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De ter min ing the age of gla cial and glaciofluvial de pos its is nec es sary to better un der stand the deglaciation of north east ern Po land.
Cosmogenic 36Cl, ac cu mu lated in boul ders and ma trix, sug gests that in her i tance and ero sion af fect cosmogenic in ven to ries and must be
taken into ac count when cal cu lat ing ex po sure ages of land forms. A sim ple ap proach to de tect and dis tin guish be tween the two ef fects, by
com par ing the in ven to ries of 36Cl in boul ders and ma trix, al lows us to com pute ap pro pri ate cor rec tions to ap par ent (un cor rected) ages
and to de ter mine model (cor rected) ex po sure ages of the de pos its. Ap par ent cosmogenic 36Cl ages fall in the range be tween 11 ky and
28 ky (1 ky = 1000 cal i brated 36Cl years), point ing, cor rectly, to the end of the last gla ci ation, and cor re late with ox y gen iso tope stage 2
(OIS 2). Model ages of gla cial and glaciofluvial de pos its fall into one of three time in ter vals. The old est er rat ics, 27–28 ky (Kruszki and
Bachanowo 1), date the ad vance of the Weichselian ice sheet. They are older than the sur round ing sur faces, which con firms the ex is tence
of nuna taks dur ing later phases of the last gla ci ation. The main belts of re ces sional mo raines formed 19.7 ± 1.0 ky ago (Gremzdy Polskie)
and 17.9 ± 1.3 ky ago (£opuchowo 2 and Gulbieniszki), and the last ice melted 14.4 ± 1.0 ky ago (£opuchowo 1). Ero sional ter races in the 
Czarna Hañcza val ley were formed 14.7 ± 0.9 ky ago (Bachanowo 2) and 14.4 ± 1.0 ky ago (Bachanowo 3), prob a bly by the melt wa ters
from the last ice in the area. Our re sults sug gest that dif fer ent parts of the south ern mar gin of the Fennoscandian Ice Sheet ad vanced and
re treated in de pend ently, sup port ing the idea that the de pos its at the south ern mar gin of the Scan di na vian Ice Sheet are not syn chro nous.
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INTRODUCTION

The Suwa³ki Lakeland, NE Po land, shows char ac ter is tics
of a young gla cial land scape such as large changes of el e va tion
(up to 140 m), fresh ness and di ver sity of gla cial forms, and
com mon glaciofluvial de pos its. Max i mum el e va tions reach
300 m above sea level (a.s.l.). In ar eas of morainic pla teaux,
forms of ac tive ice (end mo raines, of ten pushed) and of dead
ice (kames, dead-ice mo raines) are well-de vel oped. As so ci ated 
with them are mul ti di rec tional gla cial chan nels and sandur sur -
faces, which to the south of the stud ied area form the Augustów 
Plain (Fig. 1). Nu mer ous large er rat ics oc cur both in di vid u ally
and in groups. The mod ern land scape of the Suwa³ki Lakeland
was shaped pri mar ily by the ice sheet of the Weichselian Gla ci -
ation — the last gla ci ation in the re gion. The ice de pos ited at
least two lay ers of till on top of Eemian Inter gla cial de pos its;
the inter gla cial de pos its are doc u mented in pro files in
Smolniki, B³azkowizna and Szwajcaria (Borówko-D³u¿akowa

and Halicki, 1957; Ber, 1974, 1998, 2000; Ber et al., 1998;
Kenig, 1998). Nu mer ous lines of mo raines de fine the ex tents of 
dif fer ent phases of the Weichselian Gla ci ation. The bot tom till
is usu ally cor re lated with the Œwiecie Stadial, or with the main
stadial of the last gla ci ation. The top till, which ap pears at the
sur face of the Suwa³ki Lakeland, is cor re lated with the Pom er a -
nian phase of the last gla ci ation (Ber, 1967, 1968, 2000;
Krzywicki, 1993; Lisicki, 1993, 1998). 

Five main sets of mo raines (I–V in Fig. 1) were de fined in
this re gion on the ba sis of car to graphic, geo log i cal and
geomorphological stud ies (Ber, 1967, 1968, 1974, 1982,
1990, 1998; Krzywicki, 1993; Lisicki, 1993, 1998). The
south ern most mo raines (I) near Augustów de fine the max i -
mum ex tent of the main stadial of the Weichselian Gla ci ation
(Ber, 1982, 2000; Krzywicki, 2002), and mo raines II through
V de fine the ex tents of re ces sional ep i sodes. The ap pear ance
of these mo raines shows that the ice mar gin of the
Weichselian Gla ci ation was di vided into streams, lobes and
smaller tongues (Ber, 1968, 1982; Krzywicki, 1993; Lisicki,



1993). This frag ment ing of the ice mar gin makes the use of
geomorphological cri te ria in strati graphic cor re la tions in ap -
pro pri ate. In ad di tion, this re gion lacks well-doc u mented
interstadial de pos its that sep a rate the youn gest tills, and sep a -
ra tion of tills on the ba sis of their petrographic com po si tion is
not al ways pos si ble be cause of the sim i lar prov e nance of the
tills (Kenig, 1998). More over, dat ing of gla cial de pos its,
mainly us ing the thermoluminescence (TL) method, gives
equiv o cal re sults (Kozarski, 1986, 1995; Wysota 2002). 

In the face of such prob lems, dat ing of surficial de pos its us -
ing the cosmogenic 36Cl method is par tic u larly ap peal ing. This
method gives the du ra tion of ex po sure at the sur face of a geo -
log i cal ma te rial, and thus al lows the place ment of dif fer ent
lithostratigraphic units on an ab so lute time scale. Cosmogenic
36Cl dat ing of er rat ics from  Po land showed a Late Weichselian
age of the surficial de pos its (Dzier¿ek et al., 1998).
Cosmogenic 10Be in di cated that mo raines of the max i mum gla -
ci ation were formed 18.6 ± 2.8 ky ago (Rinterknecht et al.,
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Fig. 1. Geo mor phol ogy of north east ern Po land (af ter Mojski, 1967), with the re sults of 36Cl dat ing of er rat ics (in boxes)

Lo ca tions: GP — Gremzdy Polskie; Kru — Kruszki; Gul — Gulbieniszki, Lop — £opuchowo, Bac — Bachanowo



2003) and those of the Pom er a nian phase were de pos ited
15.0 ± 0.5 ky ago (Rinterknecht et al., 2005, 2006) sam ples
from NE Po land only. But, as pointed out by Houmark-Niel sen 
et al. (2006), the 10Be ages seem to post-date the age of mo -
raines, sug gest ing that some fac tors (e.g., ero sion; see the next
para graph) were over looked in the anal y sis and in ter pre ta tion
of the 10Be data. 

