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The Udryñ PIG 1 re search bore hole drilled in north east ern Po land (54°14’49”N, 23°03’29”E, 223 m a.s.l.) re vealed a per ma -
frost layer, at least 93 m thick, within the sed i men tary suc ces sion be low a depth of 357 m. The base of the per ma frost has not
been reached at 450 m depth, where the drill ing stopped, so its to tal pres ent thick ness re mains un known. The rel ict per ma frost, 
un ex pected in this part of Cen tral Eu rope, is in the ice-wa ter tran si tion phase at a tem per a ture slightly be low the 0°C. Anal y sis
of geo phys i cal and hydrogeological data in di cates the pos si bil ity of pre serv ing the per ma frost in the cen tral part of sed i men tary
cover of the Suwa³ki An or tho site Mas sif over an area of prob a bly 50 km2. Pre lim i nary re sults of geo ther mal mod el ling in di cate
max i mum palaeothickness of per ma frost at the end of the Last Gla cial Max i mum of prob a bly ~600 m. The de vel op ment of such
a thick per ma frost re sults both from a very low av er age an nual tem per a ture in the Weichselian Gla ci ation and a very low ter res -
trial heat flow den sity. It is very prob a ble that sim i lar zones of deep rel ict per ma frost oc cur rences, un de tected so far, may ex ist
in other ar eas of the Pre cam brian Plat form not only in Po land, but also in the neigh bour ing coun tries.

Key words: rel ict per ma frost, palaeoclimate, Weichselian Gla ci ation, ter res trial heat flow, cryo genic ground wa ter, Suwa³ki
An or tho site Mas sif.

INTRODUCTION

The dis cov ery of deep rel ict per ma frost in north ern Po land
was the re sult of both anal y ses of the subsurface geo ther mal
re gime and hydrogeological, petrophysical and geo phys i cal
data ob tained mainly from wells drilled in the Suwa³ki An or tho -
site Mas sif (SAM) re gion lo cated in the re search area. This
wide, com pre hen sive and unique range of re search has been
ob tained in con nec tion with ex plo ra tion of Fe-Ti-V min eral re -
sources, con ducted in the crys tal line base ment of NE Po land in
the 1960s to 1980s (Ryka and Podemski, 1998).

The ob jec tive of this pa per is to pres ent a model of deep rel -
ict per ma frost, its petrophysical, geo ther mal and hydrogeolo -
gical char ac ter is tics, and to pro vide both cli ma tic and geo log i cal 
con di tions in which it was formed, and how it has sur vived to the 
pres ent days. It also ex plains whether the con di tions for its for -
ma tion and sur vival ex isted or ex ist in other parts of Po land and
ad ja cent ar eas.

The hy poth e sis about pos si bil ity of per ma frost pres er va tion
in the cen tral part of the SAM was first pre sented on the 2nd Eu -
ro pean Con fer ence on Per ma frost in Potsdam (Szewczyk et al., 
2005). The re sults of stud ies, car ried out in the Udryñ PIG 1
bore hole in 2010, spec tac u larly con firmed this hy poth e sis. The

case of the SAM is unique, not only as the geo log i cal ob ject it -
self, but also in terms of a broad range of geo log i cal ex plo ra tion, 
in clud ing many hydrogeological, petrophysical and geo phys i cal 
sur veys. Prob a bly, it is one of the most thor oughly stud ied mas -
sifs of this type in the world.

Dis cov ery of the rel ict per ma frost in the Suwa³ki re gion
(Udryñ PIG 1 bore hole, NE Po land, 54°14’49”N, 23°03’29”E,
223 m a.s.l.) at a depth be tween 357 to >450 m in 2010 in di -
cates that such un ex pected phe nom ena can oc cur not only
else where across Cen tral and East ern Eu rope but also be yond
(Szewczyk and Nawrocki, 2011). The base of the per ma frost
has not been reached at 450 m depth, where the drill ing was
com pleted, so its to tal thick ness re mains un known. The rel ict
per ma frost was found in the form of ice-wa ter tran si tion phase
at a tem per a ture –0.245°C, cor re spond ing to the pres ent ther -
mo dy namic con di tions of its oc cur rence (i.e. hy dro static pres -
sure and chem i cal com po si tion of ground wa ter).

Due to large pre dom i nance of cold cli mate pe ri ods in cli ma -
tic his tory of the Earth dur ing more than last 420 ka (see Pe tit et
al., 1999), the cold state of subsurface ther mal re gime of the
Earth is their pri mary quasi-sta tion ary state to a depth of sev eral 
kilo metres. The com par a tively short du ra tion (10–15 ka) of the
warmer inter gla cial pe ri ods, as Ho lo cene or Eemian, vs. colder
gla cial Weichselian or Wartanian (90–95 ka), dis turbed that
deep, subsurface pseudo-sta ble ther mal re gime only for a rel a -
tively short pe riod (Szewczyk and Gientka, 2009).

The cre ation of per ma frost and its de cay is a func tion of
tem per a ture as well as geo log i cal and petrophysical fac tors
such as the value of ter res trial heat flow den sity and the pres -
ence of ice sheet cover and its thick ness. The pres ence of ice
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sheets in all cases in creases the subsurface tem per a ture lead -
ing to the re duc tion of thick ness of the ex ist ing per ma frost and
even to its com plete deg ra da tion.

Cen tral Eu rope in clud ing Po land have re peat edly been af -
fected by harsh periglacial cli mate at the fore front of the
Fennoscan dian ice sheets. Fig ure 1 shows the ice sheet lim its
of the ma jor gla cial phases dur ing the Late Weichselian and
Wartanian glaciations in Po land and neigh bour ing ar eas
(Marks, 2005). These con di tions were very fa vour able for the
for ma tion of con tin u ous per ma frost of con sid er able thick ness in 
the area of Po land dur ing the Weichselian glaciations. The
max i mum rate of its for ma tion and thick ness, the per ma frost at -
tained at the end of the LGM. The rate of its de cay dur ing the
Ho lo cene de pended largely on the heat flux val ues.

GEOTHERMAL AND HYDROGEOLOGICAL
ANOMALY OF THE SUWA£KI 

ANORTHOSITE MASSIF

The Suwa³ki An or tho site Mas sif is a mag matic in tru sion
cov er ing an area of  ~250 km2. The depth to the crys tal line
base ment is 800–1200 m; it is over lain by the sed i men tary suc -
ces sion of Pa leo zoic, Me so zoic and Ce no zoic rocks (Fig. 2).
Be tween 1960 and 1984, a num ber of deep bore holes were
drilled in crys tal line rocks of the SAM in the search for iron-va -
na dium-ti ta nium de pos its (Cieœla and Wybraniec, 1998).

