for 14 sam ples (2 cm3 in vol ume). They
were pre pared ac cord ing to stan dard Erdtman’s acetolysis af ter 
re moval of car bon ate in HCl and boil ing in 10% KOH (Berglund

Fig. 2A – hypsometric map of the study area (based on a topographic map at a scale of 1:10,000) with the location 
of spring-fed cupolas (WAR-1, WAR-2); B – thickness of peat-tufa deposits in the Wardzyñ-2 cupola 

(based on a tachymetric survey) paired with the location of drillings and probing
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and Ralska-Jasiewiczowa, 1986). The per cent age of in di vid ual
taxa was cal cu lated in the ra tio of the sum of the pol len of trees
and her ba ceous (AP+NAP), ex clud ing telmatic plants, aquatic
plants, and spores. Pol len di a grams were made us ing the
POLPAL soft ware; se lected curves of trees, shrubs and herbs
are pre sented (Nalepka and Walanus, 2003).

Macrofossils. For the macrofossil anal y sis, 30–50 cm3

sed i ment sampleswere taken at 5 cm in ter vals from the WAR-2
core. Plant macrofossils were sep a rated from 48 sam ples ac -
cord ing to the method de vel oped by Tobolski (2000), and iden -
ti fied us ing the keys of Dombrovskaya et al., (1959),
Grosse-Brauckmann, (1972, 1974), Grosse-Brauckmann and
Streitz (1992), Tobolski (2000) and Hedenäs (2003). The
names of vas cu lar plants were given af ter Mirek et al. (2002)
and the names of Bryophyta af ter Ochyra et al. (2003). Plant
macrofossils were iden ti fied to the level of spe cies or, in some
cases, of ge nus, and their per cent age con tents were cal cu lated
in a given sam ple.

MALACOLOGICAL ANALYSIS

A to tal of 9 sam ples were col lected at 10 cm thick in ter vals
from the WAR-2 core. Mol lus can as sem blages oc curred only in

the bot tom parts of the pro file at a depth of 1.4–2.3 m. The sam -
ples were wet-sieved us ing a 0.5 mm mesh sieve. Af ter dry ing,
all the spec i mens and iden ti fi able frag ments of shells were col -
lected for unan i mous clas si fi ca tion. The stan dard meth ods of
malacological anal y sis were used, as de scribed by Ložek
(1964) and Alexandrowicz and Alexandrowicz (2011). In di vid -
ual taxa were clas si fied into the fol low ing eco log i cal groups:
shadow-lov ing spe cies (F eco log i cal group), open-coun try spe -
cies (O eco log i cal group), mesophilous molluscs (M eco log i cal
group), hygrophilous molluscs (H eco log i cal group) and fresh -
wa ter spe cies (W eco log i cal group).

GEOCHEMICAL ANALYSIS

The geo chem i cal anal y sis was car ried out on 112 sam ples
taken ev ery 1 cm (at high lithofacies dif fer en ti a tion of sed i -
ments) or 2.5 cm (in the case of ho mo ge neous sed i ment) from
the WAR-2 core. Ash and or ganic mat ter (OM) con tents, as well 
as pH in H2O were de ter mined by stan dard meth ods used in
chem i cal anal y sis of organogenic de pos its (Myœliñska, 2001).
The ash was used to es ti mate the con tent of bi otic and
terrigenous sil ica in the de pos its by re mov ing the com po nents
sol u ble in HCl and KOH. The amount of car bon ates (ex pressed 

Fig. 3. Geological cross-section through the study area (location as in Figure 4)

A: 1 – limestone (Upper Cretaceous), 2 – clay and silt (Neogene), 3 – fine sand, 4 – sand with gravel, 5 – silt and clay, 6 –
medium-grained sand, 7 – till, 8 – gravel, 9 – fine sand, 10 – gravel, 11 – clay, 12 – gravel with sand, 13 – clay, 14 – silt and sand, 15 –
till, 16 – fine sand, 17 – till, 18 – sand with gravel and silt, 19 –   sandy till, 20 – sandy silt, organic mud and peat; B – full picture of the

bottom part of the sections (Upper Cretaceous–Neogene) near the spring in Wardzyñ
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in CaCO3) was de ter mined by the vol u met ric method us ing the
Scheibler ap pa ra tus (vide Turski, 1986). The to tal con tents of
macroelements (Na, K, Ca, Mg, Fe) and microelements (Mn,
Cu, Zn, Pb, Ni, Cr) were de ter mined. Sam ples of con stant
weight were di gested in con cen trated (ni tric, hy dro chlo ric and
per chlor ate) ac ids. The acid so lu tions were ana lysed by the
Atomic Ab sorp tion Spectrophotometry (AAS) method, us ing
the Solaar 969 ap pa ra tus. The pro por tions of these com pounds 
can be used to re con struct changes in wa ter level, bi o log i cal
pro duc tiv ity, and type of de nu da tion in the peatland catch ment
in ac cor dance with the con clu sions of £awacz et al. (1978) and
Borówka (1992, 2007).

RADIOCARBON DATING

The chro nol ogy of ac cu mu la tion of biogenic-car bon ate de -
pos its is based on the ra dio car bon dat ing of de pos its con tain ing 
a high amount of or ganic mat ter. The ra dio car bon anal y sis was
car ried out at the Gliwice Ra dio car bon Lab o ra tory, by the Liq uid 
Scin til la tion Count ing (LSC) method. The age was calculatedfor 
four sam ples.

STABLE ISOTOPES

The iso to pic anal y sis was car ried out us ing a dual in let and
tri ple col lec tor mass spec trom e ter (mod i fied and mod ern ized
MI1305 model). Car bon ate sam ples were ana lysed on CO2 pro -
duced by the re ac tion with 100% H3PO4 in a glass vac uum line
con nected to the in let sys tem of the mass spec trom e ter. The re -
ac tion pro ceeded at an elec tron i cally con trolled tem per a ture of
25 ± 0.2°C to achieve d18O in the VPDB scale. For the nor mal -
iza tion of both the d13C and d18O val ues, the in ter na tional stan -
dard NBS-19 was an a lysed in each se ries of the sam ples. The
an a lyt i cal un cer tainty of both delta val ues in terms of stan dard
de vi a tion was better than ±0.08‰.

RESULTS

HYDROMETRIC AND HYDROCHEMICAL ANALYSES

The cal car e ous tufa of both the spring cu po las pre cip i tated
from the ground wa ter flow ing out of the springs. The so lu tion
had to reach supersaturation with cal cium car bon ate, which can 
be de scribed as SICaCO3 > 5%logK. The speciation-sol u bil ity
model of the ground wa ter in the Wardzyñ area in di cates that
pre cip i ta tion of car bon ates is not pos si ble at the pres ent time.
The sat u ra tion in dex (SI) for cal cite is 0–0.5, i.e. SI < +5%logK
in the vast ma jor ity of cases (Ta ble 1). The model state of the
stud ied so lu tions in di cates that the par tial CO2 pres sure cor re -
sponds with the con di tions of the top part of the vadose zone.

The sets of hydrochemical data from the years 1959–2012
(CBDH) were tested (Mann-Whit ney U tests) to ver ify the sta tis -
ti cal sig nif i cance of the dif fer ences be tween the Qua ter nary and 
Up per Cre ta ceous aqui fers (Ta ble 2). The p val ues in di cate a
sig nif i cant hydrochemical sim i lar ity be tween the two wa -
ter-bear ing en vi ron ments.

The re la tion ship be tween the prod ucts of the dis so ci a tion of
cal cium bi car bon ate sug gests the pres ence of sub tle dif fer -
ences be tween the ground wa ter pres ent in var i ous wa ter-bear -
ing strata and the spring wa ter of Wardzyñ (Fig. 5).

The re sults pre sented in Fig ure 5 doc u ment a sig nif i cant de -
pend ence of the drop in the dis pro por tion be tween the con cen -
tra tion of Ca2+and HCO3

-  ions with in creas ing depth to the aqui -
fer. The Up per Cre ta ceous wa ters are prac ti cally bal anced,
while the con cen tra tion of Ca2+ in the un con fined ground wa ter
dis plays a marked dif fer ence from the con cen tra tion of HCO3

-

which is caused by the pres ence of other cal cium com pounds
(Ziu³kiewicz et al., 2012). The same is true for the wa ter in the
spring niches in Wardzyñ. How ever, the wa ter pen e trat ing the
cu po las and the as cend ing wa ter flow ing out onto their sur face
have a dif fer ent ra tio of the con cen tra tion of the ions. The re la -
tion be tween the lines of re gres sion al lows in ter pret ing this state 
as a re sult of the chem i cal com po si tion of wa ters in both the
Qua ter nary and Up per Cre ta ceous aqui fers, that is, of the ef fect 
of mix ing of wa ters from both aqui fers.