We re al ize that cosmogenic in ven to ries in surficial ma te ri -
als de pend not only on the ex po sure du ra tion of these ma te ri als, 
but also on geo log i cal com plex i ties, such as prior ex po sure and
ero sion, that de fine the ex po sure his to ries of sur faces. These
com plex i ties re sult in a large spread of ap par ent ages, and must
be eval u ated for cor rect in ter pre ta tion of cosmogenic in ven to -
ries. We have de vel oped an ap proach to iden tify and dis tin -
guish the ef fects of prior ex po sure and ero sion, and then to
quan tify them in or der to cal cu late ap pro pri ate cor rec tions to
ap par ent ages. Cor rected ages, called model ages, are used in
chro no log i cal and palaeogeographic in ter pre ta tion. These ages
con sti tute the chro no log i cal frame work nec es sary for the un -
der stand ing of ice-sheet be hav iour at the end of the last con ti -
nen tal gla ci ation in NE Po land.

METHODS

FIELD AND LABORATORY WORK

Sam ple lo ca tions were se lected fol low ing de tailed geo log i -
cal and geomorphological anal y sis of the area. Sam ples were
col lected from the top few centi metres of large boul ders par -
tially burried in the ma trix. In ad di tion, sam ples of the ma trix
were col lected at four lo ca tions. Sam ple prep a ra tion and anal y -
ses were con ducted at the Uni ver sity of Ar i zona and at Purdue
Uni ver sity. We fol lowed the lab o ra tory pro ce dures de scribed
in our ear lier pub li ca tions (e.g., Zreda et al., 1991; Zreda,
1994). We have an a lyzed 31 sam ples of er rat ics from five lo -
cal i ties within the Suwa³ki Lakeland: Gremzdy Polskie,
Kruszki, Gulbieniszki, Bachanowo and £opuchowo.

PRINCIPLES OF DATING BY COSMOGENIC 36CL

Cosmogenic 36Cl forms in the top few metres of ter res trial
rocks by in ter ac tions of cos mic-ray neu trons and muons with
at oms of K, Ca and Cl (Da vis and Scheaffer, 1955; Phillips et
al., 1986; Zreda et al., 1991). Three main nu clear re ac tions pro -
duce 36Cl in rocks: spallation of 40Ca and of 39K, neg a tive muon 
cap ture by 40Ca, and neu tron ac ti va tion of 35Cl (Phillips et al.,
1986; Zreda et al., 1991). If the chem i cal com po si tion of the
rock sam ple is known, and the pro duc tion rates are known
(from cal i bra tion stud ies com bined with spatio-tem po ral scal -
ing stud ies), the mea sured in ven tory of 36Cl can give the time of 
ex po sure of the sam ple at the sur face. Ac cu mu la tion of
cosmogenic 36Cl is de scribed as: 

dN dt P N/ = - ´l [1]

where: N — num ber of at oms of 36Cl, t — ex po sure du ra tion, P — to tal pro -

duc tion rate from all re ac tions (chang ing in time), l — de cay constant for
36Cl (2.3 ´ 10 –6y–1).

 As sum ing con tin u ous ex po sure and zero con cen tra tion of
36Cl at t = 0 (the time of first ex po sure), this equa tion can be
solved for the num ber of at oms N ac cu mu lated in time t: 

( ) ( )N P e t= ´ - - ´/ l l1 [2]

where: e — base of nat u ral log a rithm.

and for the ex po sure du ra tion t: 

( ) ( )t N P= - ´ - ´1 1/ ln /l l [3]

CALCULATION OF APPARENT BOULDER AGES

Chlo rine-36 ages were cal cu lated us ing pro duc tion rates
based on the cal i bra tion data set of (Phillips et al., 1996,
2001), and re cal cu lated us ing new spatio-tem po ral scal ing
func tions (Desilets and Zreda, 2003; Desilets et al., 2006) and
a suite of new cor rec tions for vari able en vi ron men tal con di -
tions (Zreda et al., 2005a). The new pro duc tion pa ram e ters
are (Zreda et al., 2005a): the pro duc tion rate of 36Cl due to
spallation of 39K, PK = 155 ± 12 at oms 36Cl (g K)–1y–1; the pro -
duc tion rate of 36Cl due to spallation of 40Ca, PCa =  75.4 ± 3.7
at oms 36Cl (g Ca)–1y–1; the pro duc tion rate due to muon cap -
ture by 40Ca is 10% of that of spallation of 40Ca (Stone et al.,
1996, 1998); and the fast neu tron in ten sity, Pf = 664 ± 39 fast
neu trons (g rock)–1y–1. All pro duc tion pa ram e ters are valid at
sea level and at lat i tudes above 60 de grees. Lo cal pro duc tion
rates for each sam ple were cal cu lated based on the sam ple’s
chem i cal com po si tion, us ing the meth ods de scribed in
Phillips et al. (2001) and its lo ca tion (geo graphic lat i tude and
lon gi tude, and el e va tion above sea level), us ing for mu las in
Desilets and Zreda (2003) and Desilets et al. (2006). Cor rec -
tions for the vari able palaeomagnetic in ten sity were com puted 
us ing data from Yang et al. (2000) for the time in ter val from 0  
to 12 ky, and us ing data in Guyodo and Va let (1999) for ages
older than 12 ky. Cor rec tions for vari able po si tion of mag -
netic poles were cal cu lated us ing the data in Ohno and
Hamano (1992) for ages be tween 0  and 10 ky. The lack of
data be yond 10 ky is not crit i cal be cause changes of pole po si -
tions are in te grated out; for the lo ca tion in this study and for
sur faces older than 10 ky, the de vi a tion due to in com plete in -
te gra tion of pole po si tion changes is less than 1%, and the un -
cer tainty on this fig ure is about 20% of its value, or 0.2% of
the cal cu lated age. Snow cover was con sid ered and found to
have neg li gi ble ef fects on the ac cu mu la tion of cosmogenic
36Cl in the sam ples; there fore, no cor rec tion for snow was ap -
plied. Like wise, no cor rec tion was nec es sary for top o graphic
ob struc tions. In con trast, soil wa ter con tent was found to have
a mea sur able ef fect on the ac cu mu la tion of 36Cl in mo raine
ma trix, and was con sid ered in the anal y sis. Ap par ent sam ple
(boul der) ages were cal cu lated us ing equa tion 3. Un cer tain -
ties in the cal cu lated ap par ent ages, es ti mated on the ba sis of

an a lyt i cal er rors, are given as one stan dard de vi a tion (1s). 
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EFFECTS OF INHERITANCE AND EROSION 
ON COSMOGENIC INVENTORIES

Equa tions 1–3 in volve two im por tant as sump tions. First,
the ex po sure of the ma te rial to cos mic ra di a tion must be con tin -
u ous, which re quires that the sur face of the landform not be
mod i fied by ero sion or other lo cal geo log i cal pro cesses. Ero -
sion re sults in changes of the iso tope pro duc tion rate in a sam -
ple be low the sur face (Zreda et al, 1994), which, if un rec og -
nized, re sults in a cosmogenic age that is usu ally too young.
The sec ond as sump tion re quires that at the time of de po si tion
of the landform the con cen tra tion of the iso tope be zero. This
means that the ma te rial from which the landform is con structed
was not ex posed to cos mic rays be fore de po si tion in the
landform (i.e., that it does not have an iso tope in ven tory in her -
ited from pre vi ous ep i sodes at the sur face). Ma te rial that has an
in her ited in ven tory, and in which this in her ited in ven tory is not
iden ti fied, will yield an ap par ent age that is too old. Math e mat i -
cally, in her i tance and ero sion ap pear as separate terms in the
appropriately modified differential equation, whose solution is:

( ) ( )( )N N e P et t
= ´ + + ´ -- ´ - + ´

0 1l l e
l e/ [4]

where: N0 — num ber of at oms ac cu mu lated pre vi ously, ex ist ing at time zero

(i.e., at the time where the sur face was con structed), e — ero sion rate (nor mal -
ized to have the same units as l and to in clude both spallation and neu tron ac ti -
va tion pro duc tion mech a nisms (see: Zreda and Phillips, 1994, for de tails);
other ex pla na tions as in equa tions 1 and 2. 

