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The Udryn PIG 1 research borehole drilled in northeastern Poland (54°14°49”N, 23°03'29”E, 223 m a.s.l.) revealed a perma-
frost layer, at least 93 m thick, within the sedimentary succession below a depth of 357 m. The base of the permafrost has not
been reached at 450 m depth, where the drilling stopped, so its total present thickness remains unknown. The relict permafrost,
unexpected in this part of Central Europe, is in the ice-water transition phase at a temperature slightly below the 0°C. Analysis
of geophysical and hydrogeological data indicates the possibility of preserving the permafrost in the central part of sedimentary
cover of the Suwatki Anorthosite Massif over an area of probably 50 km?. Preliminary results of geothermal modelling indicate
maximum palaeothickness of permafrost at the end of the Last Glacial Maximum of probably ~600 m. The development of such
a thick permafrost results both from a very low average annual temperature in the Weichselian Glaciation and a very low terres-
trial heat flow density. It is very probable that similar zones of deep relict permafrost occurrences, undetected so far, may exist
in other areas of the Precambrian Platform not only in Poland, but also in the neighbouring countries.
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INTRODUCTION

The discovery of deep relict permafrost in northern Poland
was the result of both analyses of the subsurface geothermal
regime and hydrogeological, petrophysical and geophysical
data obtained mainly from wells drilled in the Suwatki Anortho-
site Massif (SAM) region located in the research area. This
wide, comprehensive and unique range of research has been
obtained in connection with exploration of Fe-Ti-V mineral re-
sources, conducted in the crystalline basement of NE Poland in
the 1960s to 1980s (Ryka and Podemski, 1998).

The objective of this paper is to present a model of deep rel-
ict permafrost, its petrophysical, geothermal and hydrogeolo-
gical characteristics, and to provide both climatic and geological
conditions in which it was formed, and how it has survived to the
present days. It also explains whether the conditions for its for-
mation and survival existed or exist in other parts of Poland and
adjacent areas.

The hypothesis about possibility of permafrost preservation
in the central part of the SAM was first presented on the 2nd Eu-
ropean Conference on Permafrost in Potsdam (Szewczyk et al.,
2005). The results of studies, carried out in the Udryn PIG 1
borehole in 2010, spectacularly confirmed this hypothesis. The
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case of the SAM is unique, not only as the geological object it-
self, but also in terms of a broad range of geological exploration,
including many hydrogeological, petrophysical and geophysical
surveys. Probably, it is one of the most thoroughly studied mas-
sifs of this type in the world.

Discovery of the relict permafrost in the Suwatki region
(Udryn PIG 1 borehole, NE Poland, 54°14'49"N, 23°03'29E,
223 m a.s.l.) at a depth between 357 to >450 m in 2010 indi-
cates that such unexpected phenomena can occur not only
elsewhere across Central and Eastern Europe but also beyond
(Szewczyk and Nawrocki, 2011). The base of the permafrost
has not been reached at 450 m depth, where the drilling was
completed, so its total thickness remains unknown. The relict
permafrost was found in the form of ice-water transition phase
at a temperature —0.245°C, corresponding to the present ther-
modynamic conditions of its occurrence (i.e. hydrostatic pres-
sure and chemical composition of groundwater).

Due to large predominance of cold climate periods in clima-
tic history of the Earth during more than last 420 ka (see Petit et
al., 1999), the cold state of subsurface thermal regime of the
Earth is their primary quasi-stationary state to a depth of several
kilometres. The comparatively short duration (10-15 ka) of the
warmer interglacial periods, as Holocene or Eemian, vs. colder
glacial Weichselian or Wartanian (90-95 ka), disturbed that
deep, subsurface pseudo-stable thermal regime only for a rela-
tively short period (Szewczyk and Gientka, 2009).

The creation of permafrost and its decay is a function of
temperature as well as geological and petrophysical factors
such as the value of terrestrial heat flow density and the pres-
ence of ice sheet cover and its thickness. The presence of ice
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Fig. 1. Limits of the major glacial phases during the Late
Weichselian/LGM (V) and Wartanian (W) in Poland and neigh-
bouring areas (after Marks, 2005, modified and supplemented)

Ice sheet limits: L — Leszno (Brandenburg) Phase, Pz — Poznan
(Frankfurt) Phase, Pm — Pomeranian Phase; main glacial lakes and
location of Suwatki Anorthosite Massif (SAM) and Ketrzyn Anortho-
site Massif (KAM) are shown, PD — Podlasie Depression

sheets in all cases increases the subsurface temperature lead-
ing to the reduction of thickness of the existing permafrost and
even to its complete degradation.
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Central Europe including Poland have repeatedly been af-
fected by harsh periglacial climate at the forefront of the
Fennoscandian ice sheets. Figure 1 shows the ice sheet limits
of the major glacial phases during the Late Weichselian and
Wartanian glaciations in Poland and neighbouring areas
(Marks, 2005). These conditions were very favourable for the
formation of continuous permafrost of considerable thickness in
the area of Poland during the Weichselian glaciations. The
maximum rate of its formation and thickness, the permafrost at-
tained at the end of the LGM. The rate of its decay during the
Holocene depended largely on the heat flux values.

