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Geo chem i cal and plant macrofossil anal y ses of the ¯abieniec mire de pos its and the palaeoenvironmental changes they re -
cord of the past sev eral thou sand years con sti tute an im por tant source for palaeo geo graphi cal re con struc tion of the Pol ish
Low land. We de scribe the phases of the ba sin’s de vel op ment from the fi nal part of the Plenivistulian (MIS2), through the Late 
Gla cial and the en tire Ho lo cene, en com pass ing changes de ter mined by both re gional and global fac tors in the sur round ing
en vi ron ment, and hab i tat trans for ma tions in the limnogenic mire. The ket tle-hole infill of the ̄ abieniec mire is the only doc u -
mented ex am ple in Central Po land of a suc ces sion of biogenic de pos its ex ceed ing 10 m in thick ness in such a set ting. De po -
si tion ini tially took place in a lake en vi ron ment, which led to a shallowing of the lake that per sisted un til the end of the
Mesoholocene.
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INTRODUCTION

Peatlands and lakes are im por tant eco sys tems, re cord ing
their own his tory as well as the his tory of past global and lo cal
events that var i ously af fected their de vel op ment (Charman,
2002). Ad di tion ally, the role that sites of biogenic ac cu mu la tion
play in the geo chem i cal cy cles of ma jor and trace el e ments is
im por tant on a global scale. De pend ing on the hy dro log i cal con -
di tions of lakes and mires, cli mate change and hu man ac tiv ity,
biogenic de pos its can be char ac ter ized by var i ous kinds of
lithogeochemistry (Shotyk, 1996; Karasiewicz et al., 2017). 

The for ma tion of peat de pos its is char ac ter ized by a lack of
ox y gen and wa ter-rich con di tions; such en vi ron men tal con di -
tions con trib ute to plant de com po si tion and, af ter wards, to var i -
ous bio chem i cal changes within the de pos its. Some con tem po -
rary peat bogs and biogenic de posit lay ers show com plex de -

vel op ment which in cluded the oc cur rence of lac us trine and
peat bog phases. The wan ing of lakes re sults from de po si tion
and should there fore be con sid ered in the con text of geo log i cal
suc ces sion (Forysiak, 2012). Ket tle hole mires are also formed
as a re sult of terrestrialisation of the wa ter sur face and they are
de fined as small (usu ally <1 ha) but usu ally deep (lo cally ex -
ceed ing 10 m deep) de pres sion-re lated wetlands of gla cial or i -
gin with wa ter sup plied from a closed catch ment. Ket tle holes
are a com mon fea ture of a young gla cial land scape (Kalettka
and Rudat, 2006; Karasiewicz et al., 2014; Okupny et al.,
2020). In the Saalian gla ci ated area, in di vid ual ex am ples of
such forms can gen er ally only be found in north east ern Po land
(¯urek, 1990). The ̄ abieniec mire is the only de pres sion of this
type in Cen tral Po land.

Limnogenic peatlands are sit u ated in these lo cal de pres -
sions, and thus trans port of terrigenous ma te rial from the vi cin -
ity af fects minerogenic sup ply. Geo chem i cal data are in dis -
pens able for the re con struc tion of de nu da tion pro cesses
around such sites of biogenic ac cu mu la tion (Borówka, 1992;
Paw³owski et al., 2016b). The key as sump tion of these in ter pre -
ta tions is that the main chem i cal com po nents of biogenic sed i -
ments de rive from dif fer ent sources and that they ac cu mu late in 
de pos its in dif fer ent physico-chem i cal con di tions. In or der to re -
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cog nise the ex tent of me chan i cal de nu da tion, and es pe cially
rel a tive changes in this type of pro cess, lithophilic el e ment con -
tents can be used (Al, K, Mg, Ti), as well as the sums of these
el e ments rel a tive to a nor mali sa tion el e ment such as Ca. These 
com po nents may be sup plied pas sively as quartz and alu mi no -
sili cate par ti cles or as ions ab sorbed by clay min er als (Fos ter
and Dearing, 1987). Through slope ero sion, the chem i cal com -
po si tion of the ma te rial sup plied cor re sponds to the chem is try
of lo cal de pos its. An im por tant role in the de liv ery of min eral
con stit u ents is also played by wind. Ae olian pro cesses sup ply
min eral con stit u ents that are pres ent in the silt frac tion and con -
tent of lithophilic el e ments to peatlands (Rydelek, 2013;
Okupny et al., 2019). 

This study ex am ines how the ma jor and trace el e ment in -
puts re sponded to lo cal and re gional en vi ron men tal in flu ences
dur ing the Late Gla cial and Ho lo cene at ¯abieniec. Plant
macrofossils have been used in typology of the sed i ments and
as in di ca tors of the sed i ments’ lo cal hab i tat con di tions. In study -
ing biogenic sed i ments, macrofossil anal y sis is vi tal to dis tin -
guish prop erly be tween  limnic (a layer at the bot tom of the lake) 
and telmatic-ter res trial (set tling of autochthonous or ganic mat -
ter) depositional en vi ron ments. Con cen tra tions of the ma jor el -
e ments and trace el e ments, and the ra tios be tween these, can
be used in re con struc tions of en vi ron men tal changes af fect ing
biogenic ac cu mu la tions and their sur round ings. This is a con -
tin u a tion of multi-proxy stud ies fo cused on ket tle holes lo cated
be yond the main stag na tion lines of the Vistulian ice sheet
(Lamentowicz et al., 2009; P³óciennik et al., 2011; Paw³owski,
2012; Majecka et al., 2018).

STUDY SITE

The ket tle hole mire at ¯abieniec (geo graph ical co or di -
nates: 51.85029 N, 19.77772 E) is in Cen tral Po land, ~25 km
east of £ódŸ (Fig. 1A). It is lo cated in the north ern part of the
£ódŸ Hills on a morainic up land 183 m a.s.l. (Fig. 1B). This re -
gion has rel a tively fewer mires than in other parts of Cen tral Po -
land (Okupny et al., 2014). The mire is lo cated in a 1.5 km long,
closed oval ba sin, in the wa ter shed of the rivers Mro¿yca (to the 
west) and Mroga (to the east; Fig. 1C). This ba sin was formed
as a melt-out de pres sion with a very ir reg u lar bot tom to pog ra -
phy when bur ied ice melted at the end of the Warta Stadial –
MIS6 (Lamentowicz et al., 2009; Forysiak and Twardy, 2010). It 
is sur rounded by morainic and glaciofluvial hills (Fig. 1C). To
the south, the up per sec tion of a large denudational val ley lead -
ing to the Mro¿yca Val ley ex tends to the de pres sion. The
¯abieniec ket tle is sur rounded by a dozen or so de pres sions,
which have been filled of min eral de pos its, and pro tect the
deep, cen tral form. The bur ied seg re ga tion ice lenses prob a bly
helped pre serve it dur ing the Up per Plenivistulian in ter val, as in
the Kleszczów area (GoŸdzik and Konecka-Bet ley, 1992).

MATERIAL AND METHODS

FIELDWORK

The sur face geo log i cal struc ture was doc u mented us ing a
hand-held geo log i cal drill, and five ex po sures were also made
to show the li thol ogy of the de pos its in the mire’s di rect catch -
ment area. Bore holes were used to de ter mine the geo log i cal
struc ture to a depth of sev eral metres. The thick ness of

biogenic de pos its in the area of the mire was in ves ti gated us ing
a sam pling stick (Forysiak and Twardy, 2010). The sed i ment
core for anal y sis, Z-2, was col lected us ing a pis ton corer where
the thick est or ganic de pos its were found, in the deep est de -
pres sion ly ing in the cen tral part of the mire. The 16.37 m thick
¯abieniec depositional se quence con sists of: sand; min eral and 
or ganic silt; var i ous types of gyttja and sedge-moss peat;
Sphag num peat; and brown moss peat (Fig. 2). In the lab o ra -
tory the Z-2 core was di vided into five-centi metre slices that
were then split for in di vid ual anal y ses. 

