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Fig. 1. Ideal model of the organization of research in the national project MR 1—25 “Changes of
the geographical environment of Poland” (showing changes in space and time)

Thus, the present-day environment is the coexistence of the vari-aged elements
whose foundations are related to the distant or recent past. Therefore, the identification
of the age of these foundations and that of the rate of changes seems to be very
important in order to understand the restoration of the natural resources. The
restoration is, in principle, proportional to the time and rate of formation (Fig. 2).
Degradation of mineral resources, relief, soils and deep reservoirs of groundwater which
require many thousand or even millions of years, and which were often formed under
climatic or tectonic conditions different from the present-day ones, can be considered as
the irreversible changes.

The project MR I—25 involved the departments of the Institute of Geography and
Spatial Organization, Polish Academy of Sciences (Departments of Geomorphology
and Hydrology in Cracow and Torun, and Warsaw departments of Climatology,
Organization of the Environment, and of Biogeography), the university geographical
centres (Poznan, Warsaw and to the less extent Torun, Lublin, Cracow, £6dz), schools
of pedagogy (Kielce, Stupsk), geological departments of the University of Mining and
Metallurgy in Cracow and that of the Warsaw University, Radiocarbon Laboratory of
the Silesian Polytechnical University, Department of the Natural Resources and Nature
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Fig. 2. Environmental changes in southern Poland (in logarithmic scaje). Main phases during
Holocene: I — before deforestation, II — pre-historic agriculture, III — historical (intensified
agriculture), IV — industrialization. Important episodes in environmental changes: a — first
Neolithic landnam phases, b — increased deforestation in late Bronze age, ¢ — mediaeval
deforestation, d — introduction of potatoes, beginning of braided channels, e — regulation of river
channels and lowering of ground water level, f — construction of water reservoirs

Protection and the small teams or individual persons of the national institutes: the
Research Institute of Forestry, the Institute of Cultivation, Fertilization and Pedology
and the Institute for Land Reclamation and Grassland Farming.

The studies were concentrated in 6 research groups and were carried out at various
scales: national, regional and the detail ones — especially the latters were based on
research stations (Fig. 3). One of the research groups aimed at the paleogeographical
reconstruction of the last cold stage and the Holocene, the second group — at the
selected topics of the evolution of the valleys during the last 15000 years. The task of the
next two groups was the study of the mechanism of the changes and contemporary
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10 L. Starkel

N
Fig. 3. Areas investigated and surveyed in the project MR 1—25: 1 — paleogeographic research,
2 — studies of present-day processes, 3 — field stations with monitoring of hydrologic and
geomorphic processes, 4 — detailed topoclimatic studies, 5 — detailed phytogeographic studies,
6 — detailed applied environmental studies, 7 — areas covered by general maps of geomorphic
processes, 8 — areas covered by general climatological maps, 9 — areas covered by general
mapping of potential vegetation, 10 — areas covered by general mapping of geosystems
(physico-geographic typology)

deposits (Kostrzewski and Zwolinski 1984) as well as the rate of inter-soil circulation
(Froehlich 1982) have been recognized. The measurements on the cart roads and the
splash experiment enabled one to state that 80 —90% of the suspended loads in the
channel originate from the roads in many regions (Froehlich and Slupik 1985; Froehlich
— in press).

The gravitational processes were subject to the detail studies of E. Gil and
A. Kotarba. These studies were continued in a cooperation with E. Thiel of the Institute
of the Hydroengineering, Polish Academy of Sciences. Based on the measurements of
the rockfalls and of the transfer on the alluvial cones in the Tatra Mts several models of
the modifications of the high-mountain slope have been elaborated (Kotarba et al. 1983;
Kotarba et al. — in press). The photogrametric studies of the cliff on the Wolin Island
allowed to recognize the role of the lithology on the type of the cliff modelling
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20 S. Gilewska