Fig. 4. Groundwater table contour of the Quaternary (Q)
aquifer (A) and Upper Cretaceous (K2) aquifer (B) 

in the Wardzyn area



SEDIMENTOLOGICAL ANALYSIS

The biogenic-car bon ate de pos its of the spring-fed fen are
2.2 m in thick ness. Fine-grained sands with mas sive struc ture,
bored into a depth of 2.5 m, con sti tute their min eral sub stra tum.
The sequenceof peat and tufa de pos its in cludes four main
lithostratigraphic units, coded chro no log i cally 1–4 (Ta ble 3).
Unit 1 is com posed of min eral-or ganic de pos its pro gres sively
pass ing into strongly de com posed sedge-wood peat with dis -
persed car bon ate mat ter. It is cov ered by a thin layer of sand
with in serts of slightly de com posed plant de tri tus and cal car e -
ous tufa. At lower depths, it passes into a peat-tufa rhythmite
com posed of thin pack ets of coarse- and me dium-grained cal -
car e ous tufa, sep a rated by lay ers of strongly de com posed
sedge-wood peat (unit 2). The to tal thick ness of the de pos its of
unit 2 ex ceeds 80 cm. It is cov ered by a packet (ca. 20 cm thick) 
of silty cal car e ous tufa with dis persed or ganic mat ter, which
rep re sents unit 3. The top lithostratigraphic unit (unit 4) is com -
posed of reed-wood and sedge-wood peat with out car bon ates,
with in serts of slightly de com posed wood.

PALAEOBOTANICAL ANALYSIS – POLLEN AND MACROFOSSILS

Pol len. The re sults of pol len anal y sis are il lus trated in the
pol len di a gram (Fig. 6). The fre quency and pres er va tion of
sporomorphs in de pos its that rep re sent spring-fed fen were rel -
a tively good (Dobrowolski, 2011; Pidek et al., 2012). The peat
of the top most layer (20–100 cm) ex hib ited a quite high fre -
quency and tax o nom i cal di ver sity of pol len. The sum of
AP+NAP was about 100–465 grains in the tested sam ples.
Based on the ob tained pol len di a gram, four lo cal pol len zones
(LPAZ) have been dis tin guished.

1. Alnus–Corylus LPAZ (210–180 cm)
This zone dis plays in creased val ues of Alnus and Pinus

pollen with a sig nif i cant per cent age of Corylus pol len. The
curves of Betula, Tilia and Picea pol len are con tin u ous. In ter -
mit tently, there are also Quercus, Ulmus and Salix pol len. As
far as her ba ceous plants are con cerned, only sin gle Ar te mi sia
pol len grains have been re corded. The spores of
Polypodiaceae dis play quite high val ues, es pe cially in the up -
per part of the zone.

2. Quercus–Picea LPAZ (179–125 cm)
This zone is char ac ter ized by the oc cur rence of Quercus

and Picea pol len, as well as by high pol len val ues of Pinus and
Betula. The fre quency of Corylus pol len is lower. The bot tom
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Min er als
(±5%logK)

Wells Piezometer

Up per Cre ta ceous aqui fer (K2) Qua ter nary aqui fer (Q) Aqui fer  K2

No. 1*,
Stefanów

No. 2,
Bêdków

No. 3, 
Kalino

No. 4,
Tuszyn

No. 5,
Pa³czew

No. 6,
Kurowice

No. 7, 
Wola

Rakowa

No. 8,
Brójce

No. 9,
Dalków

No. 10,
Modlica K-1/I

Cal cite

(±0.4)
  0.006   0.318 0.559   0.171   0.002   0.016   0.182   0.114   0.004 –0.065   0.157

Do lo mite
(±0.8) –1.145 –0.368 0.088 –0.602 –1.190 –1.038 –0.585 –0.848 –1.108 –1.245 –0.970

Sid er ite
(±0.5)   0.052   0.366 0.275   0.191 –1.196 –0.094   0.085   0.057 –0.679 –0.573   0.213

* – num ber and name of well, lo ca tion as in Fig ure 4; note: the SI val ues in bold in di cate a state of supersaturation of so lu tion in re la tion to a
given solid phase: SI > 5%logK, the grey-shaded SI val ues in di cate an equi lib rium be tween the so lu tion and a given solid phase:
–5%logK < SI < +5%logK, non-high lighted fields in di cate un der-sat u ra tion of wa ter in re la tion to a given min eral: SI < –5%logK

T a  b l e  1

Saturation in dex (SI) for car bon ate min er als, cal cu lated for the ground wa ter from the Qua ter nary and Up per Cre ta ceous 
aqui fers in the Wardzyñ area

Pa ram e ter Ca2+ HCO3
- Dry res i due pH re ac tion

p 0.810 0.676 0.733 0.887

Note: cal cu la tions con ducted with STATISTICA v.7.1 soft ware

T a  b l e  2

Re sults of the U test for a se ries of anal y ses of Ca2+ 
and HCO3

- ions, dry res i due, and the pH of ground wa ter 
from the Qua ter nary and Up per Cre ta ceous aqui fers 

in the Wardzyñ area; p = 0.05 
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Fig. 5. The ratio of equivalent concentrations of calcium and
bicarbonate ions in groundwater and spring waters of

Wardzyñ, analysed in the years 2009–2013

a – Up per Cre ta ceous con fined ground wa ter, b – Qua ter nary con -
fined ground wa ter, c – un con fined ground wa ter, d – spring wa ters
flow ing from min eral sub stra tum, e – spring wa ters flow ing from the
sur face of the Wardzyñ-1 cupola
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part of the zone is marked by a sig nif i cant pres ence of Tilia and
a no tice able pres ence of Abies pol len. The pol len curves of
Poaceae and Ar te mi sia are low and con tin u ous. The pol len of
Cyperaceae ap pears in the top part of the zone along with
Calluna vulgaris and spores of Lycopodium annotinum and
Sphag num. The fre quency of Polypodiaceae spores is high est
in the bot tom part of the zone.

3. Alnus–Picea LPAZ (124–100 cm)
Zone 3 is char ac ter ized by the max i mum pol len val ues of

Picea in its lower part, and of Alnus in the up per part, as well as
by the scar city of other pol len. Only pol len of Tilia and spores of
Polypodiaceae ex hibit a higher fre quency in the bot tom part.

4. Alnus–Pinus–Polypodiaceae LPAZ (99–20 cm)
This zone is rich in Pinus and Alnus pol len. The pol len curve 

of Picea ex hib its con sid er able vari abil ity, sim i larly to the curve
of Abies. Quite high fre quen cies of Quercus and Tilia pol len are
found in the bot tom part of the zone. The pol len curves of
Ulmus, Fraxinus, Salix and Corylus are dis con tin u ous. The pol -
len val ues of her ba ceous plants are rel a tively high. Pol len of
Plantago lancelata, Ar te mi sia and other meadow spe cies such
as Rumex acetosa, As ter type and Umbeliferae is pres ent.
Polypodiaceae are clearly dom i nant among Cryptogamae.

Since the for ma tion of the stud ied wa ter body, the dom i nant
for est com mu ni ties were pop u lated mainly by Alnus glutinosa
with an ad mix ture of Picea abies. The sig nif i cant fre quen cies of
Pinus and Quercus pol len in di cate that large ar eas around the
mire were also cov ered by pine and mixed for ests. The pol len
curves of Ulmus, Fraxinus and Tilia also con firm the pres ence
of ri par ian com mu ni ties. The pol len val ues show that such com -
mu ni ties might have been dom i nated by lime. How ever, it can -
not be ex cluded that the fre quency of Ulmus and Fraxinus is un -
der es ti mated, since their pol len is more frag ile and sus cep ti ble
to cor ro sion. Sim i larly, cor ro sion could have also af fected the
pol len grains of horn beam, which ap pear only in the top most
layer (see Balwierz, 2010). Fir was also pres ent in for est com -
mu ni ties and its max i mum pro por tion should be re lated to the
pe riod from 2800 cal BP, al though sin gle pol len grains of Abies
ap pear as early as ca. 3900 cal BP.