PALAEOBOTANICAL ANALYSIS

In the lab o ra tory, gyttja and peat sam ples were col lected
from dif fer ent lay ers of the core and their palaeobotanical com -
po si tion was de ter mined. The ma te rial for this anal y sis com -
prised sam ples taken at var i ous in ter vals (be tween 5 and
110 cm), de pend ing on changes in li thol ogy. In to tal, 48 sam -
ples were col lected, each with a vol ume of ~30 cm3. Each sam -
ple was boiled in 10% NaOH, then rinsed un der run ning wa ter
on a sieve with a mesh di am e ter of 0.2 mm. From the frac tion
that re mained on the sieve, 10 mi cro scopic prep a ra tions were
made from each sam ple. The res i due was iden ti fied un der a
Nikon Eclipse E 200 ste reo scopic mi cro scope and the per cent -
age of each of the com po nents dis tin guished was cal cu lated. In
iden ti fi ca tion of plant macroremains, ap pro pri ate keys and at -
lases were used (e.g., Katz et al., 1977; Tobolski, 2000;
Mauquoy and van Geel, 2007). The no men cla ture of vas cu lar
plants fol lows Mirek et al. (2002), and that of mosses Ochyra et
al. (2003). Changes in the stra tig ra phy of Z-2 pro file rep re sent -
ing the ket tle hole un der study against a depth scale in cludes
six cat e go ries (brown mosses; Sphag num mosses; Ericaceae
in clud ing Oxycoccus palustris, Ledum palustre and Andromeda
polifolia; aquatic plants such as Potamogeton natans and
Ceratophyllum demersum; telmatic veg e ta tion; and un iden ti fied 
plants).

GEOCHEMICAL AND GRAIN-SIZE ANALYSIS

The in ves ti ga tion con cerned 219 sam ples taken from the
Z-2 core (depth 0.02–16.37 m) at 5 cm in ter vals. Sam ples were
pro cessed ac cord ing to the stan dard pro ce dure (Borówka,
1992). Sed i ment sam ples were dried at 105°C and ho mogen -
ised in an ag ate mor tar. The or ganic mat ter (OM) con tent was
de ter mined by loss on ig ni tion (LOI) at 550°C, fol low ing the pro -
to col de scribed by Heiri et al. (2001). The Scheibler vol u met ric
method was used to de ter mine the cal cium car bon ate (CaCO3)
con tent of the de pos its. The pH of the de pos its was de ter mined
by the potentiometric method. The ash pro duced by com bus -
tion was ana lysed for grain-size-re lated and geo chem i cal prop -
er ties.

Grain-size anal y sis of the min eral part (for 158 sam ples)
was car ried out in a Fritsch Analysette 22 la ser par ti cle sizer,
which pro cesses sam ples of 300–0.3 µm mean grain size. In or -
der to per form geo chem i cal as says, the ash sam ples were dis -
solved in Tef lon bombs us ing a mi cro wave mineraliser. Prep a -
ra tion was car ried out in two mi cro wave cy cles: the first in con -
cen trated ni tric acid with 2 ml of 10% hy dro chlo ric acid and the
sec ond in hy dro gen per ox ide. The so lu tion ob tained was ana -
lysed for con cen tra tions of Na, K, Ca, Mg, Fe, Mn, Cu, Zn and
Pb us ing atomic ab sorp tion spec trom e try (AAS). All the anal y -
ses were con ducted at the Geo chem i cal Lab o ra tory at the Uni -
ver sity of Szczecin.
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RADIOCARBON DATING

Ra dio car bon dates were ob tained on 12 sam ples of or ganic 
mat ter or peat lay ers from the Z-2 core (Ta ble 1). Ma te rial for ra -
dio car bon dat ing was ob tained on the ba sis of mac ro scopic
plant re mains (i.e. Sphag num stems). These sam ples were
dated us ing ac cel er a tor mass spec trom e try (AMS) in the
Poznañ Ra dio car bon Lab o ra tory (Poz); all other sam ples were
dated us ing ra dio met ric meth ods in the £ódŸ Ra dio car bon Lab -
o ra tory (Lod). The re sults of ra dio car bon dat ing and a de tailed

strati graphic frame work for the ¯abieniec mire were pub lished
by Lamentowicz et al. (2009) and Paw³owski (2012). Con ven -
tional ra dio car bon dates were cal i brated us ing OxCal 4.2.2
(Bronk Ramsey, 2009) and the IntCal13 cal i bra tion curve
(Reimer et al., 2013).

STATISTICAL ANALYSIS

A geo chem i cal zonation was con structed based on a con -
strained clus ter anal y sis with PAST ver sion 2.17c soft ware
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Fig. 1. Lo ca tion of the ¯abieniec site: A – in Po land, B – in the north east ern £ódŸ Hills, C –
geomorphological set ting of the study area



(Ham mer et al., 2001). The clus ter anal y sis ap plied for the pur -
pose was based on con strained in cre men tal sum-of-squares
clus ter ing. This fre quently used method is thought to be one of
the best ag glom er a tion tech niques (Mangiamelli et al., 1996).
The per cent age con tri bu tions of in di vid ual frac tions and tex tural 
pa ram e ters such as mean di am e ter (Mz), sort ing (SD), skew -
ness (Sk) and kurtosis (KG) were cal cu lated ac cord ing to Folk
and Ward (1957) and us ing GRADISTAT soft ware (Blott and
Pye, 2001).

Prin ci pal Com po nent Anal y sis (PCA) is one of the ba sic or -
di na tion tech niques ap plied to data in palaeolimnology
(Legendre and Birks, 2012). This sta tis ti cal tech nique is used to 
de ter mine the vari abil ity of fac tors con trol ling the chem i cal com -
po si tion of lake and peat de pos its. This anal y sis was per formed
on a cor re la tion ma trix of ma jor and trace el e ments, or ganic
mat ter and non-car bon ate min eral mat ter. To as sign the same
weight to all mea sure ments, each vari able in the orig i nal data
set was stand ard ised by sub tract ing its mean and then di vid ing
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Fig. 2. Geo log i cal pro file (WE) of the ¯abieniec mire (after Forysiak and Twardy 2010, modified)

Warta Gla ci ation (=Saalian): 1 – gla cial till, 2 – flu vio gla cial sand and gravel, 3 – min eral silt; Eemian Inter gla cial: 4 – or ganic silt; Vistulian
(=Weichselian): 5 – min eral-or ganic silt with fine sand, 6 – or ganic-min eral silt, 7 – sand, 8 – min eral and or ganic silt, 9 – gyttja with silt, 10 –
de tri tus-clay gyttja; Ho lo cene: 11 – fine de tri tus gyttja, 12 – coarse de tri tus gyttja, 13 – brown-moss peat, 14 – sedge-moss peat, 15 – Sphag -
num peat, 16 – sedge-moss peat, 17 – Sphag num cuspidatum peat, 18 – sedge-moss peat and brown moss peat, 19 – or ganic-min eral silt
with de tri tus, 20 – silt, 21 – de pos its dis turbed by ex ploi ta tion

Depth
sam ple

[cm]
Lab code Ra dio car bon

age (BP)

Cal i brated age

(cal BP) 95% 

in ter vals me dian

1     45 Poz-19019     645 ±50 674–545     606

2     60 Poz-17117   1085 ±30 1056–935      992

3   120 Poz-17116   1475 ±35 1415–1298   1360

4   305 Lod-1391   3010 ±50 3359–3063   3212

5   375 Lod-1390   3690 ±50 4220–3886   4030

6   436 Poz-23658   4580 ±35 5448–5057   5298

7   531 Poz-23638   6270 ±40 7274–7025   7208

8   826 Poz-23639   9130 ±50 10479–10204 10289

9 1036 Poz-23640 11860 ±60 13858–13479 13713

10 1290 Poz-23659 14120 ±70 17521–16900 17168

11 1355 Poz-29620 26240 ±90 30698–31169 30968

12 1535 Poz-29713 18330 ±90 22236–21510 21873

T a  b l e  1

Re sults of ra dio car bon dat ing of de pos its from the Z-2 core 
(af ter Lamentowicz et al., 2009; Forysiak, 2012, mod i fied)



by its stan dard de vi a tion: aij = (xij – xj)/sj, where aij is the value af -
ter stand ardi sa tion, xij is the value be fore stan dard iza tion, xj is
the mean value of geo chem i cal prop er ties and sj is the stan -
dard de vi a tion.