Fig ure 3 shows the lo ca tion of SAM and the sim i lar but much
greater Kêtrzyn An or tho site Mas sif (KAM) on the back ground of
sta ble cor rected tem per a ture at a depth of 2000 m (i.e. be low the
depth in ter val in flu enced by tem per a ture dis tur bances dur ing
gla cial cy cles; Szewczyk and Gientka, 2009; Szewczyk, 2010).
This in for ma tion is an other im por tant in di ca tor of po ten tial con di -
tions of the cre ation of per ma frost dur ing the time of cli mate cool -
ing re lated to the Weichselian Gla ci ation.
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Fig. 1. Lim its of the ma jor gla cial phases dur ing the Late
Weichselian/LGM (V) and Wartanian (W) in Po land and neigh -
bour ing ar eas (af ter Marks, 2005, mod i fied and sup ple mented)

Ice sheet lim its: L – Leszno (Brandenburg) Phase, Pz – Poznañ
(Frank furt) Phase, Pm – Pom er a nian Phase; main gla cial lakes and
lo ca tion of Suwa³ki An or tho site Mas sif (SAM) and  Kêtrzyn An or tho -
site Mas sif (KAM) are shown, PD – Podlasie De pres sion

Fig. 2. Simplified schematic geological cross-section of the Suwa³ki Anorthosite 
Massif (SAM) with location of relict permafrost and Udryñ PIG 1 borehole

Heat-flow density distribution is also shown
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A num ber of bore holes deeper than 2000 m were drilled in
crys tal line rocks and many shal low hydrogeological bore holes
to a depth of <300 m in the sed i men tary cover. The tem per a ture 
logs per formed in these bore holes in di cated tem per a ture in ver -
sion within the depth in ter val of 350–450 m (Majorowicz, 1976).

A stack of these tem per a ture logs is shown in Fig ure 4A.
There are also some new logs per formed in the Udryñ PIG 1
bore hole (2010). Ma jor tem per a ture logs in deep (~2300 m)
bore holes (F, K, U) were per formed af ter 10–14 days, while in
shal low (~300 m) bore holes from 1998 (W1,W2,W3) they were
car ried out 23 days af ter mud cir cu la tion in cased bore hole. Only
one tem per a ture log from the bore hole S (Sidorówka bore hole,
depth 520 m, per formed in 2004; Šafanda et al., 2004) was run in 
fully sta ble ther mal con di tion (af ter >11 months). Tem per a ture
mea sure ments in the Udryñ PIG 1 bore hole drilled in 2010 (the
bore hole with per ma frost dis cov ered) were car ried out three
times un der dif fer ent ther mal sta bil ity con di tions. The first mea -
sure ment (I) was car ried out 58 hours af ter stop ping the mud cir -
cu la tion, the sec ond log (II) 234 h af ter, and the last log (III) 1800
h af ter, un der nearly sta ble con di tion. The first two tem per a ture
logs were per formed us ing a TEG-36 log ger with con tin u ous reg -
is tra tion of tem per a ture data. The last log was per formed si mul -
ta neously by two HOBO U12-015 log gers (point by point reg is tra -
tion mode with a 2 m step). Lo ca tions of bore holes with tem per a -
ture pro files pre sented on Fig ure 4A are shown on the Bouguer

grav ity anom aly map of the mas sif (Fig. 4B). Fig ure 5 shows a
3D (spa tial) im age of the Bouguer grav ity anom aly of SAM and
the lo ca tion of all bore holes.

The tem per a ture in ver sion with depth is ob served in all tem -
per a ture logs per formed in bore holes drilled in the SAM area. In 
bore holes lo cated out side the an or tho site in tru sion, for ex am -
ple F (Filipów IG 1, see Fig. 4), the tem per a ture in ver sion did
not oc cur.

CRYOGENIC ALTERATION OF GROUNDWATER

The long ex is tence of the deep-seated rel ict per ma frost in
north east ern Po land (Suwa³ki re gion) was in ferred pre vi ously
from hydrogeological stud ies. Thor ough ex am i na tion of
hydrogeological re sults of the Krzemianka IGH 1 bore hole
(well H in Fig. 4B) sug gested that cryo genic trans for ma tions
were re spon si ble for ground wa ter chem i cal com po si tion in the
SAM area. For the first time this phe nom e non was ob served by
Michalski (1985) who hy poth e sized the pres ence of deep per -
ma frost in the past. Later re search car ried out af ter many years
fully con firmed this hy poth e sis.

To gether with the de crease of subsurface tem per a ture of
ground wa ter, some of its chem i cal com po nents pre cip i tated dur -
ing the freez ing pro cess. Cal cite pre cip i tated first from fresh cal -
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Fig. 3. Map of steady-state temperature in Poland at a depth of 2000 m 
(after Szewczyk, 2010, modified)

Location of anorthosite massifs (Suwa³ki and Kêtrzyn) associated with thermal minima are shown;
explanations as in Figure 1



cium bi car bon ate wa ters at tem per a tures from 0°C to –0.2°C,
whereas the other com po nents re mained in the so lu tion. There -
fore, the to tal min er ali sa tion of ground wa ter (TDS) de creased
and its chem i cal com po si tion suc ces sively changed. These
trans for ma tions are well vis i ble in Fig ure 6.

Fig ure 6A pres ents both ear lier and new re sults of
hydrogeological in ves ti ga tions per formed in the SAM area. Fig -
ure 6B shows a Ca ion depth dis tri bu tion in ground wa ter of this
area. Fig ure 6C, D il lus trates changes in the value of to tal min -
er ali sa tion TDS (Fig. 6C) and hydrochemical ion ra tio rNa/rCl
for ground wa ter (Fig. 6D). At a depth of ~620–630 m there is a
no ta ble change in the na ture of ground wa ter, which de ter mines
the max i mum depth range of cryo genic changes.

The re sults of hydrogeological in ves ti ga tions car ried out in
2010 in the new bore hole Udryñ PIG 1 (with known pres ence of
per ma frost) con firmed ear lier re sults. In the Cre ta ceous aqui fer

in ter val of 397–417 m there is HCO3-Na type ground wa ter char -
ac ter ized by very low min er ali sa tion (TDS = 0.48 gdm–3), which
is typ i cal for wa ter al tered by cryo genic pro cesses (Michalski,
1985; Szewczyk et al., 2003; Honczaruk and Œliwiñski, 2011).

All re sults gen er ally con firm that the deep ground wa ter in
the study area ex pe ri enced trans for ma tions of cryo genic na -
ture. The ex tremely low value of TDS, low value of Ca and Mg
ions, and dom i nance of Na and HCO3 pro vide strong ev i dence
of typ i cal cryo genic al ter ations.

The wa ter-to-ice phase tran si tion, i.e. the wa ter freez ing and 
per ma frost for ma tion, can oc cur for the tem per a ture val ues T
lower than TL (T < TL).The thaw ing tem per a ture of ice (TL), i.e.
the freez ing point, de pends on pres sure, li thol ogy and to tal min -
er al iza tion of ground wa ter in the pore space (Konrad and Seto,
1991). In clays, TL can be a few °C lower than in other rocks be -
cause the large spe cific sur face of clays (i.e. capillarity and na -
ture of soil par ti cle sur faces) al lows sig nif i cant amounts of wa ter 
to re main un frozen (Waller et al., 2012).