The ef fects of in her i tance and ero sion are shown, sep a -
rately, in Fig ure 2, and the com bined ef fect of in her i tance and
ero sion is shown in Fig ure 3. 

In the case of in her i tance, the ma te rial con sists of clasts with
dif fer ent his to ries of ex po sure to cos mic ra di a tion. If mul ti ple
sam ples are mea sured, their ap par ent ages will range from the
youn gest (con tain ing the small est amount of in her ited iso tope;
sam ple 1 in Fig. 2A) to the old est (con tain ing the larg est amount;
sam ple 3 in Fig. 2A), and the youn gest ap par ent age will be clos est 
to the true age of the landform. In the case of ero sion, each of the
boul ders pres ent at the sur face to day orig i nated at a dif fer ent depth 
and, con se quently, each of them has had a dif fer ent his tory of ex -
po sure to cos mic ra di a tion (Zreda et al., 1994). If mul ti ple sam ples 
are mea sured, their ap par ent ages will range from the youn gest
(the boul der that spent lon gest time be low the sur face, shielded
from cos mic ra di a tion; sam ple 3 in Fig. 2B) to the old est (the clast
that spent most of the time at or just be low the sur face; sam ple 1 in
Fig. 2B). The old est of the ob tained ap par ent ages will be usu ally,
though not al ways, clos est to the true age of the landform (Zreda et 
al., 1994; Zreda and Phillips, 1994). But with out the knowl edge of 
the his tory of ex po sure to cos mic ra di a tion, dis tin guish ing be -
tween these two cases is dif fi cult. Hence, we can not de ter mine the
age of the landform based solely on the mea sure ments of
cosmogenic in ven to ries in surficial boul ders. But we can do this
with ad di tional in for ma tion from the ma trix (see next sec tion). 

INTERPRETATION OF ISOTOPE INVENTORIES AND
CALCULATION OF LANDFORM AGES 

To dis tin guish the ef fects of in her i tance from those of ero -
sion, we com pare the cosmogenic iso tope in ven tory in the ma -
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Fig. 2. Ef fects of in her i tance (A) and ma trix ero sion (B) on
cosmogenic age de ter mi na tion

A — ef fect of in her i tance on cosmogenic age de ter mi na tion (A); the as -
sumed (true) age is 15 ky, and the max i mum amount of in her i tance is
equiv a lent to 10 ky of ex po sure; all sam ples are lo cated on the ver ti cal bar
lo cated at 15 ky and be tween the solid line (no in her i tance) and dash-dot ted 
line (max i mum amount of in her i tance); if in her i tance is ig nored, these sam -
ples will yield ap par ent ages that range from 15 ky to 25 ky (the hor i zon tal
thick bar on the time axis); B — ef fects of ero sion of ma trix and grad ual ex -
po sure of boul ders at the sur face on cosmogenic age de ter mi na tion (B); the
as sumed (true) age is 25 ky, and the ero sion rate is such that the youn gest
ap par ent age is 15 ky; be cause boul ders have spent dif fer ent times at dif fer -
ent depths, they have dif fer ent in ven to ries of a cosmogenic nu clide (the
ver ti cal thick bar lo cated at 25 ky) and, con se quently, dif fer ent ap par ent
ages, usu ally youn ger than the de po si tion age of the landform (the hor i zon -
tal thick bar on the time axis); sam ples de noted by tri an gles (with nu mer -
als) are dis cussed in text



trix with the in ven to ries of the same iso tope in boul ders from
the same sur face. Only one as sump tion is nec es sary to an a lyze
the ef fects of in her i tance that boul ders and ma trix have the
same geo log i cal ex po sure his tory (or, that, on av er age, the
cosmogenic in ven tory in boul ders is the same as that in the ma -
trix). This as sump tion is valid for geo log i cal ma te ri als trans -
ported and de pos ited by ice. Such ma te ri als are char ac ter ized
by poor sort ing, with all sizes dis trib uted ap prox i mately uni -
formly within the same de posit. Thus, fine clasts and large
blocks should have the same prior ex po sure and, con se quently,
the same in ven tory of a cosmogenic iso tope. One as sump tion is 
made to ana lyse ef fects of ero sion that ero sion grad u ally ex -
poses boul ders that were ini tially at different depths, and after
exposure these boulders remain at the surface. 

Un der these as sump tions, the fol low ing anal y sis of
cosmogenic in ven to ries (or ap par ent ages) in the boul ders and
ma trix is made (see Figs. 2 and 3). In her i tance is man i fested by a
uni form dis tri bu tion of ap par ent ages; all ap par ent ages are older
than the true age of the landform (Fig. 2A), and the ma trix has an
ap par ent age sim i lar to the av er age of the ap par ent ages of the
boul ders. In con trast, ero sion of ma trix and grad ual ex po sure of
er rat ics are man i fested by ap par ent boul der ages that are youn ger 
than the true age of the landform (Fig. 2B), and the ma trix has an
ap par ent age close to that of the youn gest boul der. 

Dis tin guish ing be tween these two cases in volves the in -
verse anal y sis. If the ap par ent age of the ma trix is sim i lar to the
age of the youn gest boul ders, we have a case of ero sion. In con -
trast, if the ap par ent age of the ma trix is close to the av er age ap -
par ent age of boul ders, we have a case of in her i tance. Iden ti fy -

ing ei ther of these two cases al lows for a more re li able, less ar -
bi trary de ter mi na tion of the age of the landform from which the 
boul ders and ma trix come. A landform that in volves a com bi -
na tion of in her i tance and ero sion (Fig. 3) can be an a lyzed by
add ing to the above in verse anal y sis the dif fer ence be tween the
ap par ent age of the ma trix and of the youn gest boul der (to
quan tify in her i tance in the pres ence of ero sion). How ever, our
land forms do not need this com plex anal y sis as they ap pear to
have been af fected by ei ther in her i tance or ero sion, and not by
both fac tors. Landform ages were cal cu lated in two steps. First,
we de ter mined whether the spread of ages is caused rather by
in her i tance or rather by ero sion. In the case of in her i tance, the
youn gest boul ders (two or more) were cho sen as they should
have ages clos est to the age of the landform; in the case of ero -
sion, the old est boul ders (two or more) were cho sen. In the sec -
ond step, we cal cu lated the age of the landform as a weighted
av er age of the se lected boul ders, with the weights w = (t/s)2,
where t is the sam ple age, and s is its stan dard de vi a tion.