The Pearson cor re la tion ma trix was cal cu lated sep a rately
for 10 chronozones. The pro file was di vided on the ba sis of
chro nol ogy, i.e. in de pend ently of the geo chem i cal fea tures ana -
lysed. The vari abil ity in con di tions of sed i men ta tion was es ti -
mated on the ba sis of the cor re la tions of re sults of dif fer ent
mea sure ments as was done by Walanus (2000). In the case of
the Z-2 core, the |r| marker was cal cu lated for 10 vari ables (geo -
chem i cal prop er ties) as a mov ing mean.

In or der to de ter mine the in ten sity of mi gra tion of ma jor and
trace el e ments of fill de pos its, use was made of the pro ce dure
pro posed by Borówka (1992): Kx = ACx/nx (where: ACx – the
con tent of el e ment x in the ash from de pos its fill ing a biogenic
ac cu mu la tion res er voir, nx – the av er age con tent of el e ment x in 
the bed rock and, as a re sult we ob tained a dimensionless co ef -
fi cient of the con cen tra tion of el e ment – Kx). The geo chem i cal
back ground was cal cu lated as the av er age of the re sults of de -
ter mi na tions of in di vid ual el e ments for de pos its of the ̄ abieniec 
mire sub stra tum (sandy de pos its un der ly ing a se ries of biogenic 
de pos its in the Z-2 pro file) and clayey sands and tills, which
con sti tute the par ent rock for soils of the north east ern £ódŸ Hills 
(Konecka-Bet ley and Czêpiñska-Kamiñska, 1979).

RESULTS

GEOLOGICAL AND GEOMORPHOLOGICAL STUDIES

In its nat u ral state, the en tire sur face of the mire was cov -
ered by peat. The im me di ate sur round ing of the mire is com -
posed of min eral-or ganic silts de pos ited in the Ho lo cene and
Late Gla cial. The mire is the low est part of a meltout ba sin. Far -
ther from the mire, the sur face is built of Late Gla cial deluvial
sands and silts (Forysiak and Twardy, 2010). Now a days, be -
tween the sur face of the mire and meltout ba sin sur round ing it,
there is a height dif fer ence of ~2–3 m. Within it catch ment there
are sev eral small bur ied meltout ket tle-holes, most of them filled 
with min eral and min eral-or ganic de pos its. Larger height dif fer -
ences (of 10 metres or a lit tle more) are vis i ble on the slopes of
the ba sin. The lower parts of the slopes con sist mainly of sands
and deluvial silts, while the mid dle and up per sec tions are made 
of gla cial and glaciofluvial sands and grav els and gla cial till, de -
pos ited dur ing the Saalian Gla ci ation (Warta Stadial). In ad di -
tion, palynological anal y sis of the core taken from the edge of
the ̄ abieniec ket tle hole in di cated the pres ence of Eemian ma -
te rial at the depth of ~10 m (Forysiak and Twardy, 2010).

RESULTS OF PLANT MACROFOSSIL ANALYSIS

15 lo cal plant macrofossil as sem blage zones (L MAZ:
Z2-ma-I to Z2-ma-VII) were dis tin guished in the sed i ment core
from the cen tral part of the ¯abieniec mire. The zones cor re -
spond to the seven ba sic stages of wet land de vel op ment
(Fig. 3). The graph shows the per cent age share of plant
macrofossils in the biogenic de pos its of the zones rec og nized,
the per cent age val ues of in di vid ual com po nents in the re spec -
tive zones to tal ling 100%.

Z2-ma-I (3.80–8.30 m, lake res er voir): de tri tal gyttja with
lay ers of moss peat ac cu mu lated in the de pres sion. Z2-ma-Ia
(6.05–8.30 m): cor re sponds to fine de tri tal gyttja with an in ter ca -
la tion of coarse de tri tus gyttja, in which the share of
Drepanocladus aduncus reaches ~50%. There are nu mer ous

frag ments of aquatic plants through out the layer, such as
Potamogeton natans and Ceratophyllum demersum. At the
depth of 3.80–6.05 m of the core there is a pe cu liar interlayering 
of coarse de tri tus gyttja (Z2-ma-Ic, e, g) and moss peat
(Z2-ma-Ib, d, f). The pres ence of mossy plant com mu ni ties in di -
cates pe ri ods when the lake be came shal low. In the Z2-ma-Ib
to d lev els, at the depths 5.90–6.05 m and 5.20–5.40 m, there
was a float ing mat built of Drepanocladus sendtneri. In the
Z2-ma-If level at the depth of 4.05–4.10 m, Pseudocalliergon
trifarium dom i nates. At these, brown mosses were oc ca sion ally
ac com pa nied by sedges and peat mosses.

Z2-ma-II (3.20–3.80 m, fen): at the end of the At lan tic pe -
riod, af ter the lake had be come shal low, con tin u ous ac cu mu la -
tion of peat took place in the ¯abieniec mire ba sin.

Z2-ma-IIa, Caricetum lasiocarpae bryopsidaetosum,
3.60–3.80 m. Drepanocladus sendtneri and Pseudocalliergon
triforium pre dom i nate in a wet layer of moss peat.

Z2-ma-IIb, Caricetum lasiocarpae typicum, 3.20–3.60 m.
The share of brown mosses de creased in the plant com mu ni -
ties. Sedges pros pered, namely: Carex lasiocarpa, C. nigra, C.
rostrata and C. elata.

Z2-ma-III (1.20–3.20 m, tran si tion bog): in the mid dle of the
Subboreal the in flow of ground wa ter from the sur round ing
catch ment was re duced. In the sur face layer, wet con di tions de -
vel oped un der the in flu ence of cap il lary rise, as pre cip i ta tion in -
creased.

Z2-ma-IIIa, Caricetum lasiocarpae sphagnetosum,
2.15–3.20 m. Sedge-moss com mu ni ties were characterized by
a large share of Carex lasiocarpa, C. nigra, Scheuchzeria
palustris, and Eriophorum angustifolium. There was a small ad -
mix ture of peat mosses.

Z2-ma-IIIb, Scheuchzerio-Caricetum limosae,
1.20–2.15 m. Scheuchzeria palustris and Carex lasiocarpa ap -
peared along side C. limosa. There was a large share of Sphag -
num magellanicum, S. subsecundum and, less fre quently,
S. fallax peat mosses. Among the plant re mains, Oxyccocus
palustris and Ledum palustre dwarf shrubs were also iden ti fied.

Z2-ma-IV (Sphagnetum magellanici, 0.62–1.20 m, raised
bog): in the first half of the Subatlantic the be gin ning of raised
bog peat ac cu mu la tion was re corded. The bog be came sub ject
to an ombrotrophic wa ter re gime. This phase was char ac ter -
ized by the dom i nance of peat moss – mainly Sphag num
magellanicum. Dwarf shrubs were pres ent – Oxycoccus
palustris, Ledum palustre, Andromeda polifolia. Re mains of
Eriophorum vaginatum and Scheuchzeria palustris were also
iden ti fied.

Z2-ma-V (Sphag num-Carex rostrata, 0.38–0.62 m, tran si -
tion bog): the plant com mu nity was dom i nated by the peat
mosses Sphag num magellanicum and S. fallax. The
ombrotrophic dwarf shrubs Ericaceae and Eriophorum
vaginatum were pres ent. The share of sedges in creased, in -
clud ing Carex rostrata and C. elata.

Z2-ma-VI (Carex nigra-Carex elata, 0.15–0.38 m, fen): the
plant com mu nity was dom i nated by the sedges Carex nigra,
C. elata, C. rostrata and C. lasiocarpa. The peat mosses and
brown mosses dis ap peared. The de vel op ment of a Carex
nigra-Carex elata com mu nity at tests to a marked in crease in
the hab i tat’s rich ness in min er als.