The fun da men tal changes in the de vel op ment of for est
com mu ni ties should be as cribed to: (a) a de crease in the pres -
ence of ha zel and the spread ing of the Polypodiaceae fam ily
ferns (ca. 4000 cal BP), (b) the max i mum pol len val ues of Alnus 
and Picea (ca. 3100 cal BP), and (c) the ad vance ment of herbal 
com mu ni ties with the ruderal and cul ti vated in di ca tors, as well
as ferns (ca. 1800 cal BP). The high fre quency of
Polypodiaceae spores and the pres ence of photophilous
meadow spe cies point to the oc cur rence of open ar eas. The
hu man farm ing ac tiv ity can be sub stan ti ated by the pres ence of
anthropogenic in di ca tors such as Plantago lanceolata or
Pteridium aquilinum.

Macrofossils. Based on the anal y sis of 45 sam ples of
macrofossils, taken from a depth of 5–235 cm, four zones
(coded Mac 1–4) are dis tin guished. They cor re spond to the
main phases of the mire de vel op ment (Fig. 7).

Mac-1 zone (235–190 cm). This zone is rec og nized as the
most di verse in terms of spe cies, with the si mul ta neous dom i -
nance of Alnus, helophytes and hydrophilous spe cies
(Equisetum fluviatile, Typha angustifolia and Schoenoplectus
lacustris) as well as hy dro phytes (Chara sp. and Ceratophyllum 
demersum). There is also a mod est pro por tion of brown moss,
in clud ing spe cies such as: Tomentypnum nitens, Limprichtia
cossoni, Philonotis fontana, Hamatocaulis vernicosus,
Caliergonella cuspidata, Campylium stellatum and Bryum
pseudotriquerum. The oc cur rence of the for mer four spe cies is
lim ited solely to this zone. Corylus avellana (frag ment of a
pericarp) was also found in the bot tom part.

Mac-2 zone (189–145 cm). The sec ond zone is still rich in
Alnus, Carex sp. and Phragmites, as well as Bryales show ing
the high est fre quency, while the di ver sity of spe cies is lower
(com pared with Mac-1). Menyanthes tri foli ata is per ma nently
pres ent and so are other rush spe cies such as Equisetum
fluviatile and Thelypteris palustris. The spe cies com po si tion of
macrophytes in di cates very wet and in hos pi ta ble hu mid ity con -
di tions.

Mac-3 zone (144–100 cm). This zone is marked by the
high est con tent of Alnus glutinosa with a small amount of Carex 

Depth

[cm]
Units Li thol ogy T-S For mula

0–55
4

Wood-sedge peat, highly de com posed, with in serts of
slightly de com posed wood, dark brown

Tl33, Th 41,nig.3, strf.0, sicc.3, elas.2, trunki et rami.
I-II

55–74 Reed-wood peat, mod er ately de com posed, in places
with in serts of slightly de com posed wood, dark brown

Tl33,Th31 , nig.3, strf.0, sicc.3, elas.2, lim 0, trunki et
rami. I-II 

74–92 3 Silty cal car e ous tufa, grey, with dis persed or ganic mat -
ter Cp(min.)4, Sh++, nig.2, strf.0, elas. 0, sicc.3, lim 2

92–113
2

Peat-tufa rhythmite, with rhythm size of 0.5 mm – 5 cm Cl(maj.)1-3, Th31-2, Tl31-2, Cp(min.)++, nig.1-2,
strf.1-3, sicc.3, elas.0-1, sicc.3, lim 2-3

113–175 Peat-tufa rhythmite, with rhythm size of 1 mm – 5 cm,
with malacofauna

Cl(maj.)1-3, Th31-2, Tl31-2, Cp(min.)+, nig.1-2,
strf.1-3, sicc.3, elas.0-1., sicc.3, lim 2-3, test moll

175–185

1

Fine-grained sand, with in serts of wood peat and cal -
car e ous tufa

Gmin3, Ag1, Sh+, Cp(min.)+, nig.1, sicc.2, elas.0,
strf.0, lim 0

185–210
Sedge-wood peat, highly de com posed, dark brown,
with a small ad mix ture of sand in the bot tom, with

scarce malacofauna

Th44, Cp(min.)+, Gmin +, nig.4, elas.2., sicc.2, strf.0,
lim 1, test moll

210–220 Min eral-or ganic mat ter, dark brown, with scarce
malacofauna

Th42, Gmin1, Ag1, nig.3, strf.0, elas.0, sicc.2, lim.0,
test moll

220–240
Bed rock

Fine-grained sand, light grey, with in serts of or ganic
mat ter Gmin3, Sh1,  nig.2, strf.0, sicc.2, elas.0, lim.1

240–250 Fine-grained sand, light grey Gmin4,  nig.1, strf.0, sicc.3, elas.0, lim.1

T a  b l e  3

De scrip tion of de pos its from the WAR-2 core ac cord ing to the Troels-Smith method (Troels-Smith,  1955) 
with Dobrowolski's (2011) mod i fi ca tion



and Phragmites macrofossils, and with a si mul ta neous trace
pres ence of brown moss. In the top part of the zone, the con -
tents of Carex and Phragmites sig nif i cantly in crease. In ad di -
tion, Thelypteris and Equisetum fluviatile ap pear in ter mit tently. 

Mac-4 zone (99–5 cm). It is char ac ter ized by the marked
co-dom i nance of al der and reed (Phragmites) macrofossils with 
the si mul ta neous pres ence of rush spe cies of Magnocaricion
al li ance. Brown moss is al most ab sent in this zone. The hu mid -
ity con di tions are still rel a tively in hos pi ta ble, which can be ob -
served from the con tin u ous but lim ited pres ence of Thelypteris
palustris and Menyanthes tri foli ata.

The anal y sis of the macrofossils in di cates that the area has
been cov ered by a for est com mu nity fa vour ing peat
sedentation since the be gin ning of the spring-fed fen. In com -
po si tion, it was close to the pres ent-day Ribeso nigri–Alnetum.
How ever, the spe cies com po si tion of its un der growth had un -
der gone sig nif i cant trans for ma tions in re sponse to the change
of the hu mid ity con di tions in the Neoholocene (Fig. 7).

MALACOLOGICAL ANALYSIS

In to tal, 21 mol lusc spe cies, rep re sented by over 1000
spec i mens and over 400 unclassifiable shell frag ments, have
been iden ti fied within the en tirety of the study ma te rial. The
num ber of taxa in in di vid ual sam ples var ied from 6 to 18, and
the num ber of spec i mens from 102 to 145 (Fig. 8 and Ta ble 4).

The malacological se quence in the Wardzyñ site is clearly bi -
par tite.

Mal-1 zone (230–200 cm) is char ac ter ized by the dom i -
nance of aquatic spe cies (Pisidium casertanum, Ra dix
balthica). The com po si tion of this as sem blage is typ i cal of
small, highly over grown wa ter bod ies. All the spe cies pres ent
here are re sis tant to dry ing and can live in dis tinctly hu mid ter -
res trial hab i tats for rel a tively ex tended pe ri ods of time
(Piechocki, 1979; Piechocki and Dyduch-Falniowska, 1993).
The fau nal as sem blage is com ple mented by ter res trial spe cies
typ i cal of wet land hab i tats. Spo radic shells of mesophilous
snails ap pear here as well.

Mal-2 zone (199–140 cm) con tains a fun da men tally dif fer -
ent as sem blage of molluscs. Aquatic spe cies are rep re sented
al most solely by Pisidium casertanum and con sti tute a sec ond -
ary com po nent of the fauna. The main role is as sumed by ter -
res trial taxa, es pe cially those of wet land hab i tats (Carychium
min i mum, Zonitoides nitidus and Perforatella bidentata). The
top most part of the se quence con tains quite nu mer ous shells of
spe cies typ i cal of open-area hab i tats.

GEOCHEMICAL ANALYSIS

We can dis tin guish six dis crete geo chem i cal zones (coded
Chem 1–6) in the ver ti cal de posit suc ces sion (Fig. 9), us ing the
PAST soft ware (Ham mer et al., 2001).
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Fig. 7. Diagram of plant macrofossils for the WAR-2 core

For lithology see Table 3
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Chem-1 zone (210–194 cm) – rep re sents the phase of min -
eral-or ganic de po si tion (OM – 0.74–31.1%) in re duc ing con di -
tions (Fe/Mn ra tio >1000) and in the en vi ron ment char ac ter ized
by in creased me chan i cal de nu da tion (Na+K+Mg/Ca ra tio –
0.2–0.8). This zone con tains one level with in creased con cen -
tra tions of Na (up to 0.11 mg/g), K (up to 0.97 mg/g), Mg (up to
1.08 mg/g), Fe (up to 72.1 mg/g), Cu (up to 20.8 mg/g), Cr (up to 
2.6 mg/g) and Ni (up to 160.2 mg/g). The max i mum con cen tra -
tions of these el e ments at the level of 2.07–2.09 m, cor re lated
with min eral mat ter (Pearson cor re la tion in di ca tor r –
0.42–0.58), were prob a bly the re sult of silt ing-up of the bot tom
or ganic lay ers.