RESULTS

The geo chem i cal re sults are in Ta ble 1, the pro duc tion pa -
ram e ters and in di vid ual 36Cl ages are in Ta ble 2, and the 36Cl
ages of sur faces are in Ta ble 3 and Fig ure 4. All er rat ics ex -
posed at the sur face in the Suwa³ki Lakeland have 36Cl ages that 
cor re late broadly with the last gla cial max i mum (LGM). But
the in di vid ual sam ple ages dis play con sid er able spread, much
greater than could be ex pected on the ba sis of an a lyt i cal un cer -
tain ties. This led to the re al iza tion that the sur faces from which
the sam ples come have ex pe ri enced com plex ex po sure his to -
ries. With ad di tional mea sure ments of 36Cl in ma trix sam ples
from four sur faces, the ob served dis tri bu tions of boul der ages
can be ex plained by prior ex po sure of the boul ders to cos mic
rays (Bac-2, Bac-3 and Lop-1) or by ero sion of the ma trix and
grad ual ex po sure of the boul ders (Bac-1). 

SITES, RESULTS AND INTERPRETATION

Site Gremzdy Polskie (GP) is lo cated north-east of Wigry
Lake, at the back of three lat i tu di nal mo raine belts (II, III and
IV in Fig. 1); these belts de fine the ex tent of the Pom er a nian
phase and its re ces sional subphases (Krzywicki, 1993; Lisicki,
1993; Ber, 1990, 1998, 2000). The flat sur face of the till, at an
al ti tude of 131–135 m a.s.l., is lit tered with un usu ally large er -
rat ics (some are more than 2 m in height). Sam ples from four
er rat ics gave ap par ent 36Cl ages in the range from 18.6 ky to
23.2 ky, and a mean age of 19.7 ± 1.0 ky (one stan dard er ror of
weighted mean, 1s). 

In ter pre ta tion. All four er rat ics are from the same
geomorphic con text, and have sim i lar al ti tudes and di men sions, 
lead ing to a rea son able as sump tion that their gen e sis is the
same. The older age of sam ple NP96-14-GP may be due to the
pres ence of 36Cl in her ited from pre vi ous ex po sure ep i sode(s).
How ever, be cause the age dif fer ence is small, and sam ple
NP96-14-GP has the larg est an a lyt i cal uncertainty in this
group, it is likely that the be gin ning of ex po sure of these er rat -
ics to cos mic ra di a tion, which is equiv a lent to the dis ap pear -
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Fig. 3. Com bined ef fect of in her i tance and ma trix ero sion 
on ap par ent cosmogenic nu clide ages of boul ders

All sam ples are on the thick ver ti cal bar lo cated at 15 ky; these in ven to ries
cor re spond to ap par ent ages be tween 11 ky and 25 ky (thick bar on the time 
axis); in gen eral, the range of ap par ent ages de pends on the amount of in -
her i tance and on the ero sion rate; some com bi na tions of in her i tance and
ero sion have a cancelling ef fect; this, how ever, must be con sid ered for tu -
itous and was not used in quan ti ta tive anal y sis; other ex pla na tions as in
Fig ure 2
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ance of ice cover, is ap prox i mated by the
weighted mean of all sam ples, 19.7 ± 1.0 ky.
Al ter na tively, af ter elim i nat ing the old est age
on the ba sis of pos si ble in her i tance, the
weighted mean would be 18.8 ± 0.9 ky. And an
age cal cu lated for two er rat ics that have no ev i -
dence of ero sion, sam ples NP96-12-GP and
NP96-15-GP would be 18.8 ± 1.0 ky. The
weighted mean age is al ways the same, within
1s, re gard less of in ter pre ta tion. 

Site Kruszki (Kru) has only one dated er -
ratic, lo cated at the sur face of a pla teau
(232 m a.s.l.), some 4 km to the south-west of
the south ern end of Hañcza Lake. The site is in
the fore front of mo raines that de fine the youn -
gest subphase of the Pom er a nian phase in the
Suwa³ki Lakeland (Lisicki, 1993). The boul der 
is 0.8 m high and is well rooted in the ma trix. It
has a cosmogenic age of 28.5 ± 4.4 ky; the large 
un cer tainty is due to an a lyt i cal un cer tainty in
the mea sure ment of 36Cl. 

In ter pre ta tion. Geo log i cal and palaeo -
geographic anal y sis in di cates that this age is too
old. Within un cer tainty, the ex po sure age of this
sur face makes its for ma tion con tem po rary with
the max i mum ad vance of the last gla ci ation. On
the geo log i cal map (Ber, 1967) sur face de pos its
in this area have ages as signed to within the gla -
ci ation only (the Weichselian), but not to within
a stadial or phase. This ob ser va tion will be use -
ful in the anal y sis of the palaeogeographic sig -
nif i cance of the old est ages ob tained for the
nearby sites at Bachanowo.

Site Bachanowo (Bac) con sists of three flat 
sur faces in the area of Czarna Hañcza River, to
the south of Hañcza Lake. The high est level
(Bac-1), at an al ti tude of 232 m a.s.l., was
formed dur ing the first stage of ero sion of the
bouldery high land till by glaciofluvial wa ters.
Two lower lev els are ero sional ter races at al ti -
tudes of 222 m a.s.l. (Bac-2) and 212 m a.s.l.
(Bac-3). All three sur faces con tain nu mer ous
me dium-sized er rat ics (up to 1 m tall), most of
them rooted in the ma trix. The larg est con cen -
tra tion of er rat ics is on the high est sur face.
Slightly smaller boul ders oc cur at the ter race of 
the mod ern river. Five sam ples were col lected
from the old est sur face (Bac-1). The cal cu lated
ap par ent ages dis play a large scat ter: two sam -
ples have ages of ap prox i mately 27 ky, two
oth ers are in the in ter val 20–22 ky, and one has
an age of 14.6 ky. A sam ple of ma trix col lected
from the same sur face gave an ap par ent age of
15.5 ky. Seven sam ples were col lected from
sur face Bac-2. The old est boul der has an age of 
about 26 ky, three sam ples are in the in ter val
20–22 ky, and three oth ers fall in the in ter val
13.8–16.8 ky. The ma trix from Bac-2 gave an
ap par ent age of ap prox i mately 21 ky. The low -
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Sam ple ID
Boul der 
height

[m]

Lat i tude
(°N)

Lon gi tude 
(°E)

Al ti tude 
[m a.s.l.]