Z2-ma-VII (Sphag num fallax-Carex nigra, 0.00–0.15 m,
tran si tion bog): peat mosses re ap peared among the plants
iden ti fied. These were mainly Sphag num palustre and S. fallax.
The plant com mu nity com po si tion was also characterized by
the pres ence of the sedges Carex nigra, C. canescens and re -
mains of the Poaceae grasses. The brown mosses in cluded
Straminergon stramineum and Brahythecium rivulare.
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GEOCHEMICAL AND TEXTURAL STRATIFICATION 
OF THE Z-2 CORE

Based on the vary ing con tents of two main com po nents of
de pos its (OM and MM) and macro- and microelement con cen -
tra tions, seven main geo chem i cal zones are dis tin guished,
coded GZ I–VII (Figs. 4 and 5).

GZ I (16.12–16.37 m) – rep re sents sands vary ing in grain
size (Fig. 4). The me dian (Mz) for these de pos its ranged from
2.25 to 3.19 phi, and the mean was 2.67 phi (Fig. 5). They have
low OM con tent (up to ~0.9%), while CaCO3 is com pletely lack -
ing, and all el e ments are in low con cen tra tions (Fig. 4).

GZ II (14.62–16.1 m) – is com posed of very fine-grained
sands with min eral mat ter av er ag ing 97.5%. The sed i ments
ana lysed are mod er ately sorted (SD ranged from 1.13 to
1.4 phi). They are characterized by high con tents of Mn (av er -
age is 5.3 mg/g), Fe (av er age is 9.9 mg/g), K (av er age is
2.18 mg/g) and Pb (av er age is 11.1 µg/g). The Fe/Mn ra tio is
min i mal through out the whole pro file (av er age is 1.81). The
sed i ment pH is neu tral (6.8–7.2).

GZ III (11.05–14.62 m) – rep re sents mod er ately sorted
sandy silt (Mz ranged from 3.14 to 4.99 phi and SD ranged from 
1.05 to 1.4 phi). It has low OM con tent (up to ~4%) and a grad -
ual in crease in CaCO3 con tent (from 10 to 16%). This zone is
dis tin guished by the high est con cen tra tions of Mg (up to
5.7 mg/g) and K (up to 3.67 mg/g). This re sults in very high
Na+K+Mg/Ca and very low Na/K ra tios. The sed i ment pH is still
neu tral, of ten ex ceed ing 7.0.

GZ IV (8.32–11.05 m) – rep re sents de tri tal-clay gyttja with
the OM con tent grad u ally in creas ing up wards in the pro file to its
max i mum val ues (of 63.8%) at 8.47 m depth. These are mainly
silt de pos its (mean 69.8%), with ~25.1% of sand. Very fine silt
and clay ac count for only 5%. The con cen tra tions of Ca, Mg, Mn 
and con tent of CaCO3 de crease. The sed i ments of this zone
have high K and Na con tents, which are also the max i mum con -
cen tra tions for the whole pro file at 5 mg/g and 0.37 mg/g, re -
spec tively. The Fe/Ca ra tio is high est (>3) of all the zones in the
core. The pH de creases abruptly in this zone (from 7.8 to 4.5).
GZ V (4.05–8.32 m) – is dis tin guished by a rapid de crease in
lithophilic el e ment con tents (Na, K and Mg). Only Zn in creased
in this zone (to 328.6 µg/g), while the con cen tra tions of Cu and
Fe fluc tu ate around their av er age val ues cal cu lated for the
whole core. The OM con tent in creases in the brown moss peat
(to 96.4%). This zone has low Fe/Mn, Fe/Ca and Na+K+Mg/Ca
ra tios. The three pe ri ods of in creased |r| val ues cor re sponds
with the pe ri ods of in creased Na/K and Cu/Zn ra tios. The pH of
the de pos its is also low, not ex ceed ing 5.8.

GZ VI (0.45–4.05 m) – rep re sents the sedentation of
autochthonous rock-form ing mat ter (in crease in OM con tent to
97.9%) and as so ci ated changes in Na/K, Fe/Mn and Cu/Zn ra -
tios. The con cen tra tions of Ca, K, Mg, Zn and Fe are also low,
while the con tents of other el e ments fluc tu ate around their av er -
age val ues cal cu lated for the whole pro file. The two pe ri ods of
in creased |r| val ues cor re spond with de creases in Fe/Mn and
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Fig. 3. Bo tan i cal com po si tion of biogenic de pos its from Z-2 core
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Fig. 4. Geo chem i cal char ac ter is tics and per cent age share of se lected granulometric frac tions of the ¯abieniec de pos its
 (Z-2 core) against the cli mate his tory (af ter Tolksdorf and Kai ser, 2012)

Li thol ogy: 1 – sand with scat tered or ganic ma te rial, 2 – fine-grained lac us trine sand with silt, 3 – lac us trine silt with sand, 4 – de tri tal-clay
gyttja, 5 – fine de tri tal gyttja, 6 – coarse de tri tal gyttja, 7 – brown moss peat, 8 – sedge-moss peat, 9 – bog moss peat, 10 – moss-sedge peat,
11 – Sphag num peat, 12 – sedge peat, 13 – moss-sedge peat



Cu/Zn ra tios. The peat-form ing com mu nity was characterized
by strong acid i fi ca tion (pH range 4.3–5.2).

GZ VII (0.00–0.45 m) – is com posed of sedge peat and
sedge-moss peat with very vary ing OM con tent (36–95.4%),
which reaches three max ima ex ceed ing 80%. The only low
con cen tra tions are of Cu and Mn, while the con cen tra tions of
other el e ments fluc tu ate well above their av er age val ues cal cu -
lated for the whole core. The Fe/Mn, Fe/Ca, Na+K+Mg/Ca and
|r| ra tios in crease in this zone. The acid ity of the sed i ment con -
tin ues to stay at 4.3–4.7.

The first two fac tors are sig nif i cant (PC1 and PC2), which
ex plains a to tal of 64% of the vari ance (Fig. 6A). The first com -
po nent (PC1), which ex plains 50% of the to tal vari a tion, is ex -
plained mainly by the con tent of lithophilic el e ments (Na, K, Mg) 
and to a lesser ex tent by the or ganic mat ter. The sec ond com -
po nent (PC2) is less im por tant (it ex plains 14% of the geo -
chem i cal vari abil ity of the de pos its). This eigenvector is ex -
plained mainly by Cu, Zn, Mg and Na con tents, and to a lesser
ex tent by con cen tra tions of Ca, Pb and Mn (Fig. 6B). The fac tor
value curves in the Z-2 pro file in di cate a close re la tion ship be -
tween changes in lithogeochemical com po nent con tents and
lithological changes (Fig. 6C).

INTERPRETATION AND DISCUSSION

DEVELOPMENT HISTORY OF THE ¯ABIENIEC MIRE

7 phases of mire de vel op ment and palaeonvironmental
change are dis tin guished in the ¯abieniec site and the sur -
round ing area, and the cor re la tion be tween these and the
lithogeochemical suc ces sion is com piled in Fig ure 7, while the
li thol ogy, chronostratigraphy and macrofossil biostratigraphic
and geo chem i cal zones are sum ma rised in Fig ure 8.