With re spect to bulk geo chem i cal com po si tion, the Chem-2
zone (194–68 cm) can be di vided into three subzones:

Chem-2a subzone (193–186 cm) is the re cord of
sedentation of autochthonous rock-form ing mat ter of autogenic
or i gin (in crease of the OM con tent to 67%) and an as so ci ated
change of me chan i cal de nu da tion and re dox con di tions (de -
crease of lithogenic el e ments, Fe/Mn ra tio and pH). An al most
un re cog nis able plant struc ture in the peat in di cates sedentation 
of or ganic mat ter in the con di tions of well-ox y gen ated wa ter out -
flow.

Chem-2b subzone (185–125 cm) rep re sents the phase of
cal car e ous tufa de po si tion (CaCO3 – up to 93%) in the spring
mire. In this layer, the Ca con tent in creases from 7 mg/g to
264 mg/g (the co ef fi cient of vari a tion of this el e ment is 28%).
The Fe/Mn ra tio (mean value 339) in di cates a change from re -
duc ing to ox i dized con di tions. A si mul ta neous in crease in the
CaCO3/OM (to 15.8) and Ca/Mg (to 383) ra tios in di cates a con -

sid er ably higher tem per a ture and hu mid ity of the en vi ron ment
and an in crease in chem i cal de nu da tion (Fig. 9).

Chem-2c subzone (124–68 cm) is the re cord of a dy namic
change in the type of sed i men ta tion – from tufa de po si tion to
peat sedentation – which is also in di cated by an abrupt in crease 
of the OM (from 26 to 51%) and Fe con cen tra tions (from 7 to
44 mg/g). This zone in cludes one level of de creased con cen tra -
tions of Na (up to 0.02 mg/g), K (up to 0.01 mg/g), Mn (up to
0.03 mg/g) and Cu (up to 0.9 mg/g. On the other hand, the cal -
car e ous-rich layer (CaCO3 – 24–83%) was de pos ited in ox i diz -
ing con di tions (mean Fe/Mn ra tio is 320) and in the en vi ron ment 
char ac ter ized by de creased me chan i cal de nu da tion
(Na+K+Mg/Ca ra tio < 0.1).

Chem-3 zone (67–0 cm) is the re cord of the sedentation of
autochthonous rock-form ing mat ter (in crease of the OM con -
tent to 90%) and the as so ci ated change from chem i cal de nu da -
tion to me chan i cal de nu da tion (de crease of Na/K and Ca/Mg
ra tios) as well as the change in re dox con di tions (de crease of
Fe/Mn ra tio from 2980 to 35). The abrupt in crease in the con -
cen tra tions of some el e ments (Zn and Pb) and their neg a tive
cor re la tion with min eral mat ter is ev i dence of the at mo spheric
sup ply of heavy met als.

RADIOCARBON DATING

The re sults of ra dio car bon dat ing are pre sented in Ta ble 5.
They were cal i brated us ing the IntCal09 cal i bra tion curve and
OxCal v.4 soft ware. The age-depth model has been con -

Fig. 8. Malacofauna in the WAR-2 core

N – number of taxa (NT) and specimens (NS), Mf – molluscan fauna, D – two-component diagrams showing the ratios of selected
molluscan groups, which indicate the changes in environmental conditions of deposition: L – terrestrial species, W – aquatic species; 

for lithology see Table 3



structed us ing a P_Se quence func tion (Bronk Ramsey, 2008;
Fig. 10). The re main ing dates in di cate a vary ing ac cu mu la tion
rate. The age model is semi-lin ear and sug gests mi nor changes 
in the en vi ron men tal con di tions through out this time span. The
mean rate of sed i men ta tion, as de ter mined by ra dio car bon
dates, is. 0.78 mm/year–1. It fluc tu ates from low val ues of
0.38 mm/year–1 in the Subatlantic pe riod (= peat sedentation) to 
quite high val ues of 1.6 mm/year–1 dur ing the cal car e ous tufa
de po si tion in the Subboreal pe riod (Figs. 9 and 10).

STABLE ISOTOPES

Sta ble iso tope mea sure ment in car bon ate de pos its is a so -
phis ti cated tech nique, yet it re mains dif fi cult be cause of the
com plex na ture of sed i men ta tion be ing in flu enced by a num ber
of physicochemical and bi o log i cal pro cesses (Val ley and Cole,
2001). Gen er ally, in or ganic cal cites pre cip i tated in small con ti -
nen tal bas ins are ex pected to be less vary ing in d18O with wa ter
tem per a ture in com par i son with ma rine sed i men ta tion be cause 
both the wa ter of pre cip i ta tion and the mag ni tude of the iso tope
frac tion ation be tween cal cite and wa ter should partly com pen -
sate for each other. We no tice lower delta val ues in the wa ter,
but larger cal cite-wa ter iso tope frac tion ation with the low er ing of 
the en vi ron men tal tem per a ture. The com pen sa tion is not ideal
and cal cite d18O is dom i nated by the vari a tion of d18O in en vi ron -
men tal wa ter. The study by Dansgaard (1964) es ti mates the ef -
fect for the wa ter of pre cip i ta tion is ap prox i mately –0.7‰ per

one de gree of tem per a ture low er ing, whilst the cal cite-wa ter
frac tion ation grows by 0.3‰ per one de gree (Ep stein et al.,
1953; Craig, 1965). There fore, the net shift of d18O in cal cite de -
pos ited in con ti nen tal wa ter is about –0.4‰ per one de gree.

The vari abil ity of d18O along the WAR-2 depth pro file
(Fig. 11) was low, about 7‰. This points to rel a tively con stant
tem per a ture con di tions of cal car e ous tufa de po si tion in the
Neoholocene. The only ex cep tion is the sam ple from the
150 cm level (ca. 3.5 ky cal BP), which pro vides ev i dence for a
de crease of the en vi ron men tal wa ter tem per a ture by about 2°C. 
Dur ing this event, we also re corded a peak in the pro duc tion of
bio mass, as seen in Fig ure 11, and a lower rate of cal cite de po -
si tion. In this pe riod, the spring wa ter tem per a ture could have
been as low as +4°C, as sum ing an av er age value of +6°C for
the re main ing in ter val.

d13C is dif fi cult for in ter pre ta tion, but it sig nif i cantly cor re -
lates with d18O in this level. On the sim i lar ba sis we can try to
asses a cold event 2.8 ky cal BP, where the tem per a ture could
have de creased by 1°C (Fig. 11).

DISCUSSION

The tufa-peat se ries are of sub stan tial im por tance for the
palaeo geo graphi cal anal y ses that seek to doc u ment the cli -
mate-hab i tat trans for ma tions. These changes are in scribed into 
the se quence and chem i cal com po si tion of de posit se ries and

424 Rados³aw Dobrowolski et al.

 E TAXON
Sam ples

1.4–1.5
m

1.5–1.6
m

1.6–1.7
m

1.7–1.8
m

1.8–1.9
m

1.9–2.0
m

2.0–2.1
m

2.1–2.2
m

2.2–2.3
m

F Cochlodina orthostoma
(Menke)      3    

F Alinda biplicata (Mont.) 4   1 2     

F Bradybaena fruticum (Müll.) 2 2        

F Perforatella bidentata (Gmel.) 10 5 4 6 4 3 5   

O Ver tigo pygmaea  (Drap.) 12 3        

O Vallonia pulchella (Müll.) 8 3        

M Cochlicopa lubrica (Müll.) 7     1 1   

M Ver tigo angustior  (Jeff.) 3 5 2 3   1   

M Punctum pygmaeum (Drap.) 5     1 3   

M Vitrina pellucida (Müll.) 1    1     

M Perpolita hammonis (Ström.) 3 1 2 7 2 1 9   

M Limacidae     1     

M Euconulus fulvus (Müll.) 4    5  2 1  

H Carychium min i mum (Müll.) 5 4 2 4 2 3 4  1

H Succinea putris (L.) 7 3  1     2

H Ver tigo antivertigo (Drap.) 1    1     

H Zonitoides nitidus (Müll.) 5 3 3 4   5  1

T Ra dix balthica (L.)        5 10

T Galba truncatula (Müll.) 10 1  3   9 3 3

T Anisus calculiformis (Standb.)       1 1  

W Pisidium casertanum  (Poli.) 5 11 3 8 4 8 84 8 12

Spe cies 17 11 6 9 9 7 11 5 6

Spec i mens 92 41 16 37 22 20 124 18 29

E – eco log i cal groups of molluscs: F – shade-lov ing spe cies, O – open-coun try spe cies, M – mesophilous spe cies, H – hygrophilous spe cies,
T – aquatic spe cies of in ter mit tent wa ter bod ies, W – aquatic spe cies of pe ren nial wa ter bod ies

T a  b l e  4

Snails and bi valves in the WAR-2 core
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the suc ces sion of plant com mu ni ties. A multidisciplinary ap -
proach to the study of spring-fed fens al lows a closer look at the
mo ment of the be gin ning of this eco sys tem, and to draw deeper 
climatostratigraphic and palaeoenvironmental con clu sions on a 
re gional scale (Dobrowolski et al., 2002, 2016; Ur ban et al.,
2011).