environment of Poland underwen: many transformations. These were due to changes of
the major palacogeographic features, relief, climate, hydrographic conditions, flora,
fauna and nature of both weathering and morphogenetic processes. The opening of the
Atlantic furrow and eastward flow of moist air from the Atlantic Ocean, the crumbling
of the Tethys Ocean, changes in the shapes of land-masses, the uplift of the great
mountain chains of the Alpine system, and the gradual dessiccation of the African
continent (van Steenis 1962) brought about essential changes in the general atmospheric
circulation over Europe. In Upper Tertiary times, the climate of Central Europe became
cooler and, locally, even drier (M. Lancucka —Srodoniowa 1957; W. Szafer 1961, and
others). Environmental changes are reflected in the type of weathered materials, deposits
and landforms which have been inherited from the pre-Quaternary period.

THE PALAEOGENE

Relief of the oldest foundation persisted in the Karkonosze block, Eastern Sudetes
Mits and the Sudetic Foreland. Throughout the Mesozoic era relief planation took place
on the Cretaceous islands (H. Teisseyre 1960) leading to the destruction of both
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Fig. 1. Major geomorphic units of Poland: 1 — province, 2 — subprovince, 3 - macro-region, a —
Silesian-Cracow Upland, b — Nida Depression, ¢ — Kielce Upland, d — Lublin Upland
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The Tertiary environment 33

the Quaternary valley floors near Jelenia Gora. Probable Pliocene cave fills at
Wojcieszow in the Kaczawa Mts were left hanging on the Kaczawa valley-side (M.
Pulina 1964). It appears that in contrast to the Eastern Sudetes, the Western Sudetes
have suffered uplift towards the end of the Pliocene (A. Jahn 1984; A. Jahn et al. 1984).

In the upland belt Lower Pliocene planation affected areas largely consisting of soft
clayey and calcareous rocks (opoki, marl). Remnants of this planation surface survived
in the denudational basins of the Silesian Upland (J. Lewinski 1914, and others), in the
Miechow Upland (M. Tyczynska 1959; H. Ruszczynska 1961, and others), the Nida
Basin (J. Flis 1954, and others) and in the Sandomierz Upland (J. Samsonowicz 1934;
M. Klimaszewski 1958a; D. Kosmowska — Suffczynska 1966).

TABLE 1. Chronostratigraphy of the Neogene in Southern Poland

Chronostratigraphy of the Neogene Orogenic phase and absolute age
in southern Poland (million yrs)
(L. Stuchlik 1980) (K. Birkenmajer 1978)
D
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4 Rhodanian phase - 35
25} Dacian (P,)
S
ot Upper Attic phase = 5
=) Pontian (P,) i s
e Lower
U - 7.95
% ~ | Pannonian (MP) 2l Moldavian phase
w! m Lower - 9.5
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3 — Geographia Polonica t. 53
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44 S. Kozarski

FACIES ANALYSIS OF SEDIMENTS

Recent observations and experience from Great Poland Lowland (Kozarski and
Kasprzak 1987) indicate that such approaches are attempted in procedures using the
facies analysis known from sedimentology (Gradzinski et al. 1976). Its variants are
successfully applied in glacial geology and geomorphology. Up to now this analysis has
been used in few selected test areas (Fig.1) subjected to detailed investigations. It
involves (Kasprzak and Kozarski 1984):
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Fig. 1. Location of case study areas and major Vistulian ice sheet positions in northwestern Poland
with esimated radiocarbon age BP (after Kozarski, in press).

Hatching shows the case studies mentioned in this paper. Inset: time-distance diagram of the last
ice sheet in northwestern Poland (Source: Kozarski. in press)

(1) identification of diagnostic properties of each sediment resulting from its
structure and texture,

(2) spatial distribution and thickness of all deposits, and

(3) geological interrelationships between deposits and their geomorphic position.

This variant of analysis is termed (Kasprzak and Kozarski 1984) complex facies
analysis which proves helpful in constructing the sheme of local lithostratigraphy
associated with a sequence of geomorphic events and palaeogeographic conclusions as
well. At full research possibilities, which have not been available as yet, the complex
facies analysis should be intended to recognize in detail lithofacies units, i. . lithosomes
(Gradzinski et al. 1976) referred to as three-dimensional rock masses displaying constant
lithofacies properties.