Cryo genic changes in the ground wa ter chem is try, sim i lar to
those de scribed above, are also ob served in the Podlasie De -
pres sion (PD; Duchnowski and Michalski, 1987) lo cated ap prox i -
mately 180 km S of SAM (see Fig. 3). The pres ence of cryo gen i -
cally al tered ground wa ter is ob served here, even at a depth of up
to 800 m, i.e. to the top of crys tal line base ment. In con trast to the
sit u a tion ob served in the SAM area, this type of ground wa ter is
found prac ti cally through out the sed i men tary cover (there is no
old stag nant wa ter with high min er ali sa tion). Due to the lack of
geo ther mal data, it can not be de ter mined whether the per ma -
frost has pre served in this area to the pres ent day.

PETROPHYSICAL PARAMETERS OF ROCKS

The pro cesses of de vel op ment and deg ra da tion of per ma -
frost took place re peat edly in the Qua ter nary dur ing gla -
cial-inter gla cial cy cles. Due to the larger vol ume of ice in re la -
tion to the vol ume of wa ter, the to tal po ros ity of the rock in -
creases, and thus its bulk den sity re duces.These pro cesses
highly in flu enced the phys i cal prop er ties of rocks, such as their
po ros ity and den sity, and their struc ture.

The re sults of lab o ra tory in ves ti ga tions of sed i men tary
rocks from the SAM area clearly show they are dis tinc tively
more po rous and have lower den sity rel a tive to the sed i men tary
rocks from other parts of the Pol ish Low lands. Po ros ity val ues
within a depth range of 200–600 m have an oma lously high val -
ues in the range of 35–50%, nor mally not found in sed i men tary
rocks, sim i larly to an oma lously low bulk den sity val ues vary ing
from 1.15 to1.4 gcm–3. Fig ure 7 pres ents the re sults of lab o ra -
tory in ves ti ga tions of the dry bulk den sity for both sed i men tary
rocks of SAM (in clud ing the Udryñ PIG 1 bore hole) and the
whole area of the Pol ish Low lands. This phe nom e non is es pe -
cially ob served in the 300–450 m in ter val, i.e. the in ter val of lat -
est melt ing of per ma frost.

A sur pris ingly large scale of this phe nom e non has not been, 
as it seems, sig naled in the lit er a ture. This may be pri mar ily re -
lated to an ex tremely fast rate of per ma frost deg ra da tion re sult -
ing from the ab nor mally high am pli tude of tem per a ture change
be tween the pe riod of LGM and the Ho lo cene (DT = 18°C),
which is among the high est in the North ern Hemi sphere
(Demezhko et al., 2007). This phe nom e non is per fectly con -
firmed by the re sults of lab o ra tory petrophysical in ves ti ga tions
of drill cores (Fig. 7), and by the re sults of well log ging.

In short, the mo ment of ice ap pear ance in the pore space,
i.e. the start of per ma frost for ma tion, in ter rupts the nat u ral pro -
cess of com pac tion of the rocks, and even trig gers the pro cess

848 Jan Szewczyk

Fig. 4A – tem per a ture logs in the new Udryñ PIG 1 bore hole and in
old deep (F, K, U) and shal low (S, W1, W2, W3) bore holes from the
SAM area; B – lo ca tion of bore holes with tem per a ture logs are
pre sented on the back ground of the Bouguer grav ity anom aly

A: logs from Udryñ PIG 1 were per formed af ter dif fer ent sta bi li za tion
times (I – 58 h, II – 234 h, III – 1800 h); ground sur face tem per a ture
(GST) and sur face at mo spheric tem per a ture (SAT) for SAM is
shown; tem per a ture logs “K” and “U” are av er aged for tem per a ture
logs re spec tively for all bore holes drilled for the Krzemianka (K) and
Udryñ (U) ore de pos its; B: the thick white con tour line cor re sponds
to the prob a ble range of rel ict per ma frost, white area – its most re li -
able oc cur rence area. H – hydrogeological bore hole Krzemianka
IGH 1, S – Sidorówka-1, W1– Wygorzel IG 21, W2 – Sumowo IG 30,
W3 – Wygorzel IG 19 (af ter Szewczyk and Nawrocki, 2011, mod i fied 
and sup ple mented)



of their decompaction, while the ice dis ap pear ance re sumes
the com pac tion pro cess (but to an other level of rock con sol i da -
tion). This pro cess is clearly vis i ble in Fig ure 7, where the mea -
sure of de gree of com pac tion of the rocks is their dry bulk den -
sity. The den sity in ver sion is the re sult of an ear lier be gin ning of
the pro cess of recompaction for sed i ments that are closer to the 
Earth’s sur face (the pro cess of melt ing of ice starts on the
ground sur face).

The ob served Bouguer anom aly is as so ci ated with the very
low den sity of sed i men tary rocks of the over bur den. Pre lim i nary 
re sults of grav ity mod el ling un doubt edly con firm this re la tion -
ship (there is no other al ter na tive ex pla na tion). In the shal low est 
parts of the pro file (depths <200 m) we can ob serve pro gres sive 
compactional re duc tion of the po ros ity and an in crease of bulk
den sity. A sim i lar in ver sion of den si ties is ob served in the sed i -
men tary cover of the KAM area (Szewczyk, 2014).

SURFACE VERSUS SUBSURFACE
TEMPERATURES

The ter res trial cli mate con tin u ously fluc tu ates and even
sub se quent long gla cial pe ri ods (90–100 ka do not mean the
steady state of subsurface ther mal re gime to a depth of sev eral
kilo metres. The Late Pleis to cene cli ma tic vari a tions have had
con sid er able ef fect on the pres ent-day subsurface tem per a ture
re gime. For mer and re cent cli ma tic changes on the Earth can
be re corded in the subsurface tem per a ture pro files ob served in
deep bore holes. Ef fec tively, re con struc tions of a subsurface

tem per a ture pro file (Ts) as well as ground sur face tem per a ture
his tory (GSTH) be come more gen er al ized with in creas ing time
be fore the pres ent day.

Along with the many com mon ir reg u lar changes in sur face
at mo spheric tem per a ture (SAT) and ground sur face tem per a -
ture (GST), ob served in gla cial pe ri ods (Pe tit et al., 1999;
Stenni et al., 2010), there are re spec tive in creases or de -
creases of subsurface tem per a ture (Ts), with spe cific am pli -
tudes and time shifts. Down ward prop a gat ing ther mal sig nals
un dergo pe riod-de pend ent at ten u a tion and spread ing with
depth. The time of ar rival of a sig nal about the change of the
sur face tem per a ture (SAT and GST) to a depth of 500–600 m
for the con di tions of SAM is ~2000–3000 years (re fer ring to
~50% of its am pli tude).