SPRING-FED FEN EVOLUTION

Phase 1 – mid dle part of the Subboreal (ca. 4400–4100
cal BP). The be gin ning of the for ma tion of the fen dates back to
the tran si tion be tween SB 1 and SB 2 (sensu Starkel et al.,
2013) and is re lated to the ac ti va tion of an as cend ing wa ter sup -
ply fol low ing a pe riod of low ground wa ter lev els. The seep age
zone, which later be came an area of springs with con cen trated
but rel a tively low dis charge, formed a mod er ate limnocrenous
wa ter body with rich veg e ta tion and a ten dency to trans form
quickly into a helocrene, in which biogenic sed i ments of or ganic 
silt and sedge peat were ac cu mu lated. Geochemically, it is de -
fined by a pro gres sive in crease of the con cen tra tion of ma jor
and trace el e ments. The limnocrenous, and sub se quently
helocrenous stages are con firmed by palaeobotanical (the oc -
cur rence of hy dro phytes and telmatophytes – Ceratophyllum
demersum, Chara sp., Typha sp, Scirpus lacustris and
Eriophorum angustifolium) and malacological data (marked
dom i nance of wa ter spe cies – Ra dix balthica, Galba
trunculatula and Pisidium casertanum). The be gin ning of this
phase is tied to the warm pe riod of fre quent rain fall and ex treme 
geodynamic phe nom ena (Starkel et al., 2013), which oc curred
af ter an ex tended dry pe riod re lated to the 4.2 ka event (Bond et 
al., 2001; Booth et al., 2005; Wan ner et al., 2011). In the mire of
¯abieniec, which, like the stud ied for ma tion, is lo cated in the
£ódŸ Hills mesoregion, the ex tended dry pe riod that ended the
limnic phase of its de vel op ment was fol lowed by ini ti a tion of
paludal pro cesses (Forysiak et al., 2010). In Cen tral Eu rope it
re sulted in an in crease of wa ter level in lakes
(Ralska-Jasiewiczowa and Starkel, 1988; Magny, 2004;
Kowalewski, 2014), and in en hanced dy nam ics of ground wa ter
and im proved dis charge of springs, which cre ated fa vour able
con di tions for mire de vel op ment (¯urek, 1993; ¯urek and
Pazdur, 1999).

Phase 2 – crenous – (ca. 4100–2750  cal BP). The ini tial,
rel a tively hu mid and warm stage of this phase was marked by
an in crease in the dis charge of the springs pro vid ing wa ter sup -
ply to the mire, and by the de po si tion of coarse- and me -

dium-grained cal car e ous tufa. In the WAR-2 core this stage is
ev i denced by the oc cur rence of the peat-tufa rhythmite with the
pre dom i nance of cal car e ous lay ers. The per cent age of cal cium
car bon ate in creased to 93% in the pro file, which was ac com pa -
nied by a de crease in Fe val ues. The high Na/K (ca. 1.3) and
Ca/Mg (ca. 350) ra tio val ues in di cate a sup ply of allogenic prod -
ucts of weath er ing of car bon ate rocks to the mire by ground wa -
ter (Fig. 11). The sed i ments of the pe riod con tain the high est
con cen tra tions of trace el e ments as zinc, chro mium and nickel
within coarse- and me dium-grained tufa. Very low val ues of the
Fe/Mn and Cu/Zn ra tios point to ox i diz ing con di tions dur ing the
car bon ate de po si tion, and the lithological prop er ties of the sed i -
ments in di cate a crenous sed i men tary en vi ron ment
(Dobrowolski, 2011). The change in spe cies com po si tion of the
malacological as sem blages is the key qual ity in this re gard.
Aquatic spe cies are rep re sented al most en tirely by Pisidium
casertanum and con sti tute a sec ond ary com po nent of the
fauna. The main role is as sumed by ter res trial taxa, es pe cially
those re lated to highly hu mid en vi ron ments (Carychium min i -
mum, Zonitoides nitidus and Perforatella bidentata). Such a
com po si tion of the as sem blage in di cates a dom i nance of hu mid 
or even paludal ter res trial hab i tats. The co pi ous pres ence of the 
lat ter spe cies is a dis tinc tive fea ture of shaded en vi ron ments,
most likely al der thick ets, which is con firmed by the re sults of
anal y ses of plant macrofossils. These com mu ni ties were rich in
reed (Phragmites), sedge (Carex sp) and brown moss. A poor
spe cies com po si tion of herb pol len does not al low un am big u -
ous de ter mi na tion of the pres ence of ag ri cul tural ac tiv ity, nev er -
the less the in crease in the val ues of Ar te mi sia pol len and
Polypodiaceae spores since ca. 3900 cal BP may in di cate the
pres ence of ruderal hab i tats and de for ested zones in close
prox im ity to the study site. This can be re lated to the ex pres -
sions of the ac tiv ity of the Trzciniec cul ture peo ple in the Early
Bronze Age (Twardy, 2008). In the sedimentological re cord of
the re main ing mires of the £ódŸ re gion, this phase is marked by
a sig nif i cant in crease of the con tent of min eral mat ter in peat,
which is in ter preted as an ef fect of in ten tional de for es ta tion and, 
in con se quence, an in crease in the in ten sity of ero sion-de nu da -
tion pro cesses (Forysiak et al., 2011). The pol len di a grams of
the cores from the ¯abieniec site (Balwierz, 2010; Forysiak et
al., 2010) and the Kopanicha and Polesie sites (Forysiak et al.,
2011) dis play an un prec e dented ap pear ance of ce real pol len
and pol len of spe cies re lated to farm land ac tiv ity and pas tur ing.
In east ern Po land, this warm and hu mid pe riod was man i fested
in many spring-fed fens by in tense de po si tion of cal car e ous tufa 
(Dobrowolski et al., 2005, 2016).
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No.
Sam ple name

ma te rial
Lab. no.

T

(14C BP)

Cal i brated Age

 (range 68%)

Cal i brated Age 

(range 95%)

1 WAR-2/85 GdC-600 2480 ± 50
760  (23.1%)  680 cal BC

670  (45.1%)  520 cal BC

775  (84.9%)  475 cal BC

470  (10.5%)  410 cal BC

2 WAR-2/130 GdC-602 3265 ± 40
1610  (24.9%)  1570 cal BC

1565  (43.3%)  1495 cal BC
1635  (95.4%)  1440 cal BC

3 WAR-2/190 GdS-1260 3680 ± 75
2195  (4.7%)  2175 cal BC

2145  (63.5%)  1950 cal BC
2295  (95.4%)  1880 cal BC

4 WAR-2/210 GdS-1261 3950 ± 85

2575  (16.3%)  2510 cal BC

2505  (47.3%)  2330 cal BC

2325  (4.6%)  2300 cal BC

2850  (2.1%)  2810 cal BC

2745  (0.4%)  2725 cal BC

2695  (0.3%)  2685 cal BC

2680  (92.3%)  2195 cal BC

2165  (0.3%)  2150 cal BC

The dat ing was per formed at the Gliwice Ra dio car bon Lab o ra tory

T a  b l e  5

Re sults of ra dio car bon dat ing of peats from the War-2 core
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Fig. 10. The age-depth model for the WAR-2 core

Grey-shaded zones represent calibrated radiocarbon ages; 
darker areas – 68.4% probability, brighter colours – 95.4% probability
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The pe riod of 3150–3000 cal BP marks a clear drop in the
hu mid ity-tem per a ture con di tions and car ries a re sult ing de -
crease of the dis charge of springs. Lead ap pears again in the
geo chem i cal cir cu la tion (slightly above 0.01 mg/g), with a si -
mul ta neous lack of chro mium in the sed i ments. More over, the
high vari abil ity of the con tent of terrigenous sil ica (0.5–22%),
the in crease of the con tent of biogenic sil ica (up to 10%), and
the in creased con cen tra tion of cop per (up to 0.36 mg/g) in the
sed i ments can be caused by hu man im pact. The palynological
and macrofossil re cord of that time re flects the peak de vel op -
ment of al der com mu ni ties (ini tially with spruce) which, at cer -
tain in ter vals, elim i nated the telmatic plants, such as reeds,
sedges and bogbeans. The cli mate con di tion de te ri o ra tion at
that time was re corded in cen tral Po land (Ralska-Jasiewiczowa 
et al., 1998; Forysiak et al., 2010; Paw³owski, 2010; Starkel et
al., 2013) and, on a broader re gional scale, en com passed Cen -
tral and North east ern Eu rope (Magny, 2004; Väliranta et al.,
2007).