GEOTHERMAL AND HYDROGEOLOGICAL
ANOMALY OF THE SUWALKI
ANORTHOSITE MASSIF

The Suwalki Anorthosite Massif is a magmatic intrusion
covering an area of ~250 km?. The depth to the crystalline
basement is 800—1200 m; it is overlain by the sedimentary suc-
cession of Paleozoic, Mesozoic and Cenozoic rocks (Fig. 2).
Between 1960 and 1984, a number of deep boreholes were
drilled in crystalline rocks of the SAM in the search for iron-va-
nadium-titanium deposits (Ciesla and Wybraniec, 1998).

Figure 3 shows the location of SAM and the similar but much
greater Ketrzyn Anorthosite Massif (KAM) on the background of
stable corrected temperature at a depth of 2000 m (i.e. below the
depth interval influenced by temperature disturbances during
glacial cycles; Szewczyk and Gientka, 2009; Szewczyk, 2010).
This information is another important indicator of potential condi-
tions of the creation of permafrost during the time of climate cool-
ing related to the Weichselian Glaciation.
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Fig. 2. Simplified schematic geological cross-section of the Suwatki Anorthosite
Massif (SAM) with location of relict permafrost and Udryn PIG 1 borehole

Heat-flow density distribution is also shown
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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 (Suwatki and Ketrzyn) associated with thermal minima are shown;
explanations as in Figure 1

A number of boreholes deeper than 2000 m were drilled in
crystalline rocks and many shallow hydrogeological boreholes
to a depth of <300 m in the sedimentary cover. The temperature
logs performed in these boreholes indicated temperature inver-
sion within the depth interval of 350—450 m (Majorowicz, 1976).

A stack of these temperature logs is shown in Figure 4A.
There are also some new logs performed in the Udryn PIG 1
borehole (2010). Major temperature logs in deep (~2300 m)
boreholes (F, K, U) were performed after 10—14 days, while in
shallow (~300 m) boreholes from 1998 (W1,W2,W3) they were
carried out 23 days after mud circulation in cased borehole. Only
one temperature log from the borehole S (Sidoréwka borehole,
depth 520 m, performed in 2004; Safanda et al., 2004)was runin
fully stable thermal condition (after >11 months). Temperature
measurements in the Udryn PIG 1 borehole drilled in 2010 (the
borehole with permafrost discovered) were carried out three
times under different thermal stability conditions. The first mea-
surement (I) was carried out 58 hours after stopping the mud cir-
culation, the second log (Il) 234 h after, and the last log (Ill) 1800
h after, under nearly stable condition. The first two temperature
logs were performed using a TEG-36 logger with continuous reg-
istration of temperature data. The last log was performed simul-
taneously by two HOBO U12-015 loggers (point by point registra-
tion mode with a 2 m step). Locations of boreholes with tempera-
ture profiles presented on Figure 4A are shown on the Bouguer

gravity anomaly map of the massif (Fig. 4B). Figure 5 shows a
3D (spatial) image of the Bouguer gravity anomaly of SAM and
the location of all boreholes.

The temperature inversion with depth is observed in all tem-
perature logs performed in boreholes drilled in the SAM area. In
boreholes located outside the anorthosite intrusion, for exam-
ple F (Filipéw IG 1, see Fig. 4), the temperature inversion did
not occur.

CRYOGENIC ALTERATION OF GROUNDWATER

The long existence of the deep-seated relict permafrost in
northeastern Poland (Suwatki region) was inferred previously
from hydrogeological studies. Thorough examination of
hydrogeological results of the Krzemianka IGH 1 borehole
(well H in Fig. 4B) suggested that cryogenic transformations
were responsible for groundwater chemical composition in the
SAM area. For the first time this phenomenon was observed by
Michalski (1985) who hypothesized the presence of deep per-
mafrost in the past. Later research carried out after many years
fully confirmed this hypothesis.

Together with the decrease of subsurface temperature of
groundwater, some of its chemical components precipitated dur-
ing the freezing process. Calcite precipitated first from fresh cal-
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Fig. 4A — temperature logs in the new Udryn PIG 1 borehole and in
old deep (F, K, U) and shallow (S, W1, W2, W3) boreholes from the
SAM area; B - location of boreholes with temperature logs are
presented on the background of the Bouguer gravity anomaly

A: logs from Udryn PIG 1 were performed after different stabilization
times (1 - 58 h, Il — 234 h, 1l = 1800 h); ground surface temperature
(GST) and surface atmospheric temperature (SAT) for SAM is
shown; temperature logs “K” and “U” are averaged for temperature
logs respectively for all boreholes drilled for the Krzemianka (K) and
Udryn (U) ore deposits; B: the thick white contour line corresponds
to the probable range of relict permafrost, white area — its most reli-
able occurrence area. H — hydrogeological borehole Krzemianka
IGH 1, S — Sidoréwka-1, W1- Wygorzel IG 21, W2 — Sumowo IG 30,
W3 — Wygorzel IG 19 (after Szewczyk and Nawrocki, 2011, modified
and supplemented)

cium bicarbonate waters at temperatures from 0°C to —0.2°C,
whereas the other components remained in the solution. There-
fore, the total mineralisation of groundwater (TDS) decreased
and its chemical composition successively changed. These
transformations are well visible in Figure 6.

Figure 6A presents both earlier and new results of
hydrogeological investigations performed in the SAM area. Fig-
ure 6B shows a Ca ion depth distribution in groundwater of this
area. Figure 6C, D illustrates changes in the value of total min-
eralisation TDS (Fig. 6C) and hydrochemical ion ratio rNa/rCl
for groundwater (Fig. 6D). At a depth of ~620—630 m there is a
notable change in the nature of groundwater, which determines
the maximum depth range of cryogenic changes.