Late Qua ter nary ice sheet/glaciations his tory of north ern
Eur asia, im por tant for geo ther mal subsurface re gime, was con -
nected mainly with four gla cial pe ri ods (1) the Late
Saalian/Wartanian (>140 ka), (2) the Early Weichselian
(100–80 ka), (3) the Mid dle Weichselian (60–50 ka), and (4) the 
Late Weichselian/LGM (25–15 ka; Svendsen et al., 2004). By
the end of the Late Pleis to cene, vast ar eas of the East Eu ro -
pean Plain be longed to the zone of low tem per a ture con tin u ous
per ma frost (Velichko et al., 2002). This zone ex tended
400–600 km S of the ice sheet bound ary in East ern Eu rope.
Last re sults for the Pannonian Ba sin area (Hun gary) very well
con firm this hy poth e sis (Fábián et al., 2014).

Periglacial cli mate dom i nated in Po land dur ing the
Weichselian glaciations with very low mean an nual tem per a ture 
(SAT and GST) <–10°C (Fig. 8), and low mean an nual pre cip i -
ta tion lev els prob a bly <100 mm/year (Mojski, 2005; Fábián et

The deep-seated lowland relict permafrost from the Suwa³ki region (NE Poland)... 849

Fig. 5. 3D Bouguer gravity anomaly of the Suwa³ki Anorthosite Massif with the location of all boreholes
(crosses)

“K” and “U” – group of boreholes for the Krzemianka and Udryñ deposits, respectively; the white area corresponds
to the probable range of contemporary existence of relict permafrost; other explanations as in Figure 4



al., 2014). The only ar eas pe ri od i cally oc cu pied by a thin ice
sheet cover (100–300 m thick) oc curred in rel a tively short times 
in the very north ern ends of Po land (Svendsen et al., 2004).
The Pol ish Low lands were prac ti cally free of ice sheets in
Weichselian time.

Due of huge and thick Wartanian ice sheets and, fur ther -
more, the rel a tively very warm Eemian cli mate vs. Ho lo cene cli -

mate, all older (>160 ka) per ma frosts were prob a bly com pletely
de graded. Very im pres sive in di rect ev i dences of huge thick -
nesses of the Wartanian ice sheet cover are 80–100 m thick
postglacial sed i ments ob served in the SAM area com pared to
ap prox i mately only 10 m of Weichselian postglacial sed i ments
(Ber, 2000).
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Fig. 6A, B – results of hydrogeochemical investigation of groundwater in Krzemianka IGH 1(H) (A), and the distribution
of Ca ion against depth for the whole SAM area (B); C, D –  the distribution of total mineralisation TDS (C) and ionic

ratios for rNa/rCl (D) against depth for the whole SAM area

A: P – relict permafrost in the Udryñ PIG 1 borehole; B–D: black triangles – data from deep boreholes, white triangles – data
from shallow hydrogeological wells
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Fig. 7. Depth distribution of dry bulk density in the SAM area (black triangles) 
and in the Polish Lowlands (grey squares)

Crosses – results from the Udryñ PIG 1 borehole, P – relict permafrost

Fig. 8. Amplitudes of Weichselian/Holocene temperatures (residual temperatures) for 41 deep
boreholes from the Polish Lowlands

Best fit line calculated by the methods of non-linear least squares is shown; Ts – calculated effective
quasi steady-state palaeotemperature profiles for the Weichselian, Tobs – observed steady-state

borehole temperature profiles for a representative group of 41 deep boreholes (see location map)



The ther mal re gime of the shal low crust is de ter mined
mainly by the tem per a tures of the last two cli mate pe ri ods, i.e.
of the Weichselian Gla ci ation and Ho lo cene. The per formed
mod el ling has also shown that the ef fect of the pres ent inter gla -
cial cli mate (be gin ning ~14.3 ka BP) has reached a depth of
1500–2000 m un til now (Szewczyk, 2002, 2009). Be neath that
depth, the geo ther mal con di tions are still dom i nated by low
tem per a tures of the last glaciations. The shal lower part
(<2000 m) is un der go ing a tran si tion from one quasi-sta ble
state (gla cial) to an other (inter gla cial) state. Ob served mod ern
global warm ing dis turbed this tran si tion state in a depth range of 
<100 m.

Re sults of anal y sis based on both con struc tions of syn thetic 
ther mal logs (Ts) and re sults of fur ther mod el ling show (see
Fig. 6) that the gla ci ation has left ev i dent palaeoclimatic tem -
per a ture sig nals in nearly all ob served subsurface tem per a ture
pro files in deep bore holes from the Pol ish Low lands (Szewczyk
et al., 2005; Szewczyk and Gientka, 2009).

Some ev i dence based on anal y sis of pres ent tem per a ture
logs from deep bore holes in di cates that dur ing the Weichselian
Gla ci ation in Po land, the av er age an nual ground sur face tem per -
a ture (GSTH) ranged from ~–8 to –12°C (Szewczyk, 2002;
Šafanda et al., 2004; Szewczyk and Gientka, 2009). The mean
an nual tem per a ture for the Suwa³ki meteo sta tion (54.132 N,
22.950 E, 180 m.a.s.l.) in the pe riod 1960–1980, i.e. be fore the
main phase of con tem po rary global warm ing, is +7.77°C for
ground sur face tem per a ture (GST) and +5.89°C for sur face air
tem per a ture SAT (Fig. 4; Szewczyk, 2005). The sta tion is lo -
cated in a ru ral area out side the town of Suwa³ki ap prox i mately
13 km SW of the Udryñ PIG 1 bore hole. Be tween these two tem -
per a tures ex ist a lin ear re la tion ship GST [°C] = 0.56*SAT [°C] +
4.41. The dif fer ence is due to the in su lat ing ef fect of the win ter
snow cover. The global warm ing for the Suwa³ki sta tion in the pe -
riod 1980–2014 is ~DSAT = +1.22°C (af ter Berke ley Earth Data,
2014).

The am pli tude of mean ground sur face tem per a ture his tory
(GSTH) be tween the Weichselian and Ho lo cene for the Pol ish
Low lands, de rived from deep bore hole tem per a ture logs and
cal cu lated by the au thor, amounts to +18.1°C ± 2.36°C. Fig -
ure 8 shows cal cu lated dis tri bu tion of the tem per a ture am pli -
tude (re duced tem per a ture) against depth be tween the
Weichselian Gla ci ation and Ho lo cene for 41 rep re sen ta tive
tem per a ture pro files in deep bore holes from the Pol ish Low -
lands (for the method of cal cu la tion see Szewczyk and Gientka, 
2009). Due to poor tem po ral res o lu tion of the tem per a ture his -
tory dur ing the Weichselian, the ob tained GSTH as well as DTs

val ues should be re garded as an es ti mate of their av er age ef -
fec tive value. For com par i son, new data from the Pannonian
Ba sin (Hun gary) in di cates con tin u ous per ma frost may have
been pres ent be tween 22 and 16 ka, in di cat ing mean an nual
tem per a tures (GSTH) >15°C lower than at pres ent in this re -
gion (Fábián et al., 2014).