36Cl age [ky]

Boul der Sur face

Gremzdy Polskie, high land (GP)

NP96-12-GP 0.7 54.074 23.190    130.5 19.2 ± 1.7

NP96-13-GP 0.7 54.077 23.173 136 18.8 ± 1.6

NP96-14-GP 1.3 54.078 23.174 136 23.2 ± 2.3 19.7 ± 1.0

NP96-15-GP 0.6 54.078 23.174 136 18.6 ± 1.1

Kruszki, high land (Kru)

NP96-7-SPK 0.8 54.235 22.784 232 28.5 ± 4.4 28.5 ± 4.4

Bachanowo, high land (Bac-1)

NP96-8-SPK 0.4 54.235 22.792 232 26.7 ± 3.4

NP97-16-BAC1 1.0 54.238 22.792 232 14.6 ± 0.7

NP97-17-BAC1 1.0 54.238 22.792 232 27.0 ± 2.2 26.9 ± 2.0

NP97-18-BAC1 0.5 54.238 22.792 232 20.2 ± 1.6

NP97-19-BAC1 0.7 54.238 22.792 232 22.1 ± 1.2

Bachanowo, ter race (Bac-2)

NP96-9-SPK 0.6 54.236 22.792 222 14.6 ± 1.9

NP97-20-BAC2 0.8 54.238 22.792 222 13.8 ± 1.0

NP97-21-BAC2 0.4 54.238 22.792 222 16.0 ± 1.4 14.7 ± 0.9

NP97-22-BAC2 0.5 54.238 22.792 222 22.4 ± 2.4

NP97-23-BAC2 1.0 54.238 22.792 222 25.9 ± 1.2

NP97-24-BAC2 0.3 54.238 22.792 222 20.4 ± 1.2

NP97-25-BAC2 0.5 54.238 22.792 222 21.5 ± 1.3

Bachanowo, ter race (Bac-3)

NP97-26-BAC3 0.5 54.238 22.792 212 17.6 ± 1.0

NP97-27-BAC3 0.4 54.238 22.792 212 28.2 ± 1.7 14.4 ± 1.0

NP97-28-BAC3 0.7 54.238 22.792 212 13.4 ± 0.9

NP97-29-BAC3 0.6 54.238 22.792 212 15.4 ± 0.9

£opuchowo, mo raine (Lop-1)

NP96-10-SPK 0.4 54.258 22.832 250 25.5 ± 2.5

NP97-33-LOP1 0.6 54.258 22.832 250 20.7 ± 2.1

NP97-34-LOP1 1.0 54.258 22.832 250 17.3 ± 1.1

NP97-35-LOP1 0.5 54.258 22.832 250 14.3 ± 1.3 14.4 ± 1.0

NP97-36-LOP1 0.5 54.258 22.832 250 11.0 ± 1.1

NP97-37-LOP1 0.5 54.258 22.832 250 14.2 ± 0.8

NP97-38-LOP1 0.5 54.258 22.832 250 14.0 ± 1.0

£opuchowo, mo raine (Lop-2)

NP97-39-LOP2 1.0 54.258 22.832 250 19.2 ± 1.1 17.9 ± 1.3

NP97-40-LOP2 0.7 54.258 22.832 250 16.6 ± 0.9

Gulbieniszki, outwash (Gul)

NP96-11-SPK 1.5 54.265 22.928 200 17.9 ± 1.0 17.9 ± 1.0

Bachanowo and £opuchowo, ma trix, 20% soil H2O

NP97-30-BAC1 n/a 54.238 22.792 232 15.5 ± 1.0

NP97-31-BAC2 n/a 54.238 22.792 222 21.5 ± 1.1

NP97-32-BAC3 n/a 54.238 22.792 212 20.8 ± 1.2

NP97-41-LOP n/a 54.258 22.832 250 18.6 ± 1.0
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est sur face (Bac-3) was dated us ing four sam -
ples. The old est sam ple has an age of 28 ky, and 
the other three sam ples are in the in ter val
13.4–17.6 ky. The ma trix from sur face Bac-3
has an ex po sure age of ap prox i mately 21 ky. 

In ter pre ta tion. Chlo rine-36 in ven to ries in
16 boul der sam ples from the gla cial high land
and from ero sional ter races of Czarna Hañcza
show highly vari able ap par ent ages that range
be tween 13 ky and 28 ky. This wide range of
ages is not sur pris ing, par tic u larly in light of the 
ap par ent ages of the ma trix sam ples from the
same sur faces. Boul ders pres ent within the gla -
cial till were grad u ally ex posed at the sur face
by ero sion of  the high land sur face, which re -
sulted in the large spread of their ap par ent ages
(cf. Zreda et al., 1994, 2005b). That this spread
is due to ero sion and not in her i tance is dem on -
strated by the young ap par ent age of the ma trix
and by its agree ment with the age of the youn -
gest boul der from sur face Bac-1. In this case,
the old est ages are clos est to the true age of the
landform. Thus, two old est boul der ages,
whose ages are nearly iden ti cal, give an av er -
age age of the landform of 26.9 ± 2.0 ky. In the
case of the two lower sur faces — typ i cal ero -
sional ter races — the sit u a tion is re versed.
Boul ders that have older ap par ent ages could
have been trans ported to the place of de po si tion 
from ar eas that have higher al ti tudes and that
were ex posed ear lier by ero sion and slope pro -
cesses. The old est dates on both ter races (26 ky
on Bac-2 and 28 ky on Bac-3) are the same as
dates from the nearby high lands at Kruszki
(28 ky) and from the high est sur face at
Bachanowo (Bac-1, 27 ky). The ma trix from
both ter races is older than the youn gest boul -
ders, which, ac cord ing to our in ter pre tive
model, in di cates a sig nif i cant amount of 36Cl
in her ited from pre vi ous ex po sure ep i sodes.
Thus, the youn gest boul der ages, three from
Bac-2 and two from Bac-3, are clos est to the
true depositional ages of the ter races: ter race
Bac-2 has an av er age age of 14.7 ± 0.9 ky, and
ter race Bac-3 is 14.4 ± 1.0 ky old. These mean

ages are iden ti cal, within 1s er rors, which sug -
gests that only a short time sep a rated the two
ep i sodes of ero sion. 

Site £opuchowo (Lop) in cludes two of sev -
eral mo raine belts lo cated to the east of Hañcza
Lake, in the Szeszupa De pres sion (Fig. 1), at al -
ti tudes reach ing 250 m a.s.l. Geo log i cal and
geomorphological anal y sis sug gests that these
mo raines were de pos ited dur ing the youn gest
re ces sional (Szeszupa) subphase of the Pom er a -
nian phase (Krzywicki, 1993; Lisicki, 1993).
Two sam ples from a mo raine on the out side of
the Szeszupa De pres sion (Lop-2) gave ages of
19.2 ky and 16.6 ky. Seven sam ples from er rat -
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Bachanowo and £opuchowo, ma trix, 30% soil H2O

NP97-30-BAC1 n/a 54.238 22.792 232 16.1 ± 1.0

NP97-31-BAC2 n/a 54.238 22.792 222 22.4 ± 1.2

NP97-32-BAC3 n/a 54.238 22.792 212 21.6 ± 1.2

NP97-41-LOP n/a 54.258 22.832 250 20.1 ± 1.1

un cer tain ties in 36Cl ages: boul der ages are re ported with 1s stan dard de vi a tion cal cu lated by

prop a ga tion of an a lyt i cal un cer tain ties; fea ture ages are re ported with 1 s weighted stan dard
er ror of the weighted mean; only sam ples whose age is shown in bold let ters (filled cir cles in
Fig. 4) were in cluded in the cal cu la tion of the mean; n/a — not ap pli ca ble

Ta ble 3 cont.