The results of hydrogeological investigations carried out in
2010 in the new borehole Udryn PIG 1 (with known presence of
permafrost) confirmed earlier results. In the Cretaceous aquifer

interval of 397—417 m there is HCOs-Na type groundwater char-
acterized by very low mineralisation (TDS = 0.48 gdm™), which
is typical for water altered by cryogenic processes (Michalski,
1985; Szewczyk et al., 2003; Honczaruk and Sliwinski, 2011).

All results generally confirm that the deep groundwater in
the study area experienced transformations of cryogenic na-
ture. The extremely low value of TDS, low value of Ca and Mg
ions, and dominance of Na and HCO; provide strong evidence
of typical cryogenic alterations.

The water-to-ice phase transition, i.e. the water freezing and
permafrost formation, can occur for the temperature values T
lower than T, (T < T.).The thawing temperature of ice (T,), i.e.
the freezing point, depends on pressure, lithology and total min-
eralization of groundwater in the pore space (Konrad and Seto,
1991). In clays, T, can be a few °C lower than in other rocks be-
cause the large specific surface of clays (i.e. capillarity and na-
ture of soil particle surfaces) allows significant amounts of water
to remain unfrozen (Waller et al., 2012).

Cryogenic changes in the groundwater chemistry, similar to
those described above, are also observed in the Podlasie De-
pression (PD; Duchnowski and Michalski, 1987) located approxi-
mately 180 km S of SAM (see Fig. 3). The presence of cryogeni-
cally altered groundwater is observed here, even at a depth of up
to 800 m, i.e. to the top of crystalline basement. In contrast to the
situation observed in the SAM area, this type of groundwater is
found practically throughout the sedimentary cover (there is no
old stagnant water with high mineralisation). Due to the lack of
geothermal data, it cannot be determined whether the perma-
frost has preserved in this area to the present day.

PETROPHYSICAL PARAMETERS OF ROCKS

The processes of development and degradation of perma-
frost took place repeatedly in the Quaternary during gla-
cial-interglacial cycles. Due to the larger volume of ice in rela-
tion to the volume of water, the total porosity of the rock in-
creases, and thus its bulk density reduces.These processes
highly influenced the physical properties of rocks, such as their
porosity and density, and their structure.

The results of laboratory investigations of sedimentary
rocks from the SAM area clearly show they are distinctively
more porous and have lower density relative to the sedimentary
rocks from other parts of the Polish Lowlands. Porosity values
within a depth range of 200—-600 m have anomalously high val-
ues in the range of 35-50%, normally not found in sedimentary
rocks, similarly to anomalously low bulk density values varying
from 1.15 to1.4 gcm™. Figure 7 presents the results of labora-
tory investigations of the dry bulk density for both sedimentary
rocks of SAM (including the Udryn PIG 1 borehole) and the
whole area of the Polish Lowlands. This phenomenon is espe-
cially observed in the 300—450 m interval, i.e. the interval of lat-
est melting of permafrost.

A surprisingly large scale of this phenomenon has not been,
as it seems, signaled in the literature. This may be primarily re-
lated to an extremely fast rate of permafrost degradation result-
ing from the abnormally high amplitude of temperature change
between the period of LGM and the Holocene (AT = 18°C),
which is among the highest in the Northern Hemisphere
(Demezhko et al., 2007). This phenomenon is perfectly con-
firmed by the results of laboratory petrophysical investigations
of drill cores (Fig. 7), and by the results of well logging.

In short, the moment of ice appearance in the pore space,
i.e. the start of permafrost formation, interrupts the natural pro-
cess of compaction of the rocks, and even triggers the process
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Fig. 5. 3D Bouguer gravity anomaly of the Suwatki Anorthosite Massif with the location of all boreholes
(crosses)

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

of their decompaction, while the ice disappearance resumes
the compaction process (but to another level of rock consolida-
tion). This process is clearly visible in Figure 7, where the mea-
sure of degree of compaction of the rocks is their dry bulk den-
sity. The density inversion is the result of an earlier beginning of
the process of recompaction for sediments that are closer to the
Earth’s surface (the process of melting of ice starts on the
ground surface).

The observed Bouguer anomaly is associated with the very
low density of sedimentary rocks of the overburden. Preliminary
results of gravity modelling undoubtedly confirm this relation-
ship (there is no other alternative explanation). In the shallowest
parts of the profile (depths <200 m) we can observe progressive
compactional reduction of the porosity and an increase of bulk
density. A similar inversion of densities is observed in the sedi-
mentary cover of the KAM area (Szewczyk, 2014).

SURFACE VERSUS SUBSURFACE
TEMPERATURES

The terrestrial climate continuously fluctuates and even
subsequent long glacial periods (90—-100 ka do not mean the
steady state of subsurface thermal regime to a depth of several
kilometres. The Late Pleistocene climatic variations have had
considerable effect on the present-day subsurface temperature
regime. Former and recent climatic changes on the Earth can
be recorded in the subsurface temperature profiles observed in
deep boreholes. Effectively, reconstructions of a subsurface

temperature profile (T;) as well as ground surface temperature
history (GSTH) become more generalized with increasing time
before the present day.