PHASE 1: LAKE-BOTTOM FORMATION
 (16.40–16.10 m; ~22,000– 20,000 cal yr BP)

This phase in cludes min eral de pos its form ing the sub strate
for the over ly ing ba sin infill. This unit is made up of Plenivistulian 
and Late Gla cial sands and silts re sult ing from de nu da tion in
cold cli mate con di tions. Sim i lar de pos its also make up the bot -
tom part of the infills of bur ied de pres sions in the vi cin ity of the
mire (Forysiak and Twardy, 2010; Forysiak et al., 2017;
Majecka et al., 2018). They are char ac ter ized by a low con tent
of lithophilic el e ments, re sult ing in very low Na/K and Na+ 
K+Mg/Ca ra tios. A fur ther phase of biogenic ac cu mu la tion – af -
ter the fi nal shap ing of the lake ba sin – was de ter mined by cli -
ma tic and hydrogeological fac tors and the mor phol ogy of the
lake ba sin, as well as the pro cesses tak ing place in its di rect
catch ment area. Among these pro cesses were the for ma tion of
nu mer ous syngenetic ice wedges and other sub ter ra nean ice
types and, un der in creas ingly arid con di tions, a re duc tion in
veg e ta tion cover as well as in creas ing wind ac tiv ity. These pro -
cesses were the ini tial stages in de vel op ment of nu mer ous res -
er voirs in Cen tral Po land (GoŸdzik and Konecka-Bet ley, 1992;
Bezkowska, 1997; Klatkowa, 1997).

PHASE 2: UPPER/LATE GLACIAL LAKE SEDIMENTATION ENVIRONMENT
(16.10–9.00 m; ~22,000–11,500 cal yr BP)

The lake sed i ments re corded dur ing this phase have highly
vari able con cen tra tions of al most all el e ments and grain sizes,
with many sandy and silty in ter ca la tions. The bulk geo chem i cal
com po si tion of the pro file ana lysed can be di vided into four
subphases of the lake’s de vel op ment at ¯abieniec.

In the bot tom part (be low 14.62 m) the sed i ments have al ka -
line geo chem is try, prob a bly re lated to the decalcification of the
catch ment area (sed i ment pH of ten ex ceeds 7.0 with a cal cium
car bon ate con tent of 6 to 13%). Re la tions be tween OM, MM
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Fig. 5. Ver ti cal dif fer ences in se lected lithogeochemical pa ram e ters and tex tural pa ram e ters within the ¯abieniec 
(Z-2 core) de pos its

Ex pla na tions as in Fig ure 4
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Fig. 6. Re sults of prin ci pal com po nent anal y sis (PCA) for the Z-2 core

A – eigenvalues of cor re la tion ma trix for a set of re sults of chem i cal anal y sis for de pos its of the Z-2 core; B – cor re la tion of geo chem i cal
vari ables with the two first prin ci pal com po nents; C – plots of fac tor scores (PC1 and PC2); ex pla na tions as in Fig ure 4



and CaCO3 are typ i cal of clay and clay-cal car e ous gyttjas. A
high cal cium car bon ate con tent in the ini tial phase of the lake
ba sin may have been cryochemically in tro duced in part. Ac -
cord ing to Bukowska-Jania (2003), cryochemical cal cium car -
bon ate crystallising un der periglacial con di tions was max i mally
sus cep ti ble to redissolution and mi gra tion, and was the first to
reach the meltout de pres sions. How ever, ac cu mu la tion of cal -
cium car bon ate in tun dra wa ter bod ies with the par tic i pa tion of
aquatic veg e ta tion can not be ruled out. The oxi dis ing con di -
tions pre vail ing in the lake ba sin en abled the pre cip i ta tion of
man ga nese com pounds.

At a depth of 14.62 to 12.00 m lac us trine silt with sand
mainly oc curs, with a low con cen tra tion of cop per and zinc.
How ever, the most dra matic de crease in pre cip i ta tion in the
lake ba sin was of man ga nese, the con cen tra tion of which de -
creased al most thirtyfold in the sec tion stud ied. Prob a bly, as cli -
mate ame lio rated prior to the Kamion phase, lake level rose,
lead ing to a re duc tion in ox y gen lev els in the bot tom zone, thus
strongly lim it ing the pre cip i ta tion of man ga nese hy drox ide
(£¹cka et al., 1998). Also, with a higher wa ter level, sur face run -
off from the lake could have started, re sult ing in at least a par tial 
out flow of dis solved man ga nese com pounds.

The chem i cal com po si tion of the next subphase (depth
9.00–12.0 m) re cords en vi ron men tal changes in the in ter val im -
me di ately pre ced ing the Ho lo cene. The Late Gla cial be gan with 

a change in sed i men tary char ac ter, as al ready re corded in de -
tri tal-clay gyttja with low or ganic mat ter con tent (3–5%), slightly
higher pH (av er age pH 7.5) and a high pro por tion of cal cium
car bon ate (14–16%). The silt grain size (ho mo ge neous silt with
some very fine sand) in di cates sta ble con di tions for the sup ply
of fine min eral ma te rial from the catch ment, and the abun dance
of this sed i ment sug gests that the area had poor veg e ta tion
cov er age. This stage of the res er voir’s de vel op ment is also re -
corded in an in crease in iron con cen tra tion, es pe cially in re la -
tion to the man ga nese and cal cium con tents. The first pe riod in
which re duc ing con di tions dom i nated, as ex pressed by a sharp
in crease in the Fe/Mn ra tio, was doc u mented for the Old est
Dryas. How ever, the high est value of this in di ca tor (of >150)
was found for lake sed i ments de pos ited as the BÝlling gave
way to the Older Dryas. In the Old est Dryas the catch ment ero -
sion rate is also at its max i mum (Na+K+M/Ca >11) and the sed -
i men ta tion dy nam ics in dex |r| dou bles. The lake ba sin was then
be ing filled at a rate of ~1.2 mm/year, which is higher than the
av er age for the en tire Z-2 pro file (0.9 mm/year). The Older
Dryas sed i ments also saw a marked in crease in Zn con cen tra -
tion, which is prob a bly re lated to an in flux of birch leaves into the 
lake, these hav ing a par tic u larly high bioaccumulation ca pa bil ity 
for this metal (For tes cue, 1980). This, in turn, may ex plain the
in crease in trophic in dex (Fe/Ca value of ten >3) and the mod er -
ately high or ganic mat ter con tent (31–42%). In the Late-Gla cial
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Fig. 7. Cor re la tions be tween 10 ana lysed quan ti ties

Correlation co ef fi cients (r) are cal cu lated for each pair of geo chem i cal prop er ties in 10 geo log i cal in ter vals in de pend ently for the Z-2 core
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lake de pos its from the Z-2 core, most el e ments cor re lated pos i -
tively, es pe cially in the warm ing phases of the BÝlling and
AllerÝd (Fig. 7).

The cool ing of the Youn ger Dryas in Cen tral Po land brought 
a re turn of steppe tun dra (Ralska-Jasiewiczowa et al., 2004;
Majecka et al., 2018). In sed i ments con tain ing de tri tal-clay
gyttja with an ad mix ture of sand (up to 40%), min eral mat ter and 
lithophilic el e ments in creased. The sharp in crease in such geo -
chem i cal in di ces as |r|, SK, Na+K+Mg/Ca and PC1 in di cate
rapid en vi ron men tal changes to wards cold and wet cli mate
con di tions dur ing the Youn ger Dryas in the north ern £ódŸ Hills.

PHASE 3: EARLY TO MIDDLE HOLOCENE LAKE SEDIMENTATION ENVIRONMENT
(9.00–3.80 m; 11,500–4,130 cal yr BP)

In the lake de pos its stud ied, a re cord of Early to mid dle Ho -
lo cene en vi ron men tal changes is found in the fine de tri tal gyttja
and coarse de tri tal gyttja interlayered with brown moss peat
(depth 3.80–8.75 m). At the time, the lake ba sin was fill ing at a
rate of 0.78 mm/year, lower than the av er age for the en tire Z-2
pro file. At the bot tom of the suc ces sion, the or ganic mat ter con -
tent is in the range of 7–25%, but then quickly in creases to 93%
at a depth of 8.02–8.12 m. A clear de cline in the sup ply of ma te -
rial from me chan i cal de nu da tion is re corded in con cen tra tions
of lithophile el e ments (Na, K and Mg) drop ping by well over half. 
The Fe/Mn and Na+K+Mg/Ca ra tions, and the |r| and SK in di -
ces de crease sig nif i cantly. In the lake de pos its dated to the
Preboreal, Bo real and the be gin ning of the At lan tic pe riod,
mainly fine de tri tal gyttja was doc u mented, with a very high and
sta ble or ganic mat ter con tent (84–96%) and a vari able pH of
4.7–6.5. The rate of gyttja sed i men ta tion in the res er voir in -
creased to 1.03 mm/year with a con cur rent de crease in the con -
tent of lithophilic el e ments (Na, K and Mg). There is an in crease
in Ca, Mn and Cu, these be ing el e ments that mi grate more eas -
ily as a re sult of chem i cal de nu da tion (Borówka, 1992). The in -
crease in Na/K and Ca/Mg ra tios at tests to veg e ta tion growth in
the lake’s sur round ings and to the pre vi ously dom i nant me -
chan i cal de nu da tion be ing re placed by soil leach ing pro cesses
and the sub-sur face trans port of soil so lu tions. In the sec tion
clas si fied as Eoholocene and Mesoholocene, the to tal AP was
high (98%), mainly due to Betula, Pinus, Corylus and Alnus
(Majecka et al., 2018).