Due to the pre lim i nary stage of these cal cu la tions, it was as -
sumed that the pores in rocks are com pletely filled with wa ter
into a liq uid form. The ob tained re sults in di cate ex is tence of
very low palaeotemperatures dur ing the last gla cial pe riod
through out Po land. Due to the gen eral lack of tem per a ture pro -
file for the ma jor ity of deep bore holes for their up per parts
(<100 m) the im pact of con tem po rary cli mate change, i.e.
global warm ing, was skipped in the above cal cu la tions. The re -
sult is in good agree ment with the re sult ob tained ear lier by
Šafanda et al. (2004) for the Udryñ IG 8 bore hole.

PRESENT AND PAST THICKNESS
 OF PERMAFROST

The Udryñ PIG1 bore hole did not reach the bot tom of per -
ma frost. It is an in ter est ing ques tion, how ever, what is the pres -
ent thick ness and what was the max i mum per ma frost palaeo -
thickness dur ing the fi nal stage of the Last Gla cial Max i mum?

Pres ent tem per a ture data from the Udryñ PIG 1 (depth
450 m) do not pro vide any di rect an swer to this ques tion. Such
an eval u a tion would be pos si ble only for bore holes of depths
greater than the cli mate change depth range, i.e. >2000 m. The
pres ent-day tem per a ture pro file (es pe cially for depths
>2000 m) can be used as an im por tant pa ram e ter for re con -
struc tion of past subsurface ther mal con di tions (Fig. 9). Re sults
of ther mal mod el ling per formed in the Udryñ IG 8 bore hole
(Šafanda et al., 2004) show that the to tal palaeothickness of
per ma frost was ~530 m; new re sults with a new more ac cu rate
de ter mi na tion of TL value show ~520 m. The hydrogeochemical
ev i dences show (Fig. 6) that the mean palaeothickness of per -
ma frost (PFHYD) for the mar ginal part of SAM com pris ing the
bore holes “U”, “K” and H was ~620–630 m.

Not only tem per a ture val ues (SAT and GST) but also depth
dis tri bu tion of subsurface tem per a ture re lated to ter res trial
heat-flow den sity (HFD) and rock pa ram e ters are the con trib ut -
ing fac tors de ter min ing per ma frost de vel op ment and its pres er -
va tion. The ther mal re gime of sed i ments in per ma frost ar eas is
sig nif i cantly char ac ter ized by non-steady con di tions for the en -
tire pe riod of per ma frost ex is tence. The main crit i cal fac tor in
ther mal mod el ling is knowl edge of the dis tri bu tion of ther mal
con duc tiv ity (TC) in situ con di tions against depth. A geo phys i cal 
method of TC cal cu la tion was per formed for the whole Udryñ
IG 8 pro file in depth ranges to tal ing 2300 m (Szewczyk, 2002).
The state of wa ter in the pore space can sig nif i cantly mod ify the
ther mal con duc tiv ity of rocks; such in flu ence is fur ther com pli -
cated by the vol ume frac tion of ice and liq uid wa ter, be ing it self
tem per a ture-de pend ent. Ther mal con duc tiv ity of pure wa ter
and ice dif fers sig nif i cantly: TC_wa ter = 0.59 W/m°K; TC_ice =
2.1 W/m°K, re spec tively. Be cause per ma frost fre quently con -
tains wa ter, ei ther as a liq uid or as a solid (ice), it is im por tant to
dif fer en ti ate be tween its tem per a ture and state. Sig nif i cantly,
the ther mal bound aries be tween frozen and un frozen rocks can 
dif fer by a few de grees Cel sius, be cause the tem per a ture at
which ice starts to nu cle ate in po rous me dia can be low ered by
dis solved salts and pres sure melt ing (Waller et al., 2012).

The thaw ing tem per a ture of the ice liq uids (TL) de pends on
pres sure, li thol ogy, and min er al iza tion of ground wa ter in the
pore space (Konrad and Seto, 1991). The wa ter-to-ice phase
tran si tion, i.e. cre at ing per ma frost, can oc cur only for tem per a -
tures T < TL. This is a crit i cal fac tor im ped ing to per form a re al is -
tic ther mal mod el ling of per ma frost (Galushkin, 1997; Šafanada 
et al., 2004). In prac tice, per ma frost thick ness is com pli cated by 
ad di tional fac tors, most no ta bly the pres ence of ice and wa ter
close to their phase tran si tion tem per a ture. In ad di tion, the high
heat ca pac ity of wa ter and the re lease of la tent heat on freez ing
can sub stan tially slow the rate of per ma frost aggradation. The
sci en tific un der stand ing of these ef fects is very low (Waller et
al., 2012).

For the stud ied mar ginal part of SAM, com pris ing the bore -
holes “U”, “K”, H and S (Fig. 4) with avail able hydrochemical
data, the per ma frost com pletely dis ap peared be fore ~4 ka
(Šafanada et al., 2004; Mottaghy and Rath, 2006), but the cryo -
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genic anom a lies have re mained. Thus, traces of cryo genic
trans for ma tion can be treated as in for ma tion about the max i -
mum palaeothickness of per ma frost (PFHYD), i.e. the max i mum
depth of cryo genic al ter ation.

In the case of ground sur face and subsurface tem per a ture
re duc tion, af ter reach ing the per ma frost base, the ther mal sig -
nal would ini ti ate a cryo genic pro cess of a change in the chem i -
cal com po si tion of ground wa ter un der the per ma frost. The first
re sult was the rel a tively rapid pre cip i ta tion of cal cite, fol lowed by 
the wa ter-ice phase trans for ma tion pro cess. In the op po site
case, i.e. an in crease in subsurface tem per a ture, the pre vi ously 
formed chem i cal com po si tion of the ground wa ter did not
change, whereas the ice, which formed ear lier in the pore
space, melted. Per ma frost dis ap pears, but the hydrochemical
anom aly re mains for a long time. Hence, al ways PFHYD > PFTL.

Due to the pre lim i nary stage of these mod el lings, it was as -
sumed that there were only two ex treme forms of ex is tence of
wa ter in the pore space, i.e. the pores com pletely filled up with
ei ther wa ter or ice. Fig ure 9 pres ents the re sults of mod el ling of
per ma frost thick ness in the Udryñ IG 8 bore hole (to tal depth
2300 m). The tem per a ture TL (thaw ing tem per a ture), re garded
as a func tion of depth, was cal cu lated based on the depth-de -
pend ent dis tri bu tion of the to tal value of TDS and nat u ral hy dro -
static pres sure in the SAM area.

The depth in the for mula TL = f(depth) is a nat u ral max i mum
depth of per ma frost for ma tion in the SAM area. The HFD value, 
as well as the palaeotemperature pro file (Ts), was cal cu lated
as sum ing that the pore space is filled with ei ther wa ter or ice.