Along with the many common irregular changes in surface
atmospheric temperature (SAT) and ground surface tempera-
ture (GST), observed in glacial periods (Petit et al., 1999;
Stenni et al., 2010), there are respective increases or de-
creases of subsurface temperature (Ts), with specific ampli-
tudes and time shifts. Downward propagating thermal signals
undergo period-dependent attenuation and spreading with
depth. The time of arrival of a signal about the change of the
surface temperature (SAT and GST) to a depth of 500-600 m
for the conditions of SAM is ~2000-3000 years (referring to
~50% of its amplitude).

Late Quaternary ice sheet/glaciations history of northern
Eurasia, important for geothermal subsurface regime, was con-
nected mainly with four glacial periods (1) the Late
Saalian/Wartanian (>140 ka), (2) the Early Weichselian
(100-80 ka), (3) the Middle Weichselian (60-50 ka), and (4) the
Late Weichselian/LGM (25—-15 ka; Svendsen et al., 2004). By
the end of the Late Pleistocene, vast areas of the East Euro-
pean Plain belonged to the zone of low temperature continuous
permafrost (Velichko et al., 2002). This zone extended
400-600 km S of the ice sheet boundary in Eastern Europe.
Last results for the Pannonian Basin area (Hungary) very well
confirm this hypothesis (Fabian et al., 2014).

Periglacial climate dominated in Poland during the
Weichselian glaciations with very low mean annual temperature
(SAT and GST) <—10°C (Fig. 8), and low mean annual precipi-
tation levels probably <100 mm/year (Mojski, 2005; Fabian et
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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 Udryn PIG 1 borehole; B-D: black triangles — data from deep boreholes, white triangles — data
from shallow hydrogeological wells

al., 2014). The only areas periodically occupied by a thin ice
sheet cover (100-300 m thick) occurred in relatively short times
in the very northern ends of Poland (Svendsen et al., 2004).
The Polish Lowlands were practically free of ice sheets in
Weichselian time.

Due of huge and thick Wartanian ice sheets and, further-
more, the relatively very warm Eemian climate vs. Holocene cli-

mate, all older (>160 ka) permafrosts were probably completely
degraded. Very impressive indirect evidences of huge thick-
nesses of the Wartanian ice sheet cover are 80-100 m thick
postglacial sediments observed in the SAM area compared to
approximately only 10 m of Weichselian postglacial sediments
(Ber, 2000).
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borehole temperature profiles for a representative group of 41 deep boreholes (see location map)
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The thermal regime of the shallow crust is determined
mainly by the temperatures of the last two climate periods, i.e.
of the Weichselian Glaciation and Holocene. The performed
modelling has also shown that the effect of the present intergla-
cial climate (beginning ~14.3 ka BP) has reached a depth of
1500-2000 m until now (Szewczyk, 2002, 2009). Beneath that
depth, the geothermal conditions are still dominated by low
temperatures of the last glaciations. The shallower part
(<2000 m) is undergoing a transition from one quasi-stable
state (glacial) to another (interglacial) state. Observed modern
global warming disturbed this transition state in a depth range of
<100 m.

Results of analysis based on both constructions of synthetic
thermal logs (Ts) and results of further modelling show (see
Fig. 6) that the glaciation has left evident palaeoclimatic tem-
perature signals in nearly all observed subsurface temperature
profiles in deep boreholes from the Polish Lowlands (Szewczyk
et al., 2005; Szewczyk and Gientka, 2009).

Some evidence based on analysis of present temperature
logs from deep boreholes indicates that during the Weichselian
Glaciation in Poland, the average annual ground surface temper-
ature (GSTH) ranged from ~-8 to —12°C (Szewczyk, 2002;
Safanda et al., 2004; Szewczyk and Gientka, 2009). The mean
annual temperature for the Suwatki meteo station (54.132 N,
22.950 E, 180 m.a.s.l.) in the period 1960—1980, i.e. before the
main phase of contemporary global warming, is +7.77°C for
ground surface temperature (GST) and +5.89°C for surface air
temperature SAT (Fig. 4; Szewczyk, 2005). The station is lo-
cated in a rural area outside the town of Suwatki approximately
13 km SW of the Udryri PIG 1 borehole. Between these two tem-
peratures exist a linear relationship GST [°C] = 0.56*SAT [°C] +
4.41. The difference is due to the insulating effect of the winter
snow cover. The global warming for the Suwatki station in the pe-
riod 1980—2014 is ~ASAT = +1.22°C (after Berkeley Earth Data,
2014).

The amplitude of mean ground surface temperature history
(GSTH) between the Weichselian and Holocene for the Polish
Lowlands, derived from deep borehole temperature logs and
calculated by the author, amounts to +18.1°C + 2.36°C. Fig-
ure 8 shows calculated distribution of the temperature ampli-
tude (reduced temperature) against depth between the
Weichselian Glaciation and Holocene for 41 representative
temperature profiles in deep boreholes from the Polish Low-
lands (for the method of calculation see Szewczyk and Gientka,
2009). Due to poor temporal resolution of the temperature his-
tory during the Weichselian, the obtained GSTH as well as AT
values should be regarded as an estimate of their average ef-
fective value. For comparison, new data from the Pannonian
Basin (Hungary) indicates continuous permafrost may have
been present between 22 and 16 ka, indicating mean annual
temperatures (GSTH) >15°C lower than at present in this re-
gion (Fabian et al., 2014).