Fig. 4. Cosmogenic 36Cl ages of boul ders (cir cles) and ma trix (tri an gles)

Filled cir cles in di cate the sam ples that have been used in the cal cu la tion of weighted mean
ages (also shown in bold in Ta ble 3)



ics in a mo raine near the cen tre of the de pres sion (Lop-1) yielded 
ages rang ing from 25.5 ky to 11.0 ky, and the ma trix from the
same sur face gave an age of 18.6 ky. 

In ter pre ta tion. Such a wide range of ap par ent 36Cl ages of
er rat ics, com bined with the ma trix age that is much older than
the youn gest er ratic, shows that the mo raine was con structed
from a ma te rial con tain ing a sig nif i cant amount of in her ited
36Cl. Thus, the five youn gest boul der ages are used to cal cu late
the de po si tion age of mo raine Lop-1, 14.4 ± 1.0 ky. For sur face
Lop-2 we take the mean of the two sam ples, 17.9 ± 1.3 ky, as
the for ma tion age of the mo raine. The age of mo raine Lop-1,
14.4 ky, prob a bly shows the time of in ten sive melt ing of ice
and in di cates the youn ger time limit of mo raine for ma tion near
£opuchowo. This age is sim i lar to the age of for ma tion of ter -
races Bac-2 and Bac-3 in the nearby gla cial chan nel of the
Czarna Hañcza River, 14.7 ± 0.9 ky and 14.4 ± 1.0 ky, which
in di cates that these pro cesses were con tem po ra ne ous. 

Site Gulbieniszki (Gul) com prises only one large (1.5 m
tall) boul der found in side the “Jeleniewo outwash chan nel” in
the fore land of the last (V) re ces sional (Szeszupa) subphase of
the Pom er a nian phase (Ber, 1968; Krzywicki, 1993). This area
reaches an al ti tude of 200 m a.s.l. And the sam ple gave an ap -
par ent 36Cl age of 17.9 ± 1.0 ky. 

In ter pre ta tion. The age of the Gulbieniszki er ratic is the
same as that of the nearby mo raine Lop-2. The de po si tion of
this boul der be longs to the gla cial till found at shal low depths
un der neath sandy de pos its of a sandur in the val ley. The re sults
sug gest that this till should be cor re lated with one of the re ces -
sional phases of the Weichselian Gla ci ation. The sandur must
have formed later, dur ing con tin ued re ces sion of ice.

DISCUSSION 

PALAEOGEOMORPHOLOGICAL INTERPRETATION

The er rat ics dated by 36Cl came from dif fer ent geomorphic
set tings: gla cial pla teau, end mo raines, ero sional ter races, and
gla cial chan nel. The 36Cl ages de ter mine the time of first ex po -
sure of the er rat ics to cos mic ra di a tion, which is con tem po ra ne -
ous with the dis ap pear ance of the ice sheet. These dat ing re -
sults, to gether with maps (Fig. 1) of deglaciation ob tained from
morpho- and lithostratigraphic anal y sis (Ber, 1967, 1982,
2000; Krzywicki, 1993; Lisicki, 1993), al low for the de ter mi -
na tion of the age of re ces sional phases. The 36Cl re sults con firm 
the Weichselian age of the land scape in the Suwa³ki Lakeland
(Fig. 5). At the time when the LGM end mo raines were formed
on the Augustów Plain, the high lands near Kruszki and
Bachanowo were free of ice, as dem on strated by the old ages,
26–28 ky, of er rat ics at these two sites. One pos si ble ex pla na -
tion of ice-free con di tions uses the idea of nuna taks (Ber,
2000), rem nants of older high lands pre served from the time of
the max i mum Weichselian Gla ci ation, and not cov ered by ice
dur ing later gla cial ad vances. Given the lobate char ac ter of gla -
cial ad vances, ex is tence of nuna taks seems likely
(Houmark-Niel sen, 1987; Marks, 2002). The nuna taks un der -
went fast ero sion by wa ters from melt ing ice sheets. The ev i -
dence of this early ero sional phase is sur face Bac-1, whose age
is ap prox i mated by its old est er rat ics to 27 ky. The end of ero -

sion could not be de ter mined with the cosmogenic method. The 
36Cl re sults from two ero sional ter races, Bac-2 and Bac-3, show 
in ten si fied ero sion 14–15 ky ago, dur ing the last re ces sional
gla cial phase (Vb) and dur ing the fi nal melt ing of re gional ice.
The low est ter race, not dated with 36Cl, was formed prob a bly at
the time of fi nal melt ing of ice in the Szeszupa De pres sion, or in 
the Ho lo cene. The min i mum lim it ing age of the dis ap pear ance
of ice from this area can be de duced us ing the pol len re cord ob -
tained from the de pos its of Lake Szurpi³y, where or ganic sed i -
men ta tion started 11.6 ky ago, dur ing Youn ger Dryas times
(Biñka, 1993). Plants re corded in the lower part of the re cord
in di cate tun dra with dom i nant Juniperus and Chenopodiacea,
whereas birch and pine oc cur less fre quently.

The er rat ics at Gremzdy Polskie are at the back of the re ces -
sional mo raine belts (IV, Fig. 1), and their de po si tion must be
as so ci ated with the ice lobe that formed these mo raines. Be -
cause the age of these er rat ics is ap prox i mately 19.7 ky, the mo -
raines must have been formed a lit tle ear lier. Pre vi ous in ter pre -
ta tions as signed these mo raines to the re ces sional Hañcza
subphase of the Pom er a nian phase (Lisicki, 1993; Krzywicki,
1993, 2002). How ever, our re sults sug gest that these mo raines
are cor re la tive with the max i mum Pom er a nian phase. The
Pom er a nian phase is dated at 16.5 ky on an uncalibrated 14C
scale (Kozarski, 1995), or ap prox i mately 19.6 ky in cal i brated
14C years (Fig. 5; cal i brated us ing Calib. 5.0 pro gram; Stuiver
et al., 2005). It fol lows that the two more ex ten sive mo raine
belts near Wigry lake (II and III) must have been formed dur ing 
ear lier gla cial ep i sodes. Thus, it is pos si ble to cor re late mo raine
belt III with the Chodzie¿ subphase, and belt II with the Poznañ
phase, as sug gested by Ber (1982). The Poznañ phase is re -
corded clearly in the mor phol ogy of West ern Po land, al though
it has no clear lithostratigraphic sig na ture (Kozarski, 1995).
The idea that the ice sheet of the Poznañ phase, and not the
Leszno phase, was most ex ten sive in north east ern Po land is
well known (Woldstedt, 1931; Galon and Roszko 1961;
Mojski, 1968). Wysota (2002) sug gests that it left not only end
mo raines, but also its own layer of till. In the light of our 36Cl re -
sults these pro posed ideas will have to be re-eval u ated. 