PHASE 4: LATE HOLOCENE FEN AND TRANSITIONAL PEATLAND 
(3.80–1.20 m; 4,130–1,370 cal yr BP)

Sed i men ta tion in this phase are marked by a per sis tent
prop a ga tion first of fen (eutrophic mire) and then tran si tion bog
(mesotrophic mire), as man i fested by a grad ual de crease in the
pro por tion of brown mosses along side an in crease in that of
sedge com mu ni ties. The clear drop in iron con cen tra tion may
have been caused by a change in the wa ter cy cle in the
mid-mo raine-up land for est eco sys tem. A de crease in iron mo -
bil ity and its im mo bi li sa tion within the soil cover re sults from the
ces sa tion in sur face gleying of soils and a pre dom i nance of oxi -
dis ing con di tions (Konecka-Bet ley, 2001). The Na/K and
Ca/Mg ra tios gen er ally in di cate an in crease in chem i cal and
me chan i cal de nu da tion pro cesses. From the be gin ning of this
phase, the av er age sedentation rate of autochthonous or ganic
mat ter was 1.2 mm/year. 

In the mid dle part of the phase (depth 2.15–3.20 m) sig nif i -
cant changes in Na, and a slight in crease in K, con tents, are re -
corded, while Ca con tent de creased. Ac cord ing to the
age–depth model, the high est Cu con cen tra tion in the whole
pro file (>67 µg/g) and a marked in crease in Zn con cen tra tions
(from 15.2 to 58.8 µg/g) prob a bly cor re late with the ac tiv ity of
Bronze Age hu man com mu ni ties. At the same time, there are

sig nif i cant dif fer ences in the Na/K and Cu/Zn ra tios. The in -
crease in the sum of con cen tra tion co ef fi cients (SK) and the
sed i men tary con di tions dy nam ics in dex |r| may con sti tute a
geo chem i cal re cord of mat ter orig i nat ing from lo cal de for es ta -
tion in the Mroga and Mro¿ycy val leys be ing fed to the
allochthonous peat bog by ae olian sup ply (Twardy, 2011).

At the top of this phase (depth 1.20–2.15 m) there was a
slight in crease in the con cen tra tions of Ca, Mg, Fe and Cu, with
con cur rent marked in creases in the Fe/Mn, Cu/Zn and Na/K ra -
tios. The in dex |r| drops dra mat i cally at the same time as a
steady in crease in the sum of con cen tra tion co ef fi cients SK.
This sit u a tion at tests to an in crease in the wa ter level in the
peatland, the re ap pear ance of re duc ing con di tions and the pre -
dom i nance of chem i cal de nu da tion pro cesses. This subphase
prob a bly cor re sponds to the Iron Age and the sub se quent Mi -
gra tion Pe riod (1820–1370 years BP). Dur ing the pe riod of Ro -
man in flu ence in the Iron Age, the fourth phase of the Ho lo cene
trans for ma tion of re lief (Twardy, 2011) is con sid ered the most
im por tant pre his toric phase as re gards the £ódŸ re gion.

PHASE 5: LATE HOLOCENE RAISED BOG 
(1.20–0.48 m; 1,370–680 cal yr BP)

In the Z-2 core de pos its at a depth of 0.48–1.2 m, raised bog 
peat, Sphag num peat and val ley peat oc cur, with a lit tle min eral
mat ter (<3%) and de creas ing pH (from 4.8 to 4.3). The
raised-bog peat suc ces sion is marked by a sev eral-fold in -
crease in Pb and Zn con tent. These met als were found to cor re -
late neg a tively with mag ne sium and cal cium, which means that
their con cen tra tion was not re lated to ground wa ter sup ply to the 
bog, but to at mo spheric in put. In this phase a sig nif i cant in -
crease in Ca, Fe, Cu and Mg con cen tra tions was re corded. The
sum of con cen tra tion co ef fi cients SK also grad u ally in creases,
along side a de crease in the sed i men ta tion con di tions dy nam ics 
in dex |r|. The be gin ning of raised bog peat ac cu mu la tion oc -
curred at ~1474 ±35 years BP (cal i brated age: AD 530–660),
i.e. the early Mid dle Ages. The sed i ment geo chem i cal re sults
given above in di cate, how ever, that the im me di ate sur round -
ings of the mire prob a bly had no set tle ments at that time. The
sum of NAP, which was ini tially only ~3%, in creases to 10%
only to wards the end of this phase (Balwierz, 2010; Majecka et
al., 2018). 

PHASE 6: LATE HOLOCENE FEN AND TRANSITIONAL MIRE 
(0.48–0.00 m; 680 cal yr BP un til pres ent)

This phase is as so ci ated with the ini tial sedentation of
moss-sedge tran si tion peat, then fen-moss peat, and at the top
of the pro file a re turn to moss-sedge tran si tion peat. High vari -
abil ity in depositional con di tions is in di cated by rapid changes in 
the peat’s min eral con tent (vari a tions rang ing from 4.8–64%), a
de crease in the peat sed i men ta tion rate (from 1.53–
–0.35 mm/year), fluc tu a tions in the av er age cor re la tion be -
tween the in di cated met als |r| (rang ing from 0.05 to 0.76) and a
clear in crease in the sum of con cen tra tion co ef fi cients SK (from
11 to 32).

The be gin ning of dis tur bance to the nat u ral de vel op ment of
peat bogs to wards oligotrophic Sphag num peatlands can be
cor re lated with hu man ac tiv ity at the be gin ning of the late Mid -
dle Ages. The in crease in the ba sin ero sion in dex (Na+
K+Mg/Ca) is a geo chem i cal re cord of de for es ta tion in the peat
catch ment area, prob a bly as so ci ated with the nearby es tab lish -
ment of the vil lage of Bielanki. The very low Na/K in dex re sults
from the be gin ning of me chan i cal de nu da tion within the ba sin.
Some of the el e ments were pri mar ily trans ported with the min -
eral parts of soil (K, Mg, Fe and Pb), while oth ers (Mn, Cu and
Zn) came with its or ganic com po nents. Ag ri cul tural in ten si fi ca -
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tion is in di cated by the in creased sum of NAP and by pol len
from ar a ble crops (Balwierz, 2010), as well as at nu mer ous sites 
in the nearby Mroga val ley, where the tim ing of soil cover ero -
sion was de ter mined (Twardy, 2008).

THE CHARACTER AND INTENSITY OF ELEMENT MIGRATION 
DURING THE LATE GLACIAL AND HOLOCENE

Geo chem i cal stud ies on the north ern £ódŸ Hills have dem -
on strated the main phases of Up per/Late Gla cial and Ho lo cene
(nat u ral and anthropogenic) en vi ron men tal changes, on both
re gional and lo cal scales. There is a di rect cor re la tion be tween
chem i cal com po si tion and li thol ogy. Ver ti cal plots of chem i cal
com po nents in the lake ¯abieniec de pos its, es pe cially OM and
lithophilic el e ments, re veal sim i lar trends to the ma jor ity of
biogenic ac cu mu la tion sites in Cen tral Po land (Forysiak, 2012).