This rel a tively dry and cool pe riod was fol lowed by an im -
prove ment of hu mid ity-tem per a ture con di tions, ex pressed by
an in crease in the dis charge of springs. In the WAR-2 re gion, it
is doc u mented by the pres ence of in serts of coarse-grained
tufa in highly de com posed sedge peat. The ap pear ance of tufa
lay ers in the peat is a pre sump tive re cord of rel a tively more hu -
mid ep i sodes within the over all re gional trend of de creas ing hu -
mid ity. The vari abil ity of the ground wa ter out flow is con sid ered
the most im por tant cause be hind the changes in the eco log i cal
con di tions in the spring niches, which re acted rap idly to the
chang ing hu mid ity-tem per a ture con di tions of the sur round ing
eco sys tem (Mazurek, 2010). The chem i cal com po si tion of the
sed i ments is dom i nated by cal cium car bon ate with a mean con -
tent of over 50%. The iron, cal cium, chro mium and nickel con -
tents show the high est vari abil ity. This points to in tense leach -
ing of the rocks in the in fil tra tion area. Chro mium and nickel are
el e ments that are most dif fi cult to ac ti vate. More over, the ac ti -
va tion oc curs at the lat est time as com pared with other trace el -
e ments (Kabata-Pendias and Pendias, 1979).

A rel a tively cool and dry ep i sode in the his tory of the
spring-fed fen, pres ent in the re cords of all prox ies, ap pears in
the pe riod of 2800–2750 cal BP (Fig. 11). It doc u ments a con -
sid er able de crease in the in ten sity of land-form ing pro cesses in
the vi cin ity of the eco sys tem. It is most likely re lated to the Bond
event 2, which is widely re nowned as one of the most fre quently
re ported events cor re lated with spe cific proxy time se ries. It was 
prob a bly in flu enced by a Grand So lar Min i mum (Wan ner et al.,
2011). The 2.8 ka event is also the for mal bound ary be tween
the Subboreal and Subatlantic chronozones of the Ho lo cene
(Starkel et al., 2013). In the WAR-2 core (Fig. 11) it is re corded
as a sud den de crease in the in ten sity of car bon ate de po si tion
(the con tent of CaCO3 drops be low 30% with the si mul ta neous
con sid er ably higher con tent of autochthonous or ganic mat ter of 
ca. 45%) and the min i mum of the d18O curve (de pend ent on the
mean an nual tem per a ture and hu mid ity) and of the d13C curve
(re lated to the wa ter tem per a ture and the es cape rate of CO2

re leased by veg e ta tion to the at mo sphere). Both the d13C and
d18O val ues changed si mul ta neously dur ing the pe riod. This dry 
and cool phase has been widely noted in the Pol ish mires to
have oc curred be tween 2900 and 2500 cal BP (¯urek et al.,
2002). In a more con stricted pe riod (2910–2750 ca BP) it was
also pres ent in spring-fed fens of east ern Po land (Dobrowolski
et al., 2016).

Phase 3 – limnocrenous – ca. 2750–2200 cal BP. The be -
gin ning of this phase, which cor re sponds to the tran si tion be -
tween the Subboreal and Subatlantic pe ri ods, marks a sig nif i -
cant im prove ment of tem per a ture-hu mid ity con di tions, re -
corded in the WAR-2 core as a con sid er able in crease in the
d13C and d18O val ues (Fig. 11).

The evo lu tion of the Wardzyñ fen in the years
2750–2200 cal BP brought about the re ac ti va tion of springs (of
rel a tively low dis charge) and con se quently caused its trans for -
ma tion into a mod er ate limnocrenous wa ter body, in which silty
cal car e ous tufa was de pos ited. The lim ited dis charge of springs 
and the re sult ing rapid warm ing-up of wa ter are ac cepted by
many au thors as a set of op ti mal con di tions for the de po si tion of 

Fig. 11. Isotope composition of calcareous tufa from the WAR-2 core, in comparison with the lithology, 
chronology and selected chemical compositions

Blue-shaded areas mark the “cold phases” during the Neoholocene; orange-shaded areas mark the “warm phases” of the period;
 for lithology see Table 3



cal car e ous sed i ments (Prusinkiewicz and Noryœkiewicz, 1975;
Becza³a et al., 2010). It is most likely that the chang ing cli mate
con di tions at that time were sup ple mented by an in creas ing
pres sure due to hu man ag ri cul tural ac tiv ity in the re charge area
of the spring-fed fen in Wardzyñ. It ap pears within the
palynological re cord as an in creased fre quency and di ver sity of
photophilous taxa. The hygrophytic spe cies such as
Menyanthes tri foli ata, Thelyptris palustris and Equisetum
fluviatile once more ap pear among the macrofossils; the pro -
por tion of Phragmites in creases as well. The geo chem i cal re -
cord of the hu man im pact at the tran si tion be tween the Bronze
Age and the Iron Age is dis played as a two fold in crease in the
con cen tra tion of nickel, zinc and po tas sium with a si mul ta neous 
rel a tively high level of chro mium and cop per.

The be gin ning of the Subatlantic man i fested it self in many
mires of Cen tral Eu rope as a change in the wa ter bal ance
(Ralska-Jasiewiczowa and Starkel, 1999; Forysiak, 2012). An
in creased sup ply of rain wa ter in that pe riod re sults in the ap -
pear ance of peat-form ing com mu ni ties adapted to an in creas -
ingly poor trophic state (Kloss and ̄ urek, 2010). This phe nom e -
non ap plies to the re gion of £ódŸ as well, in clud ing the close vi -
cin ity of the study site. In the Œwi¹tniki mire, sit u ated ca. 20 km
south-east of Wardzyñ (see Fig. 1 for lo ca tion), an ex tended
stag nant pe riod is fol lowed by re ac ti va tion of peat ac cu mu la tion
(Turkowska, 2006). At the same time, a vast im prove ment of
hu mid ity con di tions is re corded in the ̄ abieniec mire (see Fig. 1 
for lo ca tion; Forysiak et al., 2010).

Phase 4 – helocrenous – from 2200 cal BP to Pres ent.
The fi nal stage of the evo lu tion of the spring-fed fen is re lated to
the dwin dling of spring ac tiv ity in the cu pola of the mire, its
paludification and fur ther de vel op ment as a helocrene. The de -
po si tion of tufa came to a halt in ca. 2250–2200 cal BP, which
had been caused by a rel a tively cool and dry cli mate and, in
con se quence, a smaller sup ply of the prod ucts of chem i cal de -
nu da tion. The sed i men tary en vi ron ment un der went a full trans -
for ma tion. The pro cess of chemogenic de po si tion of car bon -
ates was con verted into autochthonous sedentation of or ganic
mat ter. In the geo chem i cal re cord, it is doc u mented by an in -
crease in the Fe/Mn ra tio with a con cur rent drop in the Ca/Mg
ra tio (Figs. 9 and 11). The sedentation of or ganic mat ter oc -
curred in con di tions of high bi o log i cal pro duc tiv ity (in crease in
the con tent of biogenic sil ica to 10%), with a si mul ta neous lack
of de po si tion of cal cium car bon ate and an in crease in the Fe/Ca 
ra tio and height ened sup ply of lithophile el e ments to wards cal -
cium in the early phase. The rea son be hind this sit u a tion was
not only the in crease in anoxic con di tions, but also the in -
creased sol u bil ity of man ga nese, nickel and cal cium in a more
acidic en vi ron ment. A sim i lar change in the depositional con di -
tions at that time was doc u mented in the Radzików spring-fed
fen in east ern Po land (Dobrowolski et al., 2012).