Chro no log i cal in ter pre ta tion of the youn gest mo raine belt
(V) in the Suwa³ki Lakeland is based on the two sites at
£opuchowo, for which we cal cu lated two dif fer ent ages: 14.4
ky (Lop-1) and 17.9 ky (Lop-2). This dis par ity prob a bly re -
flects dif fer ent depositional con di tions dur ing long-last ing
stag na tion of ice mar gins, or two dif fer ent stages of ac tiv ity of
the re treat ing ice. The mean 36Cl age of site Lop-2, 17.9 ky,
dates the stage of ac tive ice that formed mo raine belt Va in the
Suwa³ki Lakeland. This age cor re lates with cal i brated 14C ages
of the Gardno phase of the last gla ci ation (Kozarski, 1986,
1995; Rotnicki and Borówka, 1995). The youn gest 36Cl ages in
£opuchowo show that the sub se quent stage of ice melting (Vb)
happened 14.4 ky ago. 

A com par i son of the ages of er rat ics in Gulbieniszki (Gul)
and in Gremzdy Polskie (GP), lo cated tens of kilo metres apart,
shows that a large area of the Suwa³ki Lakeland to the east of
the town of Suwa³ki was deglaciated 18–20 ky ago. These ob -
ser va tions, to gether with dif fer ent dis tances be tween mo raines
of dif fer ent ages and the com plex shapes of these mo raines,
pre clude a model of sim ple fron tal deglaciation of this area
(cf. Galon and Roszko, 1961; Ber, 1968, 1982, 2000; Kozarski,
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1995). We spec u late that whereas in some ar eas and at some
times fron tal deglaciation was the dom i nant mech a nism of ice
dis ap pear ance, the area to the east of Suwa³ki ex pe ri enced ar eal 
deglaciation. De ter mi na tion of deglaciation rates is dif fi cult, as
each ice lobe could have formed and dis ap peared at its own
rate, dif fer ent and in de pend ent of other lobes. Deglaciation
rates for West ern Po land were cal cu lated to be in the range
from 44 m/y (Kozarski, 1986), through 50 m/y (Rotnicki and
Borówka, 1995), to 77 m/y (Wysota, 2002). In ter est ingly,
Boulton et al. (2001) ap prox i mated the rate of dis ap pear ance of 
ice sheet from north ern Eu rope to be in the range from tens to
hun dreds metres per year, with gen er ally faster rates in east ern
Eu rope. Our anal y sis of the 36Cl ages shows that in north east ern 
Po land, the av er age rate of re treat of the ice mar gin, de duced
from the po si tion of end mo raines, must have been much lower
than those pro posed by pre vi ous es ti mates. The dif fer ence in
the ages of re ces sional mo raines IV and V is only about 2 ky,
and the dis tance be tween them is from sev eral kilo metres to
25 km. In West ern Po land, dis tances be tween anal o gous mo -
raine belts of the Weichselian Gla ci ation are on the or der of
sev eral tens kilo metres to hun dreds kilo metres (Galon and
Roszko, 1961; Kozarski, 1995). In the Suwa³ki Lakeland, mo -
raine belts are closer to each other (Fig. 1). The max i mum ex -
tent of the Weichselian Gla ci ation is shifted about 2°N of the
po si tion of the con tem po rary mo raines in West ern Po land.
Three fac tors are re spon si ble for this dif fer ence: (1) the geo log -
i cal struc ture (the depth to the base ment, the ac tiv ity and di rec -
tions of the main tec tonic fea tures, and their re sponse to ice
load ing and un load ing); (2) dif fer ences in cli mate
(continentality in creas ing east ward); and (3) the lo ca tion of the
main ice lobes (Houmark-Niel sen, 1987; Lagerlund, 1987;
Wysota, 2002).

INFERRED CHRONOLOGY OF EVENTS

A com par i son of the 36Cl ages of the er rat ics from the
Suwa³ki Lakeland with the ex ist ing chro no log i cal data on the
last gla ci ation per mits the fol low ing re con struc tion of geo log i -
cal events in the re gion. Dur ing the ad vance of the Weichselian
ice sheet, whose max i mum ex tent is de lin eated by mo raines I
of the Augustów Plain, some ar eas of the high land, such as that
at Kruszki, were free of ice, prob a bly since at least 28.5 ky ago.
Dur ing sub se quent gla cial phases, these ar eas un der went ero -
sion; the ear li est stages of ero sion were re corded in erratics
dated to about 27 ky ago. 

In di rectly, we can con clude that the south ern most mo raine
belt near Wigry Lake (II) was formed dur ing the Poznañ phase,
in agree ment with the in ter pre ta tion of Ber (1982). But mo raine
belt III, pre vi ously in ter preted as part of the max i mum Pom er a -
nian phase (Ber, 1982, 2000), can be cor re lated with the
Chodzie¿ subphase, on the ba sis of the 36Cl ages of er rat ics from
Gremzdy Polskie. Mo raine belt IV, which de lin eates the ex tent
of the Hañcza subphase, was formed be fore 19.7 ky ago (site
GP), prob a bly dur ing the max i mum ex tent of the Pom er a nian
phase. The dis ap pear ance of ice cover was not uni form, and the
ice re ces sion gen er ated large amounts of melt wa ter, and caused
in ten si fied ero sion of ice-free ar eas out side the ice mar gin. 

The re ces sional mo raines Va, for ex am ple outer mo raines
at £opuchowo, were formed about 18 ky ago, dur ing the

Gardno phase. Our 36Cl ages sug gest that dur ing stag na tion of
ice sheet on the line of Gardno mo raines on the south ern coast
of the Bal tic Sea, an ice lobe ex isted also in the Suwa³ki
Lakeland. But the spa tial cor re la tion be tween these re gions is
un clear and re quires further studies. 

The Bachanowo ter races, Bac-2 and Bac-3 (Fig. 5), were
formed about 14.6 ky ago. Si mul ta neous melt ing of ice in the
nearby Szeszupa De pres sion re sulted in the for ma tion of youn -
ger mo raine belts (Vb) near £opuchowo about 14.4 ky ago. 

The youn gest stage of deglaciation, and the time of in ten sive
melt ing of ice, in the Szeszupa De pres sion took place af ter 14.4 ky 
ago. By that time, the for merly mas sive ice was prob a bly frag -
mented into large bod ies of dead ice. The fi nal deglaciation must
have oc curred shortly af ter wards, prob a bly dur ing  BÝlling time.
Dur ing the Youn ger Dryas, the sed i men tary ba sin of Szurpi³y
Lake de vel oped in the Szeszupa De pres sion (Biñka, 1993). 