The lac us trine car bon ate sed i ments at the ¯abieniec site
are an in di ca tor of the spe cific hy dro log i cal re gime of the Late
Gla cial, which was con di tioned by the in ter mit tent dis ap pear -
ance of per ma frost and the prop a ga tion of veg e ta tion. In the
car bon ate de pos its stud ied, the av er age Ca/Mg ra tio was 47.9,
while Na/Ca was 0.01, and K/Ca was 0.07. These dif fer ences in 
com po si tion, es pe cially dif fer ences in K/Ca, most prob a bly re -
sult from the se quence of the salt crystallisation of par tic u lar
cat ions wa ter-trans ported into the lake. The last to pre cip i tate
are po tas sium and mag ne sium salts, cat ions of which can be
re moved from the tank by wa ter out flow af ter pre cip i ta tion of Fe, 
Ca and Na. Small amounts of K in car bon ate sed i ments have
also been doc u mented at many other lo ca tions with biogenic
de pos its in Cen tral Po land by GoŸdzik and Konecka-Bet ley
(1992) and Paw³owski et al., (2016b). How ever, the in creased
pro por tion of cal cium car bon ate in lake sed i ments may be as -
so ci ated with an in crease in wa ter level in the lake or with an in -
crease in deeper ground wa ter charg ing the lake. From the di a -
gram show ing the main trends of wa ter level changes in the
¯abieniec ba sin (Fig. 8), it ap pears that sed i ments with an ad -
mix ture of cal cium car bon ate ac cu mu lated un der vari able hu -
mid ity con di tions. Anal y sis of Cladocera spe cies com po si tion
sug gest an in creased wa ter level in the ba sin dur ing the ini tial
and fi nal car bon ate de po si tion phase (Paw³owski, 2012). Due to 
the lack of dat ing con trol, it is dif fi cult to un am big u ously state
whether the be gin ning of de po si tion of car bon ate-rich sed i -
ments cor re lates with the in ter val of se vere cli ma tic con di tions
dur ing the re ces sion of the Vistulian ice-sheet af ter the Leszno
(23–24 ka BP) and Poznañ (19–20 ka BP) phases, or with the
Pom er a nian Phase (16–17 ka BP) (Kasprzak, 2003; Marks
2012). The sec ond phase of in creased hu mid ity, and of the lake 
re ceiv ing in creased de liv ery of Ca2+ and HCO3

-  ions from the
dis so lu tion of the rocks in the catch ment, can be cor re lated with
the Older Dryas, with the tran si tion to the BÝlling warm ing in the
up per part.

The plot ted curves of K, Na, Mg and Fe con cen tra tions
show a very sim i lar pat tern, which is re flected in the strong pos i -
tive cor re la tions be tween the con tents of these com po nents in
al most all parts of this pro file (Fig. 8). The high est con cen tra tion
of lithophilic el e ments was re corded for lake sed i ments de pos -
ited in the Up per/Late Plenivistulian and Late Gla cial. Al though
the con tents of K, Na and Mg show sig nif i cant ver ti cal vari a tion,
the pro por tion of these met als of ten ex ceeds lo cal geo chem i cal
back ground lev els by a fac tor of ten. These met als rep re sent
the great est mi gra tion of el e ments at geo chem i cal lev els GZ II–
GZ IV and the ra tio of their sum to cal cium is ~8 (Fig. 5). Sim i lar
catch ment ero sion rates have been re corded for Late Gla cial
lake and peat de pos its at many sites around £ódŸ (Forysiak,
2012).

A clear in crease in the Na/K ra tio in the Ho lo cene or ganic
sed i men tary suc ces sion was only found from the be gin ning of
the At lan tic. Dur ing this in ter val, the con cen tra tion in dex for cal -
cium in creases, and the |r| in dex ex ceeds 0.5 on three oc ca -
sions. The rea son for the large in crease in sur face and
subsurface leach ing of the mo raine pla teau catch ment was
prob a bly high pre cip i ta tion. For these in ter vals, the sum of con -
cen tra tion co ef fi cients of these el e ments is high est in the en tire
Ho lo cene suc ces sion and of ten ex ceeds 20. In the At lan tic pe -
riod hu mid ity con di tions were vari able, while phases of in -
creased sup ply of Na and Ca and in creased cor re la tion be -
tween other met als cor re late with ex tremes in pre cip i ta tion as
dis tin guished by Starkel et al. (2013; Fig. 8). The strati graphic
variablility of these Ho lo cene lake suc ces sions may also have
been in flu enced by the av er age sed i ment ac cu mu la tion rate.
De spite the small num ber of ob ser va tions (N = 10), sig nif i cant
pos i tive cor re la tion co ef fi cients were found be tween the sed i -
ment ac cu mu la tion rate and the av er age con cen tra tion of such
el e ments as Na, Cu and Zn. At times when the sed i ment ac cu -
mu la tion rate was above the av er age for the en tire pro file (i.e.
0.9 mm/year) the Na/K ra tio of ten ex ceeded 1.3, which is 10
times higher than the Na/K ra tio in the min eral de pos its that
form the lake catch ment. This sit u a tion in di cates se lec tive Na
con cen tra tion re sult ing from leach ing and has been re corded in
other up land lakes (Borówka, 1992; Okupny et al., 2013;
Karasiewicz, 2019). The ob served changes in the li thol ogy and
geo chem i cal re cord of the ¯abieniec ket tle-hole seem to have
been largely trig gered by lo cal hydrogeology con di tions and re -
gional hydroclimatic shifts. The rapid changes in the geo chem i -
cal ra tios, mainly |r| in dex or ero sion ra tio, may re flect
global-scale vari abil ity ex pressed, for in stance, as Bond cy cles
(Bond et al., 1997, 2001).

The change in de nu da tion pat terns in the peat bog ba sin
which be gan over the past mil len nium, and the as so ci ated in -
crease in sup ply of K, Mg, Na and Fe rel a tive to Ca is most
char ac ter is tic of the Subatlantic. This phase was pre ceded by a
dis tur bance in the recirculation of el e ments, es pe cially Ca, Mg
and Cu. Pe ri odic de for es ta tion ini tially caused an in crease in
Ca, Mg and Cu con cen tra tions, fol lowed by a drop in their sup -
ply to the peat bog. In creased out flow of min er als from the soils
sur round ing the lake may have been as so ci ated with a sharp
de cline in plant tran spi ra tion fa vour ing an in crease in sur face
and ground run off, with in hi bi tion of bioaccumulation and with
acid i fi ca tion of soils. Such a mech a nism of geo chem i cal con se -
quences of ba sin de for es ta tion, in clud ing a de ple tion of min eral
re sources that eas ily mi grate in aque ous so lu tions, was sug -
gested by Borówka (1992) for mo raine pla teaux of north west -
ern Po land.

The Early Ho lo cene is dis tin guished by de creased sup ply of 
al most all el e ments, in clud ing the low est SK val ues at the
bound ary be tween the At lan tic and Subboreal. These changes
were pre ceded by a de crease in the sed i ment ac cu mu la tion
rate to just over 0.5 mm/year. In the Ho lo cene biogenic suc ces -
sion, due to the grad ual over grow ing of the lake ba sin and the
be gin ning of the sedentation of autochthonous or ganic mat ter
in the res er voir, a marked change is seen in the struc ture of the
con cen tra tion co ef fi cients for par tic u lar met als. In creased
leach ing of Cu and Zn may have been fa voured by veg e ta tion
cover dom i nated by pine (Majecka et al., 2018), pro duc ing
fulvic and humic-fulvic lit ter with prop er ties ag gres sive to wards
min eral sub stances. In the Ho lo cene, the soil per me abil ity in -
creased due to de vel op ment of the soil struc ture and its con se -
quent in creased po ros ity. The con cen tra tions of trace el e ments 
are com pa ra ble to those in other mires in Cen tral Po land
(S³owiñski et al., 2016; Dobrowolski et al., 2017). How ever, the
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con cen tra tions of Pb and Zn are much higher than mean val ues 
for peatlands else where in Po land. The max i mum con tent of Pb 
in peat de pos its from ̄ abieniec is 82.8 µg/g and the mean con -
tent for Po land is 7 µg/g. The max i mum con tent of Zn in peat
de pos its from ¯abieniec is 87 µg/g, while the mean con tent of
Zn for peatlands in Po land is 25 µg/g (Bojakowska and Lech,
2008).