This fi nal phase of the fen evo lu tion is dis tinctly marked by
signs of anthropogenic pres sure in flicted upon its eco sys tem.
Its ini tial phase is con nected to the ac tiv ity of the Przeworsk cul -
ture peo ple in the Ro man pe riod (B³aszczyk, 2000; Twardy,
2013). This fact is dis played in the pol len di a gram as a higher
fre quency of pol len of her ba ceous taxa, in clud ing ruderal and
cul ti vated ones, as well as spores of Pteridium aquilinum and
Polypodiaceae. The re cord of macrofossils is highly dom i nated
by Alnus and Phragmites with an ad mix ture of Carex sp.,
Thelypteris palustris and Menyanthes tri foli ata, with out brown
mosses.

The in crease in the po tas sium, so dium and mag ne sium
con tents, dated ca. 1200 cal BP, may have prob a bly re sulted
from slight de for es ta tion of the area ad ja cent to the fen in the
Early Mid dle Ages, as sug gested by ar chae o log i cal data. There
are sev eral set tle ment sites dis cov ered in the up per Wolbórka

River catch ment, which date to this pe riod (B³aszczyk, 2000).
An other in crease in the po tas sium con tent, point ing to in -
creased ero sion in the catch ment area, took place ca. 700 cal
BP. It pres ents a re cord of re peated in tense de for es ta tion of the 
up per part of the catch ment area, which serves as an in fil tra tion
area that feeds the fen with ground wa ter. His tor i cal sources
con nect this pe riod to the es tab lish ment of the neigh bour ing vil -
lages, in clud ing Wardzyñ and Pa³czew (see Fig. 1). Ar chae o -
log i cal (B³aszczyk, 2000) and other his tor i cal data (Baruch,
1992) sug gest that in the Late Mid dle Ages was the pe riod of
most in ten sive set tle ment ac tiv ity in this area.

Gen er ally, the WAR-2 core data shows the last two mil len -
nia were char ac ter ized by rel a tively lower hu mid ity, ac com pa -
nied by rel a tively sta ble tem per a ture con di tions. Sim i larly, very
sta ble cli mate con di tions of the last two mil len nia are in di cated
by mul ti ple data sources in the ad ja cent ¯abieniec mire
(Lamentowicz et al., 2009), as well as in the lakes of cen tral
(Ralska-Jasiewiczowa and Starkel, 1999) and north ern Po land
(Ga³ka and Apolinarska, 2014).

ORIGIN OF ALKALINE MIRES – 
A REASON FOR NEOHOLOCENE ASCENSION

Cli mate changes vs. hu man im pact. The spring-fed fens in 
Wardzyñ are rel a tively young in com par i son with other such for -
ma tions in the Pol ish Low lands (Dobrowolski et. al., 2002, 2005,
2012, 2016; Osadowski et al., 2009; Ur ban et al., 2011; Mazurek
et al., 2014). Thus, their originis dis sim i lar from pre vi ously de -
scribed ones, in which the spring-fed fens were re lated to the
per ma frost deg ra da tion dur ing the Late Gla cial/Ho lo cene tran si -
tion. Even though the mech a nism of un lock ing the ver ti cal,
forced cir cu la tion of wa ter ap pears to be sim i lar, both its time
con straints and the ini ti at ing fac tor for ar te sian wa ters are fun da -
men tally dif fer ent. The be gin ning of the ac ti va tion of as cen sion
that en abled the de vel op ment of the spring-fed fens in Wardzyñ
is dated to have oc curred at the be gin ning of the fourth mil len -
nium, so im me di ately af ter a well-doc u mented pe riod of de -
creased hu mid ity (drier cli mate) in the North ern Hemi sphere, re -
ferred to as the 4.2 ka event (Magny, 2004; Wan ner et al., 2011)
or Bond event 3 (see Bond et al., 2001). It is quite unan i mously
ac cepted that it was one of the most se vere cli ma tic events of
the Ho lo cene pe riod in terms of the im pact on cul tural up heaval
on a global scale (Booth et al., 2005; Roland, 2012; Roland et al., 
2014). It is re corded much more vis i bly in ar eas of con ti nen tal cli -
mate (e.g., North ern and East ern Eu rope), than it is in more oce -
anic ones (e.g., West ern Eu rope), where its palaeoclimatic in ter -
pre ta tion could of ten be du bi ous (Hughes et al., 2000; Swin dles
et al., 2013; Dobrowolski et al., 2016).

The re cord of the cores from the biogenic sed i ments of the
mires neigh bour ing the Wardzyñ site con tains ev i dence of per -
ma nent tran si tion from the lac us trine to the paludal phase in
this pe riod (Paw³owski, 2010; Forysiak et al., 2010), or the ap -
pear ance of clearly marked strata of highly de com posed peat
of ten with in creased con tent of min eral mat ter (Forysiak, 2012;
Paw³owski et al., 2016). In both cases, a sig nif i cant and rel a -
tively per ma nent drop in the ground wa ter level, re sult ing from
the grad ual cli mate dry ing, is quoted as the cause. Hence, it
would be ad vis able to ac knowl edge con sis tently that the cli mat -
i cally in duced low er ing of the ground wa ter ta ble in Wardzyñ
was re spon si ble for the de creased wa ter sup ply from the shal -
low aqui fers to springs and the in creased con tri bu tion of wa ter
from the deeper, Me so zoic aqui fer. In the ory, how ever, an iden -
ti cal hy dro log i cal ef fect could be ex plained by
anthropopressure re sult ing in a de crease of for est cover, lim -
ited re ten tion, and in ten si fied wa ter cir cu la tion. For ex am ple, in
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the West ern Carpathians, there are open spring fens of age
sim i lar to the al ka line fens de scribed in this ar ti cle. Their for ma -
tion is unan i mously as cribed to the hu man im pacts on the land -
scape, as an ef fect of tree cut ting and/or burn ing (Hájková et
al., 2012). For mer ar chae o log i cal stud ies of the re gion, how -
ever, dis play a lack of ex plicit cor re la tion be tween the ge netic
and tem po ral fac tors, that in flu enced the for ma tion of the
spring-fed fens in Wardzyñ, and the anthropogenic fac tor. The
point of ac ti va tion of the ar te sian springs oc curred in the Late
Neo lithic, an age very poorly doc u mented through out the £ódŸ
re gion. Even the Early Bronze Age is rep re sented only by a few
sites of the Trzciniec cul ture dated ca. 3900–3500 cal BP
(G¹sior, 1975; Papiñska, 2002), lo cated mainly in val leys and
ad ja cent ar eas of the larg est rivers in the re gion (Twardy,
2013). As for the rel a tively close prox im ity to the Wardzyñ site,
the only cases of anthropogenic ac tiv ity at the time have been
re corded in the Pilica River val ley and the mouth sec tion of the
Wolbórka River (B³aszczyk, 2000), about 5 km to the
south-east of the study area, that is, down stream of the re -
charge zone of the fen. The up per Wolbórka River catch ment
most likely was not heavily uti lised by man, which prob a bly ex -
cludes de for es ta tion as a fac tor that could in flu ence the re or ga -
ni za tion of the wa ter cir cu la tion in the up per part of the catch -
ment. The first traces of set tle ment ac tiv ity in the study area are
re lated to the Mid dle Bronze Age (mul ti ple sites of the Lusatian
cul ture) dated at ca. 3300–2400 cal BP. There fore, it was the
pres ence of ac tive springs that ini ti ated the set tle ment rather
than the set tle ment was the cause of sig nif i cant trans for ma tion
in the wa ter sup ply of the up per aqui fers.

Mech a nism of Neoholocene as cen sion and cal car e ous 
tufa de po si tion. De spite the fact that sev eral sep a rate springs
of vary ing dis charge and hydrochemical char ac ter is tics have
been iden ti fied in the £ódŸ Hills (Burchard and Maksymiuk,
1997; Burchard and Ziu³kiewicz, 1999; Ziu³kiewicz, 2000, 2005,
2010), only the Wardzyñ site al lows to doc u ment ing tufa sed i -
ments that can be con nected to cur rently ac tive out flows
(Ziu³kiewicz et al., 2012).

Con tem po rary as cen sion zones of the wa ters from Up per
Cre ta ceous de pos its shield the £ódŸ Hills from the north (Bzura
River val ley), west (Ner River val ley) and south-east (Wolbórka
River val ley). The re charge zone of the Up per Cre ta ceous aqui -
fer stretches from the NNW to SSE along the in ter sec tion bor -
der of the £ódŸ Ba sin. How ever, the prop er ties of car bon ate
rocks do not al ways per mit the wa ter sup ply from their Ce no zoic 
cover. The ef fec tive re charge zones are then vis i bly spa tially
lim ited, even more so if tak ing into con sid er ation the fact that
the Wartanian tills and Paleogene clays (the com mon Ce no zoic 
de pos its) im pede the in fil tra tion of the Up per Cre ta ceous mas -
sif by wa ter. These con di tions have led to a sit u a tion in which
the top parts of the Cre ta ceous de pos its con tain wa ters that
was in fil trated at the be gin ning of the Ho lo cene (Ziu³kiewicz,
2003). De mon stra bly better con di tions for in fil tra tion oc cur in
the out crops of Lower Cre ta ceous de pos its. There fore, the
ground wa ter of those aqui fers is sig nif i cantly youn ger
(Ziu³kiewicz, 2003).