Due to the preliminary stage of these calculations, it was as-
sumed that the pores in rocks are completely filled with water
into a liquid form. The obtained results indicate existence of
very low palaeotemperatures during the last glacial period
throughout Poland. Due to the general lack of temperature pro-
file for the majority of deep boreholes for their upper parts
(<100 m) the impact of contemporary climate change, i.e.
global warming, was skipped in the above calculations. The re-
sult is in good agreement with the result obtained earlier by
Safanda et al. (2004) for the Udryn IG 8 borehole.

PRESENT AND PAST THICKNESS
OF PERMAFROST

The Udryn PIG1 borehole did not reach the bottom of per-
mafrost. It is an interesting question, however, what is the pres-
ent thickness and what was the maximum permafrost palaeo-
thickness during the final stage of the Last Glacial Maximum?

Present temperature data from the Udryn PIG 1 (depth
450 m) do not provide any direct answer to this question. Such
an evaluation would be possible only for boreholes of depths
greater than the climate change depth range, i.e. >2000 m. The
present-day temperature profile (especially for depths
>2000 m) can be used as an important parameter for recon-
struction of past subsurface thermal conditions (Fig. 9). Results
of thermal modelling performed in the Udryn IG 8 borehole
(Safanda et al., 2004) show that the total palaeothickness of
permafrost was ~530 m; new results with a new more accurate
determination of T, value show ~520 m. The hydrogeochemical
evidences show (Fig. 6) that the mean palaeothickness of per-
mafrost (PFuyp) for the marginal part of SAM comprising the
boreholes “U”, “K” and H was ~620-630 m.

Not only temperature values (SAT and GST) but also depth
distribution of subsurface temperature related to terrestrial
heat-flow density (HFD) and rock parameters are the contribut-
ing factors determining permafrost development and its preser-
vation. The thermal regime of sediments in permafrost areas is
significantly characterized by non-steady conditions for the en-
tire period of permafrost existence. The main critical factor in
thermal modelling is knowledge of the distribution of thermal
conductivity (TC) in situ conditions against depth. A geophysical
method of TC calculation was performed for the whole Udryn
IG 8 profile in depth ranges totaling 2300 m (Szewczyk, 2002).
The state of water in the pore space can significantly modify the
thermal conductivity of rocks; such influence is further compli-
cated by the volume fraction of ice and liquid water, being itself
temperature-dependent. Thermal conductivity of pure water
and ice differs significantly: TC_water = 0.59 W/m°K; TC_ice =
2.1 WIm°K, respectively. Because permafrost frequently con-
tains water, either as a liquid or as a solid (ice), it is important to
differentiate between its temperature and state. Significantly,
the thermal boundaries between frozen and unfrozen rocks can
differ by a few degrees Celsius, because the temperature at
which ice starts to nucleate in porous media can be lowered by
dissolved salts and pressure melting (Waller et al., 2012).

The thawing temperature of the ice liquids (7,) depends on
pressure, lithology, and mineralization of groundwater in the
pore space (Konrad and Seto, 1991). The water-to-ice phase
transition, i.e. creating permafrost, can occur only for tempera-
tures T < T,. This is a critical factor impeding to perform a realis-
tic thermal modelling of permafrost (Galushkin, 1997; Safanada
etal., 2004). In practice, permafrost thickness is complicated by
additional factors, most notably the presence of ice and water
close to their phase transition temperature. In addition, the high
heat capacity of water and the release of latent heat on freezing
can substantially slow the rate of permafrost aggradation. The
scientific understanding of these effects is very low (Waller et
al., 2012).

For the studied marginal part of SAM, comprising the bore-
holes “U”, “K”, H and S (Fig. 4) with available hydrochemical
data, the permafrost completely disappeared before ~4 ka
(Safanada et al., 2004; Mottaghy and Rath, 20086), but the cryo-
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Fig. 9. Results of geothermal modelling of the permafrost palaeothickness in the Udryn IG 8
and Udryn 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

genic anomalies have remained. Thus, traces of cryogenic
transformation can be treated as information about the maxi-
mum palaeothickness of permafrost (PFuyp), i.e. the maximum
depth of cryogenic alteration.

In the case of ground surface and subsurface temperature
reduction, after reaching the permafrost base, the thermal sig-
nal would initiate a cryogenic process of a change in the chemi-
cal composition of groundwater under the permafrost. The first
result was the relatively rapid precipitation of calcite, followed by
the water-ice phase transformation process. In the opposite
case, i.e. an increase in subsurface temperature, the previously
formed chemical composition of the groundwater did not
change, whereas the ice, which formed earlier in the pore
space, melted. Permafrost disappears, but the hydrochemical
anomaly remains for a long time. Hence, always PFyuyp > PFy.

Due to the preliminary stage of these modellings, it was as-
sumed that there were only two extreme forms of existence of
water in the pore space, i.e. the pores completely filled up with
either water or ice. Figure 9 presents the results of modelling of
permafrost thickness in the Udryn IG 8 borehole (total depth
2300 m). The temperature T, (thawing temperature), regarded
as a function of depth, was calculated based on the depth-de-
pendent distribution of the total value of TDS and natural hydro-
static pressure in the SAM area.

The depth in the formula T, = f(depth) is a natural maximum
depth of permafrost formation in the SAM area. The HFD value,
as well as the palaeotemperature profile (T;), was calculated
assuming that the pore space is filled with either water or ice.

The calculated present-day undisturbed heat flow density in
the Udryn IG 8 borehole is 39.3 mWm?, and the effective ground
surface temperature for the Weichselian glaciations GSTH is
-12.58°C for TC_water and —8.80°C for TC ice. The actual
value of GSTH is between the values of the two temperatures.
The results of GSTH modelling depend strongly on the values of
petrophysical parameters of frozen and unfrozen rocks.