The cal cu lated pres ent-day un dis turbed heat flow den sity in
the Udryñ IG 8 bore hole is 39.3 mWm2, and the ef fec tive ground
sur face tem per a ture for the Weichselian glaciations GSTH is
–12.58°C for TC_wa ter and –8.80°C for TC_ice. The ac tual
value of GSTH is be tween the val ues of the two tem per a tures.
The re sults of GSTH mod el ling de pend strongly on the val ues of
petrophysical pa ram e ters of frozen and un frozen rocks.

The base of palaeopermafrost can be de ter mined by in ter -
sec tion of the cal cu lated palaeotemperature pro file (Ts) with the 
tem per a ture TL. The cal cu lated ef fec tive palaeothickness of
per ma frost for the Udryñ IG 8 bore hole is ~520 m (Fig. 9). For
the con sid ered case, the thick nesses are PFHYD = 620 m, and
PFTL = 520 m, re spec tively. At the mo ment, the au thor does not
know al ter na tive ex pla na tions of the facts pre sented in Fig -
ures 4 and 8.

Due to the in suf fi cient to tal depth of the Udryñ PIG 1 bore hole 
(450 m), de ter mi na tion of its HFD value has not been pos si ble on 
the ba sis of the above-de scribed method. It is pos si ble to es ti -
mate this pa ram e ter based on the anal y sis of the re la tion ship be -
tween the tem per a ture pro files and Bouguer anom a lies. This ap -
proach is based on the as sump tion that the ob served tem per a -
ture T(z), as well as cal cu lated Ts(z) be low 1500–2000 m, is
close to the steady state cor re spond ing to the long-term sur face
tem per a ture (GSTH), and un af fected by the la tent heat ef fect.

The sed i men tary over bur den of SAM forms a very clearly
or dered, sta ble, plane-par al lel rock body with lat er ally sta ble
petrophysical prop er ties. We as sume that heat is trans ported
only by ver ti cal con duc tion (1D):

The deep-seated lowland relict permafrost from the Suwa³ki region (NE Poland)... 853

Fig. 9. Results of geothermal modelling of the permafrost palaeothickness in the Udryñ IG 8 
and Udryñ PGI 1 boreholes

GSTH – calculated ground surface glacial temperature, T – observed temperature, Ts – calculated
palaeotemperatures for the ice (Ts_ice) and water (Ts_water), Q – heat flow density
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where: GSTH – ef fec tive av er age ground subsurface
palaeotemperature for Weichselian glaciations; Q – heat flow den -
sity; TC(z) – ther mal con duc tiv ity co ef fi cient at depth z, M(z) – ra dio -
genic com po nent of heat flow.

The val ues GSTH and TC(z) in equa tion [1] are very sta ble
and nearly con stant in al most the whole SAM area.

Ra dio genic heat value M(z) for the base ment rocks in
nearly the whole SAM area is very low and spa tially sta ble (af ter 
re sults of gamma ray logs) and has no rel e vant ef fects on the
subsurface ther mal state. Af ter Majorowicz (1984), its value is
~0.2 mWm–3 (for anorthosites). For com par i son, the ra dio genic
heat value of granitoids, i.e. typ i cal and dom i nant crys tal line
base ment rocks in NE Po land, which com pose the sur round -
ings of SAM, is sig nif i cantly higher and var ies from 1.7 to
3.9 mWm–3. It is likely that granitoids of the crys tal line base ment
in the Filipów IG 1 bore hole also show such val ues (see Fig. 4,
bore hole F). The heat flux value in this bore hole, Q =
71.7 mWm–2, is nearly twice higher than in the SAM area.

The Ts(z) palaeotemperature pro file for steady-state equi -
lib rium con di tion (Q(z) = const) is a func tion of the value of heat
flow Q and the value of ther mal con duc tiv ity co ef fi cient TC(z).
Such con di tions ex isted ap prox i mately at the end of the last gla -
cial pe riod (LGM; Szewczyk and Gientka, 2009).

For depths greater than the depth of the zone of cli mate
change im pact (i.e. >1500–2000 m) in the SAM area, a tem per -
a ture dif fer ence DTs be tween any two pro files for the same
depth is lin early de pend ent on the dif fer ence of the heat flow
val ues DQ in these pro files:
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Fig ure 9 shows the re sults of mod el ling of the per ma frost
palaeothickness for both the Udryñ PIG 1 bore hole and the
Udryñ IG 8 bore hole, the only bore hole with the fully cal cu lated
TC(z) pro file.

The vari abil ity in the depth of TDS for the whole SAM area,
the cal cu lated phase tran si tion tem per a ture TL(z), and a set of
palaeotemperature data Ts(z) cal cu lated for dif fer ent hy po thet i -
cal val ues of heat flow are also pre sented. The in ter sec tion of
Ts(z) with TL(z) de ter mines the palaeothickness FTTL. For com -
par i son, the Ts(z) curve and the palaeothickness cal cu lated for
the ref er ence Udryñ IG 8 bore hole are pre sented.

The steady-state tem per a ture Ts at a depth of 2000 m av er -
aged for the whole group of wells “U” and “K” (see Fig ure 4B) is
T2000_U = 31.8°C (“U”) and T2000_K = 34.7°C (“K”). For ob vi ous
rea sons the tem per a ture de creases to wards the cen tre of the
gravimetric anom aly (Fig. 4B). The great est de crease in tem -
per a ture Ts and heat flux Q should be ob served in a di rec tion
nor mal to the isolines of the Bouguer anom aly. This is well con -
firmed by the ob served in crease in the depth of tem per a ture in -
ver sion, which oc curs at the fol low ing depths: 440 m
(13.09 mGal) in “K”, 418 m (6.36 mGal) in “U”, and 406 m
(4.62 mGal) in S (in pa ren the ses the value of Bouguer anom -
aly). The re sults of mod el ling per formed ear lier for the Udryñ
IG 8 bore hole con firm the oc cur rence of this phe nom e non
(Šafanda et al., 2004; Mottaghy and Rath, 2006). The greater
depth of the in ver sion means that the per ma frost dis ap peared
ear lier.

On the as sump tion that the change of tem per a ture (and
heat flux) is lin early de pend ent on the in crease in the Bouguer
anom aly, it can be proved that the value T2000 = 31.8 – 3.1 =
28.7° C for the Udryñ PIG 1 bore hole. That cor re sponds, ac -
cord ing to the for mula [2], to the flux Q = 37.02 mWm–2 and the
ef fec tive palaeothickness of ~568 m (PFTL– case I – see Fig. 9).
If we as sume an other cri te rion, based e.g. on the dis tance be -
tween the “K”, “U” and Udryñ PIG 1 bore holes (lo cated ap prox i -
mately on one line), the tem per a ture Ts = 26.1°C, Q =
34.8 mWm–2, and the per ma frost palaeothickness is ~600 m
(PFTL – case II).