The or i gin of the springs in the £ódŸ Hills, one of the most
spring-rich re gions of cen tral Po land (Maksymiuk and Mela,
1995), is of ten as cribed to the im prove ment of cli mate con di -
tions in the Eoholocene and the con se quent full deg ra da tion of
extraglacial per ma frost. At that time, the ris ing ground wa ter
level reached the bot tom parts of de nu da tion val leys and led to
the ac ti va tion of de scend ing out flows of spring wa ter
(Krzemiñski, 1989). The west ern bor ders of the for mer
proglacial val ley with an out let into the Wolbórka ice-mar ginal
val ley in the Wardzyñ re gion also be came an area of spring ac -
tiv ity. Con trary to the other spring ar eas of the £ódŸ Hills, these

springs ap peared in close prox im ity to the re gional drain age
area of the Up per Cre ta ceous aqui fer.

The Wardzyñ springs are re charged by wa ter from the
intermoraine Qua ter nary aqui fer (Moszczyñska, 1986;
Ziu³kiewicz et al., 2012) that cur rently dis plays in this area a
large hydrochemical sim i lar ity to the Up per Cre ta ceous aqui fer
de spite its dif fer ent li thol ogy of the wa ter-bear ing rocks (Ta bles
1 and 2). There fore, the seal ing layer of Paleogene de pos its
that oc cur be tween the two aqui fers can not be im per me able de -
spite their wide spread oc cur rence ac com pa nied by a high
lithofacies and thick ness di ver sity (Olczak, 1994; Fig. 3). It is
also nec es sary to take into ac count the oc cur rence of faults at
the top of the Me so zoic com plex, which are ge net i cally re lated
to the Al pine orogenic cy cle (Marek, 1977) and Ce no zoic
halokinesis of the Tuszyn salt dome (Dadlez, 1998; Fig. 3).
More over, the Qua ter nary cover con tains dis con ti nu ity de for -
ma tions re sult ing from the com pres sion stress in the mar ginal
zone of the Wartanian gla ci ation (Turkowska, 2006; Jaskulski,
2015) and ten sion stretch ing af ter its re ces sion. The proof of
this ac tiv ity is the graben of the up per Ner River near Wardzyñ
(Trzmiel and Nowacki, 1987).

The pres sure dis tri bu tion in the hy drau lic head of both aqui -
fers in re la tion to the ground level makes the wa ter ta ble of the
Wolbórka River val ley sta bi lize at a level above the sur face. The 
ground wa ter level in the Qua ter nary aqui fer, on the other hand,
re lates to the con tem po rary drain age sys tem. The Wardzyñ
springs are lo cated ad ja cent to a zone where the Up per Cre ta -
ceous ground wa ter as sumes ar te sian prop er ties. Thus, it can
be sur mised that it con sti tutes an area where wa ter from both
aqui fers mixes above the dis con ti nu ity of the seal ing layer in the 
im me di ate vi cin ity of the re gional drain age zone.

Hy dro dy nam i cally and lithogenetically, it is vi tal to at tempt to 
de ter mine the rea sons be hind the ac ti va tion of the
Neoholocene as cen sion that ini ti ated the de vel op ment of the
spring-fed fens in Wardzyñ. There is no doubt that to tal deg ra -
da tion of per ma frost at the LG/H tran si tion brought about con di -
tions hy po thet i cally ad van ta geous for the un lock ing of ver ti cal
cir cu la tion in ground wa ter. With fa vour able hydrogeological
con di tions, the ini ti a tion of the as cend ing wa ter sup ply may
have oc curred and in volved the Cre ta ceous aqui fer wa ters. Un -
for tu nately, there is lit tle un am big u ous ev i dence to sup port the
the ory of the Early Ho lo cene as cen sion in the study area. It oc -
curs only at the turn of SB 1 and SB 2 (sensu Starkel et al.,
2013) fol low ing an ex tended dry ep i sode – the 4.2 ka event. The 
or i gin of this event has been linked to ocean-at mo spheric cir cu -
la tion changes in the North At lan tic (Bond et al., 2001; Booth et
al., 2005). In the unique hydrogeological sit u a tion of the £ódŸ
Hills, i.e. a con sid er able age dif fer ence be tween the wa ters of
the two aqui fers, it ap pears that the du ra tion of the wa ter de fi -
ciency de ter mined the in crease in the in ten sity of mix ing of the
wa ters of the Qua ter nary and Up per Cre ta ceous aqui fers. Be -
cause of the pres ence of hydrogeological win dows, the sup ply
of wa ter in the as cen sion zones was sup ple mented by wa ters
from car bon ate de pos its, which, in turn, prop a gated the change
in the struc ture of the mix ture of the wa ters of the Me so zoic and
Ce no zoic aqui fers. The mix ing of wa ters with a com mon ion
may have re sulted in the state of supersaturation with cal cium
car bon ate (Janiec, 1989/90). The pro longed dry pe riod, along
with an ex treme re stric tion of the fre quency of ep i sodes of in -
tense in fil tra tion sup ply, may have caused a sit u a tion that, ac -
cord ing to Kresic and Bonacci (2010), in creased the im por tance 
of “old” wa ters ac quired by a spring from deeper parts of the
aqui fer. The de crease of pres sure in the re charg ing aqui fer led
to the wa ter stag na tion at the out flows, and paludization of the
spring zones. The re ten tion pe riod for the wa ter within the
spring niches was in creased, which could have been an other
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destabilizing fac tor for the car bon ate bal ance of the su per sat u -
rated so lu tion by in tro duc ing the bio chem i cal ac tiv ity of
phytoplankton and sub merged macrophytes.

CONCLUSIONS

The re sults of in ter dis ci plin ary stud ies have al lowed de ter -
min ing the broad geo log i cal and hydrogeological con text of the
be gin ning and func tion ing of soligenous al ka line fens of the
Wardzyñ site. The main morphogenetic and palaeo geo graphi -
cal con clu sions re sult ing from the multi-proxy stud ies of the
spring-fed fens in Wardzyñ are as fol lows:

1. The Wardzyñ spring-fed fens are unique among low land 
springs be cause of their rel a tively young ini ti a tion of
Neoholocene de vel op ment. Their or i gin is dif fer ent from 
pre vi ously de scribed spring-fed fens, be ing an ef fect of
the per ma frost deg ra da tion dur ing the Late Gla cial/Ho -
lo cene tran si tion.

2. The be gin ning of the ac ti va tion of as cen sion at the
Wardzyñ site oc curred im me di ately af ter the well-doc u -
mented ep i sode of de creased hu mid ity (cli mate dry ing)
in the North ern Hemi sphere, re ferred to as the 4.2 ka
event (Bond et al., 2001; Booth et al., 2005). The du ra -
tion of the wa ter de fi ciency pre sum ably de ter mined the
in ten sity of mix ing of the wa ters of the Qua ter nary and
Cre ta ceous aqui fers, and, fol low ing the im prove ment of
hu mid ity con di tions, served as the ini ti at ing and sus tain -
ing fac tor of as cend ing wa ter sup ply.

3. Ar chae o log i cal re cords (lack of traces of in ten sive hu -
man ac tiv ity in the Neo lithic Age) ex clude the
anthropogenic, in ten tional cause of ac ti va tion of the
Neoholocene as cen sion in this area. The first ev i dence
of set tle ment ac tiv ity at the study site is re lated to the
Mid dle Bronze Age, a pe riod al most a thou sand years
af ter the ac ti va tion of the ar te sian springs.

4. Four main phases can be dis tin guished in the evo lu tion -
ary his tory of the fen. These in clude two limnocrenous
phases, sep a rated with a crenous one, and the con tem -
po rary helocrenous phase that ends the spring phase of 
the fen func tion ing. The vari abil ity of en vi ron men tal con -
di tions ac com pa ny ing the de vel op ment of the fen, re -
corded by the vari a tion in the lithofacies and other prox -
ies, was re lated to a change of the ar te sian sup ply re -
sult ing from the Neoholocene hu mid ity-tem per a ture
fluc tu a tions, as well as the hu man im pact of the last
three mil len nia.
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