The base of palaeopermafrost can be determined by inter-
section of the calculated palaeotemperature profile (Ts) with the
temperature T,. The calculated effective palaeothickness of
permafrost for the Udryn IG 8 borehole is ~520 m (Fig. 9). For
the considered case, the thicknesses are PFyyp = 620 m, and
PF+. =520 m, respectively. At the moment, the author does not
know alternative explanations of the facts presented in Fig-
ures 4 and 8.

Due to the insufficient total depth of the Udryn PIG 1 borehole
(450 m), determination of its HFD value has not been possible on
the basis of the above-described method. It is possible to esti-
mate this parameter based on the analysis of the relationship be-
tween the temperature profiles and Bouguer anomalies. This ap-
proach is based on the assumption that the observed tempera-
ture T(z), as well as calculated T(z) below 1500-2000 m, is
close to the steady state corresponding to the long-term surface
temperature (GSTH), and unaffected by the latent heat effect.

The sedimentary overburden of SAM forms a very clearly
ordered, stable, plane-parallel rock body with laterally stable
petrophysical properties. We assume that heat is transported
only by vertical conduction (1D):
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M(z) W

T.(z) = GSTH + Qj

TC( )

where: GSTH - effective average ground subsurface
palaeotemperature for Weichselian glaciations; Q — heat flow den-
sity; TC(z) — thermal conductivity coefficient at depth z, M(z) — radio-
genic component of heat flow.

The values GSTH and TC(z) in equation [1] are very stable
and nearly constant in almost the whole SAM area.

Radiogenic heat value M(z) for the basement rocks in
nearly the whole SAM area is very low and spatially stable (after
results of gamma ray logs) and has no relevant effects on the
subsurface thermal state. After Majorowicz (1984), its value is
~0.2 pWm?™ (for anorthosites). For comparison, the radiogenic
heat value of granitoids, i.e. typical and dominant crystalline
basement rocks in NE Poland, which compose the surround-
ings of SAM, is significantly higher and varies from 1.7 to
3.9 yWm™. Itis likely that granitoids of the crystalline basement
in the Filipéw IG 1 borehole also show such values (see Fig. 4,
borehole F). The heat flux value in this borehole, Q =
.7 qu’Z, is nearly twice higher than in the SAM area.

The T(z) palaeotemperature profile for steady-state equi-
librium condition (Q(z) = const) is a function of the value of heat
flow Q and the value of thermal conductivity coefficient TC(z).
Such conditions existed approximately at the end of the last gla-
cial period (LGM; Szewczyk and Gientka, 2009).

For depths greater than the depth of the zone of climate
change impact (i.e. >1500-2000 m) in the SAM area, a temper-
ature difference AT between any two profiles for the same
depth is linearly dependent on the difference of the heat flow
values AQ in these profiles:

(2]
Q-[ TC(z)

Figure 9 shows the results of modelling of the permafrost
palaeothickness for both the Udryn PIG 1 borehole and the
Udryn IG 8 borehole, the only borehole with the fully calculated
TC(z) profile.

The variability in the depth of TDS for the whole SAM area,
the calculated phase transition temperature T,(z), and a set of
palaeotemperature data T(z) calculated for different hypotheti-
cal values of heat flow are also presented. The intersection of
Ts(z) with T,(z) determines the palaeothickness FT+.. For com-
parison, the T4(z) curve and the palaeothickness calculated for
the reference Udryn IG 8 borehole are presented.

The steady-state temperature T at a depth of 2000 m aver-
aged for the whole group of wells “U” and “K” (see Figure 4B) is
Tzooo_u =31.8°C (“U”) and TZOOO_K =34.7°C (“K"). For obvious
reasons the temperature decreases towards the centre of the
gravimetric anomaly (Fig. 4B). The greatest decrease in tem-
perature T, and heat flux Q should be observed in a direction
normal to the isolines of the Bouguer anomaly. This is well con-
firmed by the observed increase in the depth of temperature in-
version, which occurs at the following depths: 440 m
(13.09 mGal) in “K”, 418 m (6.36 mGal) in “U”, and 406 m
(4.62 mGal) in S (in parentheses the value of Bouguer anom-
aly). The results of modelling performed earlier for the Udryn
IG 8 borehole confirm the occurrence of this phenomenon
(Safanda et al., 2004; Mottaghy and Rath, 2006). The greater
depth of the inversion means that the permafrost disappeared
earlier.

On the assumption that the change of temperature (and
heat flux) is linearly dependent on the increase in the Bouguer
anomaly, it can be proved that the value Ty = 31.8 — 3.1 =
28.7° C for the Udryn PIG 1 borehole. That corresponds, ac-
cording to the formula [2], to the flux Q = 37.02 mWm™ and the
effective palaeothickness of ~568 m (PFr.— case | —see Fig. 9).
If we assume another criterion, based e.g. on the distance be-
tween the “K”, “U” and Udryn PIG 1 boreholes (located approxi-
mately on one line), the temperature T, = 26.1°C, Q =
34.8 mWm™, and the permafrost palaeothickness is ~600 m
(PF1_—case ).