Due to the need to adopt as sump tions that are im pos si ble to 
ver ify, the above-de scribed con sid er ations al low, at the cur rent
stage of re search, for treat ing these re sults as a test ing hy poth -
e sis. How ever, they al low ob tain ing ap prox i mate knowl edge on
the range of the max i mum palaeothickness of the an a lysed rel -
ict per ma frost. A very costly al ter na tive for the di rect ac qui si tion
of data on the depth dis tri bu tion of tem per a ture (and heat flow)
and on the per ma frost palaeothickness in the cen tre of the
gravimetric anom aly would be to drill a deep bore hole to a depth 
ex ceed ing 2200–2500 m. In or der to ac quire knowl edge on the
con tem po rary thick ness of the per ma frost, we should deepen
the ex ist ing Udryñ PIG 1 bore hole to a depth of ~580–600 m.

The pres ence of rocks with an oma lously high to tal po ros ity
(40–50 vol.%), par tic u larly in case of their pore space filled with
wa ter, af fects their ex tremely low ther mal con duc tiv ity
(Szewczyk, 2002; Szewczyk and Gientka, 2009). It leads to sig -
nif i cant de creas ing of rate trans fer of heat en ergy. This is the
case dur ing both the for ma tion and dis ap pear ance of per ma -
frost. These high po ros ity rocks act as an in su lat ing layer; they
slow down both pro cesses.

If the cli ma tic tem per a ture in creases in a pro file with a tem -
per a ture of T > TL, per ma frost (ice) de cays. Traces of cryo genic
trans for ma tion can be treated as in for ma tion about the max i -
mum palaeothickness of per ma frost (PFHYD), while the thick -
ness of palaeopermafrost de ter mined on the ba sis of the pro file
palaeotemperature (Ts = TL) is the ef fec tive av er age
palaeothickness of per ma frost PFTL. In all cases PFHYD> = PFTL.

The pres ence of ice in the pore space of sed i men tary rocks
of the SAM over bur den sig nif i cantly in creases their ther mal
con duc tiv ity. It af fects the ac cel er a tion of heat prop a ga tion, i.e.
re duces the time of its ar rival to the base of per ma frost. This is
es pe cially im por tant in gla cial time. Cryo genic trans for ma tion of 
ground wa ter, as so ci ated even with rel a tively short-term
changes of tem per a ture of aqui fers, af fects their chem i cal com -
po si tion for a long time. It is worth not ing that for the value of
palaeotemperature Ts = TL, i.e. for the pore space com pletely
filled by wa ter, it de ter mines the base of per ma frost re gard less
of the wa ter/ice ra tio in the pore space of the over bur den.

Pre lim i nary re sults of geo ther mal anal y sis in di cate that the
pres ent-day max i mum depth of the per ma frost base should be
prob a bly lo cated at ~470–500 m, and the max i mum per ma frost
palaeothickness in the cen tre of SAM at the end of the LGM pe -
riod was up to ~570–600 m (see Fig. 9). It is worth men tion ing
that, for the whole Pol ish Low lands, the cal cu lated ef fec tive
palaeothickness of per ma frost for ther mal data from 227 deep
bore holes was es ti mated at 190 ± 53 m (Szewczyk et al., 2007). 
This re sult is very sim i lar to the as sess ment ob tained by
Velichko et al. (2002) for this part of Cen tral Eu rope.

The per ma frost palaeothickness is a func tion of both cli -
mate tem per a ture (SAT and GST) and the value of ter res trial
heat flow den sity (Q) ac com pa nied by the ther mal con duc tiv ity
TC(z) pro file. Spa tial and tem po ral vari abil ity of cli mate is a
monotonic func tion of rel a tively “mild” vari a tion. In con trast,

854 Jan Szewczyk

https://gq.pgi.gov.pl/article/view/7507
https://gq.pgi.gov.pl/article/view/7507


spa tial dis tri bu tion of the heat flow is as so ci ated mainly with the
lo cal geo log i cal struc ture, show ing sig nif i cantly greater spa tial
vari abil ity (cf. Fig. 3 vs. Fig. 8).The di ver sity of the per ma frost
thick ness de ter mines, there fore, mainly the value of Q.

The re cent at tempts to eval u ate the thick ness of con tem po -
rary per ma frost in the North ern Hemi sphere (Kitover et al.,
2013, 2015), or its palaeothickness (Kitover et al., 2016), based
on geo ther mal data, and the no tice able im passe in these stud -
ies have their or i gin pri mar ily in in ad e quate knowl edge about
ter res trial heat flow and, in par tic u lar, in the non-sta tion ary na -
ture of the flow in the shal low litho sphere (<1500–2000 m).
How ever, these is sues are not in cluded in the stud ies (see
Szewczyk and Gientka, 2009).

The method of Kitover et al. (2013, 2015, 2016) em ploys
ques tion able hy poth e ses about all these pa ram e ters re quired
to es ti mate the per ma frost thick ness, i.e. the val ues of Q, GSTH
and TC(z). The method of the cal cu la tion of the per ma frost
thick ness pre sented in the ar ti cle would not need any as sump -
tions. More over, the re sults ob tained are a source of in de pend -
ent knowl edge about these pa ram e ters. The case of oc cur -
rence of rel ict per ma frost in the SAM area, pre sented in this ar ti -
cle, is and will be in the fu ture an im por tant sub ject of re search
for a better un der stand ing of the na ture of such ob jects.

DEVOLOPMENT AND PRESERVATION 
OF DEEP PERMAFROST

A neg a tive grav ity anom aly ob served over the SAM, as well
as over the larger KAM (Fig. 4), was up to now dif fi cult to ex plain
(Cieœla and Wybraniec, 1998). The pres ence of per ma frost may
pro vide a proper ex pla na tion of the gen e sis of this anom aly. The
Bouguer anom aly is in both cases as so ci ated with the very low
bulk den sity of rocks of the sed i men tary cover (Szewczyk, 2014).

Pre lim i nary re sults of grav ity mod el ling seem to con firm
such a re la tion ship, and there is no al ter na tive ex pla na tion of
this phe nom e non. The heat flow den sity anom aly is pro por -
tional to the value of the basal heat flow and thus to the ef fec tive 
max i mum palaeothickness of per ma frost. The anom aly val ues
can be partly in flu enced by both the pres ent-day per ma frost
thick ness (with ice) and the ob served pro cess of den sity
recompaction in its near-sur face part (Fig. 5).

Con sid er ations based on the anal y sis of gravimetric, geo -
ther mal, petrophysical and hydrogeological data al low enun ci -
ate the fol low ing con clu sions:

1. A clear con for mity of gravimetric anom aly (Figs. 4 and
5) with the spa tial dis tri bu tion of the neg a tive tem per a -
ture gra di ent can pro vide con fir ma tion of the the sis
about the re la tion ship be tween these pa ram e ters. The
gravimetric anom aly may be a di rect re sult of both cur -
rently ex ist ing and past per ma frost.

2. The anom a lous low bulk den sity of rocks ob served in
the zone of pres ent and past per ma frost may be the re -
sult of re peated pro cesses of freez ing and thaw ing of
wa ter in the pore space dur ing suc ces sive cli ma tic cool -
ing and warm ing.