Our pro posed chro nol ogy of the re ces sion of the
Weichselian ice sheets from the Suwa³ki Lakeland was de vel -
oped by com bin ing cosmogenic 36Cl dat ing of er rat ics with
geo log i cal and geomorphological anal y sis. How ever, the in ter -
pre ta tions pre sented above are not nec es sar ily unique, as both
the chro no log i cal and palaeogeographic data have cer tain as so -
ci ated un cer tain ties. Par al lel work in the Eu ro pean Low lands,
car ried out with the use of cosmogenic 10Be (Rinterknecht et
al., 2003, 2005, 2006), lead to con clu sions that dif fer from
ours. This dis crep ancy shows that our mod els of deglaciation
need ad di tional work, pri mar ily to gen er ate more re li able ages.
But de spite these po ten tial prob lems, based on our lim ited
num ber of 36Cl dates, we can pro pose one gen eral con clu sion:
that mo raine belts whose for ma tion was pre vi ously con sid ered
si mul ta neous do not have to be con tem po rary. Sec tions of these 
mo raine belts, hun dreds of kilo metres long, could have been
formed at dif fer ent times (cf. Houmark-Niel sen, 1987; Boulton
et al., 2001; Marks, 2002; Wysota, 2002). The Suwa³ki
Lakeland is a good ex am ple of this pos si bil ity. Ice lobes of a
sin gle gla cial phase, com ing from dif fer ent di rec tions and mov -
ing at dif fer ent rates, re sulted in the for ma tion of a com plex
sys tem of end mo raines, of ten pushed, and dif fi cult to cor re late
on the ba sis of their mor phol ogy (Ber, 2000, 2004; Krzywicki,
2002 ). Ad di tion ally, youn ger ice sheets did not cover all ar eas
of older high lands, which is dem on strated by older 36Cl ages of
er rat ics from these nuna taks. All these com pli ca tions make
cosmogenic dat ing un cer tain, and in ter pre ta tions based on
these data open to ques tion. But new ad vances in cosmogenic
dat ing meth od ol ogy will re sult in more ac cu rate and pre cise
ages, and thus also in more ob jec tive cor re la tions of gla cial de -
pos its and events.

CONCLUSIONS  

Chlo rine-36 in er rat ics from the Suwa³ki Lakeland, north -
east ern Po land, have pro vided in sights into the fac tors that in flu -
ence cosmogenic ac cu mu la tion and in ven to ries in ma te ri als from 
con ti nen tal gla cial de pos its, and have gen er ated new in for ma tion 
on the re gional deglaciation at the end of the last gla cial cy cle. 

 1. The ap pli ca tion of cosmogenic 36Cl to dat ing con ti nen tal
gla cial de pos its yields sat is fac tory re sults. But the re sults must be 
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an a lyzed in the broader geo log i cal con text, tak ing into ac count
in her i tance of 36Cl from pre vi ous ex po sure ep i sodes, and the ef -
fects of ero sion and grad ual ex po sure of er rat ics at the sur face.
Both pro cesses have de ter min is tic and sto chas tic com po nents,
which makes anal y sis dif fi cult and per haps non-unique. 

2. Cosmogenic 36Cl ages of er rat ics from a sin gle mo raine
of ten dis play a large vari ance, prob a bly caused by geo log i cal
pro cesses mod i fy ing the mo raine ma te rial be fore, dur ing and
af ter mo raine for ma tion. An a lyt i cal un cer tain ties alone can not
ex plain the ob served sample-to-sample variability. 

3. Er rat ics that con tain cosmogenic iso topes in her ited from
pre vi ous ex po sure ep i sode(s) are eas ily iden ti fied in a group of
a few sam ples. Ad di tional mea sure ments of the same
cosmogenic iso tope in the ma trix are use ful in dis tin guish ing
ef fects of in her i tance from ef fects of ero sion, and in correcting
for these effects. 

4. Some of the 36Cl ages re ported are in ap par ent con flict
with pre vi ous geo log i cal stud ies and with the 10Be ages of
Rinterknecht et al. (2005, 2006). It is there fore nec es sary to
ver ify these ages, both 36Cl and 10Be, for ex am ple by dat ing the
same sam ples with both iso topes, or by mea sur ing ad di tional
sam ples from ar eas with sim pler stra tig ra phy. Mul ti ple iso -
topes mea sured on the same sam ples would in di cate whether
there are con sis tent dif fer ences be tween iso topes, for ex am ple
caused by in com pat i ble pro duc tion rates. Ex pand ing the scope
of sam pling to other ar eas would re sult in a larger data set on
which to base palaeogeographic con clu sions. 

5. All dated land forms have ages cor re la tive with the main
stadial (LGM) or one of the re ces sional phases of the
Weichselian Gla ci ation. 

6. The old est er rat ics from the high lands near Kruszki and
in Bachanowo (Bac-1) date the trans gres sion of the ice sheet to
its max i mum ex tent. These dates con firm the idea of nuna taks
pres ent dur ing youn ger gla cial phases of the Weichselian Gla -
ci ation (Ber, 1982, 2000). 

7. Mo raine belts (IV) near Wigry Lake were formed about
19.7 ky ago, dur ing the Pom er a nian phase of the last gla ci ation.
In di rectly, mo raine belts II and III to the south of Lake Wigry can
be as signed to the Poznañ phase and to the Chodzie¿ subphase. 

8. Mo raine belt Va was formed about 18 ky ago and can be
cor re lated with the max i mum ex tent of the Gardno phase; the
fi nal stage of melt ing of ice (Vb) near £opuchowo hap pened
about 14.4 ky ago. 

9. Deg ra da tion of ex posed high lands was stepwise. The
first stage is dated to about 27 ky (Bac-1), and two youn ger
ones to about 14.6 ky ago (Bac-2 and Bac-3). 

10. The fi nal melt ing of ice in the Szeszupa De pres sion
ended af ter 14.4 ky ago. Dur ing the Youn ger Dryas, lac us trine
sed i men ta tion in Lake Szurpi³y had al ready begun. 

11. Hor i zon tal deglaciation rates in NE Po land are dif fi cult
to es ti mate be cause deglaciation was not al ways fron tal, but of -
ten ar eal. Where re cords of mo raines po si tion and age ex ist, for
ex am ple mo raines IV and V, the fron tal deglaciation rates are
cal cu lated to be on the or der of 10 m/y, much lower than pre vi -
ously thought. 

12. It is likely that the main mo raine belts that de fine the ex -
tents of par tic u lar gla cial phases of the Weichselian Gla ci ation
are not isochronous; dif fer ent sec tions of mo raine belts were
formed at dif fer ent times. This con clu sion sup ports the idea that 
dur ing ice-sheet ad vances in di vid ual lobes moved in de pend -
ently, and dur ing re ces sions dif fer ent parts of the ice sheet were 
melt ing at dif fer ent rates. We con jec ture that dat ing of one sec -
tion of the Scan di na vian Ice Sheet mar gin may not carry chro -
no log i cal in for ma tion about any other sec tion; what is of ten re -
ferred to as the south ern mar gin of the Scan di na vian Ice Sheet
prob a bly was not isochronous.
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