Due to the need to adopt assumptions that are impossible to
verify, the above-described considerations allow, at the current
stage of research, for treating these results as a testing hypoth-
esis. However, they allow obtaining approximate knowledge on
the range of the maximum palaeothickness of the analysed rel-
ict permafrost. A very costly alternative for the direct acquisition
of data on the depth distribution of temperature (and heat flow)
and on the permafrost palaeothickness in the centre of the
gravimetric anomaly would be to drill a deep borehole to a depth
exceeding 2200-2500 m. In order to acquire knowledge on the
contemporary thickness of the permafrost, we should deepen
the existing Udryn PIG 1 borehole to a depth of ~580-600 m.

The presence of rocks with anomalously high total porosity
(40-50 vol.%), particularly in case of their pore space filled with
water, affects their extremely low thermal conductivity
(Szewczyk, 2002; Szewczyk and Gientka, 2009). It leads to sig-
nificant decreasing of rate transfer of heat energy. This is the
case during both the formation and disappearance of perma-
frost. These high porosity rocks act as an insulating layer; they
slow down both processes.

If the climatic temperature increases in a profile with a tem-
perature of T> T,, permafrost (ice) decays. Traces of cryogenic
transformation can be treated as information about the maxi-
mum palaeothickness of permafrost (PFyyp), while the thick-
ness of palaeopermafrost determined on the basis of the profile
palaeotemperature (Ts = T.) is the effective average
palaeothickness of permafrost PF+,. In all cases PFyyp> = PF+,.

The presence of ice in the pore space of sedimentary rocks
of the SAM overburden significantly increases their thermal
conductivity. It affects the acceleration of heat propagation, i.e.
reduces the time of its arrival to the base of permafrost. This is
especially important in glacial time. Cryogenic transformation of
groundwater, associated even with relatively short-term
changes of temperature of aquifers, affects their chemical com-
position for a long time. It is worth noting that for the value of
palaeotemperature T = T, i.e. for the pore space completely
filled by water, it determines the base of permafrost regardless
of the water/ice ratio in the pore space of the overburden.

Preliminary results of geothermal analysis indicate that the
present-day maximum depth of the permafrost base should be
probably located at ~470-500 m, and the maximum permafrost
palaeothickness in the centre of SAM at the end of the LGM pe-
riod was up to ~570-600 m (see Fig. 9). It is worth mentioning
that, for the whole Polish Lowlands, the calculated effective
palaeothickness of permafrost for thermal data from 227 deep
boreholes was estimated at 190 + 53 m (Szewczyk et al., 2007).
This result is very similar to the assessment obtained by
Velichko et al. (2002) for this part of Central Europe.

The permafrost palaeothickness is a function of both cli-
mate temperature (SAT and GST) and the value of terrestrial
heat flow density (Q) accompanied by the thermal conductivity
TC(z) profile. Spatial and temporal variability of climate is a
monotonic function of relatively “mild” variation. In contrast,
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spatial distribution of the heat flow is associated mainly with the
local geological structure, showing significantly greater spatial
variability (cf. Fig. 3 vs. Fig. 8).The diversity of the permafrost
thickness determines, therefore, mainly the value of Q.

The recent attempts to evaluate the thickness of contempo-
rary permafrost in the Northern Hemisphere (Kitover et al.,
2013, 2015), or its palaeothickness (Kitover et al., 2016), based
on geothermal data, and the noticeable impasse in these stud-
ies have their origin primarily in inadequate knowledge about
terrestrial heat flow and, in particular, in the non-stationary na-
ture of the flow in the shallow lithosphere (<1500-2000 m).
However, these issues are not included in the studies (see
Szewczyk and Gientka, 2009).

The method of Kitover et al. (2013, 2015, 2016) employs
questionable hypotheses about all these parameters required
to estimate the permafrost thickness, i.e. the values of Q, GSTH
and TC(z). The method of the calculation of the permafrost
thickness presented in the article would not need any assump-
tions. Moreover, the results obtained are a source of independ-
ent knowledge about these parameters. The case of occur-
rence of relict permafrost in the SAM area, presented in this arti-
cle, is and will be in the future an important subject of research
for a better understanding of the nature of such objects.

DEVOLOPMENT AND PRESERVATION
OF DEEP PERMAFROST

A negative gravity anomaly observed over the SAM, as well
as over the larger KAM (Fig. 4), was up to now difficult to explain
(Ciesla and Wybraniec, 1998). The presence of permafrost may
provide a proper explanation of the genesis of this anomaly. The
Bouguer anomaly is in both cases associated with the very low
bulk density of rocks of the sedimentary cover (Szewczyk, 2014).

Preliminary results of gravity modelling seem to confirm
such a relationship, and there is no alternative explanation of
this phenomenon. The heat flow density anomaly is propor-
tional to the value of the basal heat flow and thus to the effective
maximum palaeothickness of permafrost. The anomaly values
can be partly influenced by both the present-day permafrost
thickness (with ice) and the observed process of density
recompaction in its near-surface part (Fig. 5).

Considerations based on the analysis of gravimetric, geo-
thermal, petrophysical and hydrogeological data allow enunci-
ate the following conclusions:

1. A clear conformity of gravimetric anomaly (Figs. 4 and

5) with the spatial distribution of the negative tempera-
ture gradient can provide confirmation of the thesis
about the relationship between these parameters. The
gravimetric anomaly may be a direct result of both cur-
rently existing and past permafrost.

2. The anomalous low bulk density of rocks observed in
the zone of present and past permafrost may be the re-
sult of repeated processes of freezing and thawing of
water in the pore space during successive climatic cool-
ing and warming.