3. These pro cesses could lead to the mod i fi ca tion of the
struc ture of rocks oc cur ring in the area af fected by per -
ma frost and con se quently to the in crease of the pore
space vol ume. It was most marked in zones of the lat est
dis ap pear ance of per ma frost, and es pe cially in ar eas of
its con tem po rary pres ence. Above them, there was
prob a bly a re verse pro cess, i.e. the grad ual recom -
paction of rocks lead ing to the de crease of the pore
space and the in crease of the bulk den sity of rocks.

4. The Bouguer anom aly is a re sult of the fol low ing
cause-and-ef fect se quence:
low cli ma tic tem per a ture & low heat flow ® per ma frost
for ma tion & deg ra da tion ® bulk den sity de crease ®
neg a tive gravimetric anom aly.

5. At the pres ent stage of the study in the SAM area, the
per ma frost may be de ter mined mainly from the Bouguer 
anom aly The thick white con tour line shown in Fig ures
4B and 5 marks a prob a ble pres ence of rel ict per ma -
frost, the white area – its re li able oc cur rence. Anal y sis of 
geo phys i cal and hydrogeological data in di cates the
pos si bil ity of pre serv ing the per ma frost in the cen tral
part of SAM prob a bly over an area of nearly 50 km2, with 
the pres ent-day max i mum thick ness of 110 to 150 m.

6. The for ma tion of the deep per ma frost, be yond the ob vi -
ous in flu ence of cli ma tic tem per a ture fac tor, was the re -
sult of the ex is tence of a very low heat flow value as well
as of a very po rous, wa ter-sat u rated sed i men tary cover. 
The whole pro file of sed i men tary rocks has the an oma -
lously low value of ther mal con duc tiv ity and the high
heat ca pac ity of wa ter in the pore space (la tent heat).
The over bur den cover, act ing as an in su lat ing layer, ini -
tially de lay ing the for ma tion of per ma frost, and then,
dur ing the Ho lo cene in the same way de lay ing the per -
ma frost warm ing, acted as a pro tec tion against fast per -
ma frost deg ra da tion.

COMPARISON OF THE PERMAFROSTS
 FROM SAM AND URENGOY

North ern and Cen tral Eu rope were the ar eas ex posed to a
harsh periglacial cli mate at the fore front of the Fennoscandian
ice sheets. Deep bore hole tem per a ture logs ac quired in equi lib -
rium con di tions re veal that the heat flow grad u ally in creases
with depth, reach ing the val ues un dis turbed by the gla cial cy -
cles. The SAM area was lo cated in the periglacial cli mate zone
for the most of Late Weichselian time, for most of the time out -
side of the Fennoscandian ice sheet, but still close to it.

The dif fer ence in the tem per a ture be tween the Weichselian
Gla ci ation and Ho lo cene in NE Po land is much greater than that,
e.g., in the Urengoy re gion lo cated in the West Si be rian Ba sin,
with nu mer ous deep bore holes and well-rec og nized pro cesses
of the for ma tion and evo lu tion of deep per ma frost (Galushkin,
1997; Ananjeva et al., 2003). The ad vanced nu mer i cal geo ther -
mal mod el ling of per ma frost evo lu tion in the well 411 (66°N,
77°E) in this area was pre sented by Galushkin (1997).

The Weichselian/Ho lo cene tem per a ture am pli tudes are
+18 and +13°C, re spec tively – see Fig ure 10 (Demezhko et al.,
2007). As a con se quence of this, the per ma frost palaeo -
thickness in the SAM area is at least 540 m, and in creases to -
wards the anom aly cen tre prob a bly even to 600 m, com pared
with ~450 m in Urengoy (at 13 ka BP).

In the Urengoy area (still within GST <0°C; see Romanov sky
et al., 2010), per ma frost dis ap pears ex clu sively from its bot tom
part with a slow rate (~6 m/ka). In the SAM area, with GST =
+7.77°C, melt ing oc curs both from the top and from the base, with
a con sid er ably higher rate of 35 m/ka at the top and un known rate
at the base. Fig ure 10 sche mat i cally shows this sit u a tion.

The depth of the top of the rel ict per ma frost (357 m) re -
ported in the Udryñ PIG 1 bore hole is prob a bly one of the great -
est depths of this phe nom e non ob served in the world un til now
(Ananjeva et al., 2003).
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CONCLUSIONS

1. The Udryñ PIG 1 re search bore hole drilled in north east -
ern Po land re vealed a per ma frost layer lo cated be low a depth
of 357 m, which ex tends over ~50 km2. The base of the per ma -
frost has not been reached at 450 m depth, so its to tal thick ness 
re mains un known. How ever, first cal cu la tions in di cate that its
pres ent max i mum thick ness may at tain 110 to 150 m, with the
per ma frost base at ~470–500 m.

2. The per ma frost re mains in the ice-wa ter tran si tion phase
at a tem per a ture of –0.245°C, cor re spond ing to the ther mo dy -
namic con di tions of its oc cur rence. It means that this per ma -
frost layer can partly re main un frozen, i.e. in the so-called
“cryotic state“. All the aqui fers of SAM at a depth range of
~300–600 m are filled by low-min er al ised ground wa ter of
HCO3-Na type with ex cep tion ally low lev els of Ca ion val ues
typ i cal for wa ters al tered by cryo genic pro cesses.

3. The deep rel ict per ma frost dis cov ered in the sed i men tary 
cover of SAM in 2010 con firms that such a phe nom e non has
prob a bly still re mained un de tected in rel a tively large ar eas of
East ern and Cen tral Eu rope, where geo phys i cal con di tions are
sim i lar, and pos si bly in other ar eas of the world.

4. It is very likely that so-far un de tected sim i lar lay ers of
deep rel ict per ma frost ex ist in Po land also in other parts of the
Pre cam brian Plat form, i.e. in the KAM and PD ar eas.

5. The case of the Suwa³ki An or tho site Mas sif is unique and
im por tant, not only as the geo log i cal ob ject it self – fur ther re -
search may sub stan tially change our knowl edge on geo log i cal,
hydrogeological, petrophysical, geo phys i cal and cli mate pro -
cesses that oc curred in past times on a global scale.

6. The gravimetric anom aly is prob a bly the di rect re sult of
the oc cur rence of both ex ist ing and past per ma frost. Its max i -
mum palaeothickness in the cen tre of the SAM anom aly for the
fi nal stage of the Last Gla cial Max i mum pe riod is up to
~560–600 m. The con tem po rary area of the per ma frost oc cur -
rence is prob a bly ~50 km2 based on gravimetric data.

7. Cur rent global cli mate change and the cor re spond ing
change in per ma frost ex tent need not only knowl edge of pres -
ent-day per ma frost. The method of per ma frost palaeothickness
cal cu la tion, pre sented in the ar ti cle, can be use ful in these stud ies.
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Fig. 10. Schematic comparison of the existence of permafrost during the Weichselian Glaciation and the Holocene 
for SAM and Urengoy (West Siberian Basin)
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