CAUSES OF SEDIMENTARY GEOCHEMICAL VARIATION
 AT THE ¯ABIENIEC MIRE

The first com po nent (PC1) is partly con nected with the
allochthonous com po nent, com pris ing min eral mat ter and the
lithophilic el e ments Na, K and Mg (Fig. 6B). In aque ous en vi -
ron ments, these lithogeochemical com po nents have been
shown to be good mea sures of the in ten sity of me chan i cal de -
nu da tion and the sup ply of clastic ma te rial from the as so ci ated
lake catch ment (Fos ter and Dearing, 1987; Paw³owski et al.,
2016a). The co-ex is tence of these el e ments can be re garded
as a uni ver sal phe nom e non that re sults from the ab sorp tion of
met als by alu mi no sili cate clay min er als (Rydelek, 2013). Be -
cause of the low cor re la tion of or ganic mat ter, Na and K with Fe
con tent in the lake de pos its (Fig. 7), the sorptive role of iron ox -
ides and clay min er als was dom i nant.

The sec ond com po nent (PC2) mainly ex plains the vari a tion
of Cu, Zn and or ganic mat ter. The max i mum val ues of these
lithogeochemical el e ments can be found in fine de tri tal gyttja
and all types of peat de pos its. Or ganic mat ter con tent cor re -
lates pos i tively with Fe/Mn and Cu/Zn ra tios in the Late-Gla cial
lake de pos its, which sug gests that the rel a tive changes in bi o -
log i cal pro duc tiv ity in the lake were de pend ent on wa ter fer til ity,
the depth and dy nam ics of the res er voir and the ox y gen a tion of
the bot tom wa ters. The an aer o bic con di tions pre vail ing in the
bot tom part of the wa ter col umn lim ited the min er ali sa tion of or -
ganic com pounds fall ing from the epilimnion. The sev eral pe ri -
ods of high Cu con tent in the lake de pos its are the main in di ca -
tor (and smaller share in SK) that this trace el e ment was also
sup plied by chem i cal de nu da tion oc cur ring in the res er voir
catch ment. The Zn con cen tra tion in the sed i ments is con trolled
by sorp tion–desorption re ac tions in which the pH is the most
im por tant fac tor, but or ganic car bon con tent and clay con tent
are also sig nif i cant (Borówka, 1992). The oc cur rence of Zn in
peat de pos its in the top part of the pro file may also be re lated to
allogenic at mo spheric sup ply and anthropogenic in flu ence. A
low cor re la tion be tween Zn and other trace el e ments (Cu and
Pb) was ob served in the Neoholocene peat de pos its. Dif fer -
ences in the max i mum val ues through Zn be ing one of the most 
mo bile and sol u ble el e ments, eas ily as sim i lated by plants such
as Betula.

PALAEOGEOGRAPHICAL CONCLUSIONS

Based on the macrofossils and geo chem i cal prox ies, the
de vel op ment his tory of the ¯abieniec mire has a clas sic suc -
ces sion from limnnic to telmatic and then ter res trial en vi ron -
ments. Data from the core ana lysed al lows re con struc tion of the 
palaeoenvironment of the lake-mire eco sys tem stud ied with re -
spect to re gional changes in cli mate, wa ter con di tions and de -
nu da tion pro cesses in the north ern part of the £ódŸ Hills dur ing
the last 16.8 ka. The ver ti cal vari abil ity in chem i cal com po si tion
of the biogenic de pos its re cords changes tak ing place not only
in the lake, but also in its sur round ings. The chem i cal com po si -
tion of these de pos its de pends on the quan tity and qual ity of the 
min eral ma te rial and on the chem i cal com po si tion of the wa ter
en ter ing the lake ba sin. Anal y sis of macrofossil re mains and
geo chem i cal com po si tion in the ¯abieniec mire al lows us to re -

con struct the his tory of geo chem i cal mi gra tion of el e ments in
the north ern part of the £ódŸ Hills in the Late Gla cial and Ho lo -
cene, as well as dem on strat ing the in flu ence of cli mate con di -
tions and hu man ac tiv ity on the en vi ron ment.

Up per/Late Gla cial (16.8–11.5 ka cal BP). Limnic sed i -
men ta tion in the north ern £ódŸ Hills started in the de cline of the
Up per Plenivistulian, and is con strained by ra dio car bon dat ing
(~16.8 ka BP) and pol len anal y sis of the Z-2 core (Majecka et
al., 2018). The pres ence of or ganic-min eral sed i ments in the
¯abieniec mire ba sin is a re gional ex cep tion. Else where in the
re gion, all known endorheic de pres sions with biogenic Eemian
and Early Vistulian de pos its within de nuded up lands or slopes
were even tu ally filled with min eral sed i ments, or dis sected and
in cluded into sys tems of de nu da tion val leys and river val leys in
the Plenivistulian. The li thol ogy of Late Gla cial de pos its fill ing
the ¯abieniec ba sin is dom i nated by lac us trine silt with sand
and de tri tal-clay gyttja with an ad mix ture of CaCO3. The rap idly
chang ing con tents of or ganic mat ter and el e ments in in di vid ual
lay ers of the lake ba sin re cord changes tak ing place not only in
the ba sin, but also in its sur round ings. The high est con tents of
CaCO3 and Ca at test to in creas ing decalcification of the gla cial
and flu vio gla cial de pos its sur round ing the res er voir at the de -
cline of the Plenivistulian and the be gin ning of the Late Gla cial.
Con tents of lithophilic el e ments (Na, Mg and K) in the lake de -
pos its are on av er age much higher than re corded in Late Gla -
cial suc ces sions in biogenic ac cu mu la tion sites of the Pol ish
Low land else where. This is a re cord of in tense de nu da tion on
ad ja cent slopes and up lands in periglacial cli mate con di tions.

Ho lo cene (11.5 ka cal BP to pres ent). A sub stan tial part of 
the biogenic suc ces sion is com posed of lake and peat de pos its
de tri tal-clay gyttja, de tri tal gyttja with a vari able con tent of plant
re mains and thin in ter ca la tions of brown moss peat, fen peat,
tran si tion peat and peat bog. The di verse geo chem i cal sig na -
ture in this part of the pro file re flects the role of the lo cal geo -
chem i cal back ground and de nu da tion pro cesses in gyttja and
peat de po si tion. This in ter val  also re vealed a more dy namic
con tent of the lithogeochemical el e ments, usu ally at the
lithological con tact of dif fer ent lay ers of the peat. These pe ri ods
are in ter rupted by phases in which low lev els of el e ments were
sup plied into the ac cu mu lat ing de pos its (known as “geo chem i -
cal si lence”). How ever, in the Ho lo cene, se lec tive mi gra tion of
cop per and cal cium in aque ous so lu tion in creased. Clear fluc tu -
a tions in the cop per and so dium con tents in the de pos its may
in di cate pe ri odic changes in the char ac ter of biogenic ac cu mu -
la tion due to wa ter level fluc tu a tions. In turn, the rel a tively low
val ues of Fe/Mn ra tio seem to in di cate chang ing re dox con di -
tions at this site, which might have been as so ci ated with the
autogenous hydroseral suc ces sion from lake to mire. Hu man
ac tiv ity re corded in the Z-2 core is re flected in an in crease in
min eral mat ter in or ganic de pos its, a de crease in pH, and an in -
crease in el e ments ac ti vated by me chan i cal de nu da tion. These
re sults are con sis tent with other palaeo eco logi cal anal y ses, e.g
a de crease in the pres ence of AP and the ap pear ance of spe -
cies in dic a tive of hu man ac tiv ity (Forysiak et al., 2011).
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