3. These processes could lead to the modification of the
structure of rocks occurring in the area affected by per-
mafrost and consequently to the increase of the pore
space volume. It was most marked in zones of the latest
disappearance of permafrost, and especially in areas of
its contemporary presence. Above them, there was
probably a reverse process, i.e. the gradual recom-
paction of rocks leading to the decrease of the pore
space and the increase of the bulk density of rocks.

4. The Bouguer anomaly is a result of the following
cause-and-effect sequence:
low climatic temperature & low heat flow — permafrost
formation & degradation — bulk density decrease —
negative gravimetric anomaly.

5. At the present stage of the study in the SAM area, the
permafrost may be determined mainly from the Bouguer
anomaly The thick white contour line shown in Figures
4B and 5 marks a probable presence of relict perma-
frost, the white area — its reliable occurrence. Analysis of
geophysical and hydrogeological data indicates the
possibility of preserving the permafrost in the central
part of SAM probably over an area of nearly 50 km?, with
the present-day maximum thickness of 110 to 150 m.

6. The formation of the deep permafrost, beyond the obvi-
ous influence of climatic temperature factor, was the re-
sult of the existence of a very low heat flow value as well
as of a very porous, water-saturated sedimentary cover.
The whole profile of sedimentary rocks has the anoma-
lously low value of thermal conductivity and the high
heat capacity of water in the pore space (latent heat).
The overburden cover, acting as an insulating layer, ini-
tially delaying the formation of permafrost, and then,
during the Holocene in the same way delaying the per-
mafrost warming, acted as a protection against fast per-
mafrost degradation.

COMPARISON OF THE PERMAFROSTS
FROM SAM AND URENGOY

Northern and Central Europe were the areas exposed to a
harsh periglacial climate at the forefront of the Fennoscandian
ice sheets. Deep borehole temperature logs acquired in equilib-
rium conditions reveal that the heat flow gradually increases
with depth, reaching the values undisturbed by the glacial cy-
cles. The SAM area was located in the periglacial climate 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 difference in the temperature between the Weichselian
Glaciation and Holocene in NE Poland is much greater than that,
e.g., in the Urengoy region located in the West Siberian Basin,
with numerous deep boreholes and well-recognized processes
of the formation and evolution of deep permafrost (Galushkin,
1997; Ananjeva et al., 2003). The advanced numerical geother-
mal modelling of permafrost evolution in the well 411 (66°N,
77°E) in this area was presented by Galushkin (1997).

The Weichselian/Holocene temperature amplitudes are
+18 and +13°C, respectively — see Figure 10 (Demezhko et al.,
2007). As a consequence of this, the permafrost palaeo-
thickness in the SAM area is at least 540 m, and increases to-
wards the anomaly centre probably even to 600 m, compared
with ~450 m in Urengoy (at 13 ka BP).

In the Urengoy area (still within GST <0°C; see Romanovsky
et al., 2010), permafrost disappears exclusively from its bottom
part with a slow rate (~6 m/ka). In the SAM area, with GST =
+7.77°C, melting occurs both from the top and from the base, with
a considerably higher rate of 35 m/ka at the top and unknown rate
at the base. Figure 10 schematically shows this situation.

The depth of the top of the relict permafrost (357 m) re-
ported in the Udryn PIG 1 borehole is probably one of the great-
est depths of this phenomenon observed in the world until now
(Ananjeva et al., 2003).
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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)

CONCLUSIONS

1. The Udryn PIG 1 research borehole drilled in northeast-
ern Poland revealed a permafrost layer located below a depth
of 357 m, which extends over ~50 km?. The base of the perma-
frost has not been reached at 450 m depth, so its total thickness
remains unknown. However, first calculations indicate that its
present maximum thickness may attain 110 to 150 m, with the
permafrost base at ~470-500 m.

2. The permafrost remains in the ice-water transition phase
at a temperature of —0.245°C, corresponding to the thermody-
namic conditions of its occurrence. It means that this perma-
frost layer can partly remain unfrozen, i.e. in the so-called
“cryotic state”. All the aquifers of SAM at a depth range of
~300-600 m are filled by low-mineralised groundwater of
HCOs-Na type with exceptionally low levels of Ca ion values
typical for waters altered by cryogenic processes.

3. The deep relict permafrost discovered in the sedimentary
cover of SAM in 2010 confirms that such a phenomenon has
probably still remained undetected in relatively large areas of
Eastern and Central Europe, where geophysical conditions are
similar, and possibly in other areas of the world.

4. 1t is very likely that so-far undetected similar layers of
deep relict permafrost exist in Poland also in other parts of the
Precambrian Platform, i.e. in the KAM and PD areas.

5. The case of the Suwatki Anorthosite Massif is unique and
important, not only as the geological object itself — further re-
search may substantially change our knowledge on geological,
hydrogeological, petrophysical, geophysical and climate pro-
cesses that occurred in past times on a global scale.

6. The gravimetric anomaly is probably the direct result of
the occurrence of both existing and past permafrost. Its maxi-
mum palaeothickness in the centre of the SAM anomaly for the
final stage of the Last Glacial Maximum period is up to
~560-600 m. The contemporary area of the permafrost occur-
rence is probably ~50 km? based on gravimetric data.

7. Current global climate change and the corresponding
change in permafrost extent need not only knowledge of pres-
ent-day permafrost. The method of permafrost palaeothickness
calculation, presented in the article, can be useful in these studies.
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