DIAGNOSTIC DEPOSITS AND STRUCTURES

The construction of depositional models intended to represent the dynamic state of
the ice-sheet front must be preceded by ordering and clustering of deposits and
structures according to their diagnostic value in the determination of activity or
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stagnation and disintegration of ice masses. Diagnostic deposits and structures known
from extensive literature have been aggregated in this paper into three groups (Table 1)
which reflect:

(1) ice-front advance resulting from accumulation (A4,) or alimentation (A4,) excess
over ablation (A4,), (2) ice-front dynamic equilibrium (= steady state) when the addition
of ice mass (A, or 4, is balanced by the ice mass loss due to ablation (4,) in the
marginal zone, and (3) ice-front retreat and disintegration; the former state results from
slow recession of an active front (4, < A4,), while the latter one is associated with a
change into dead ice and its ablation (4,) only.

TABLE 1. Deposits and structures diagnostic for ice-front dynamics

reconstruction
Ice-front net balance Diagnostic deposits and structures
A > A, Lodgement till
advance Glaciotectonic macrostructures

Glaciotectonic microstructures
Mylonitization, deformation till

Lodgement till

Melt-out till

Allochthonous flow till
A, = A, Glaciofluvial deposits
steady state supraglacial facies

extra-and proglacial facies
Glaciotectonic microstructures

Allochthonous flow till

Sandy and stony deposits of rims

around closed dead ice hollows
flow till facies

A <A, lacustrine facies

retreat and Melt-out till

disintegration Parautochthonous melt-out till and sand

A, Glaciofluvial and glaciolacustrine deposits of in-,

intra- and supraglacial facies related to stagnant
and dead ice

Gravity structures, faults and flexures

Diapiric structures (intrusions)

A_= ac lation (ali ation), A, = ablation.

Glaciotectonic macro- and microstructures are largely of diagnostic value for the
first state. They comprise, for instance, shear planes, flaky-raft structures, compressional
faults, various types of folds, including drag-folds which are particularly specific among
microsctructures, and mylonitization zones as horizons of primary structure total
destruction and mixing of deposits differing in origin and/or facies. Lodgement till
which is found on proximal slopes of thrust ridges and push moraines (Kasprzak 1985;
Kozarski 1959) remains complementary.

Lodgement till and subglacial melt-out till (Boulton and Paul 1976) in a submargi-
nal position (Kozarski, in press) have primary diagnostic significance for the second
state as beds reflecting zones of differentiated debris transport in the warm sole of an
active ice sheet or in that subjected to regelation, i. e. the zones of traction and
suspension (Boulton and Paul 1976), respectively. Flow tills in ablation end moraines
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Fig. 1. The Prosna drainage basin against the extent line of the Warta Stage inland ice and the main phases of the Vistulian glaciation with the main

draining channels of the ice margins: 1 — extent of the Warta Stage inland ice, 2 — extent of the main phases of the Vistulian inland ice: Le — Leszno

Phase, Poz — Poznan Phase, Pom — Pomeraniam Phase, 3 — extent of the last inland ice during the Gniezno Oscillation; 4 — arca of Middle Polish

Glaciation, 5 — area of the Vistulian Glaciation, 6 — Prosna river drainage basin, 7 — main pradolinas, 8 — outwash plain of the Leszno Phase, connected

with the III terrace of the Prosna river, 9 — outwash plain of the Poznati' Phase, ‘connected with the IV terrace of the Prosna river, 10 — outwash plain of
the Gniezno Oscillation, connected with the VI terrace of the Prosna river, 11 — meltwater flow direction in other places
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56 K. Rotnicki

Fig. 3. Location of the geological profiles of the Grabow and Kepno Basins in the drainage basin of
the middle Prosna

(Rotnicki 1985), there is a clear valley lowering extending to the north-east. This
depression, located 15 km east of the Prosna valley near Kalisz, is a trace of the
direction of the Prosna water runoff after the recession of the inland ice of the Central
Polish Glaciation (Saalian).

The lithology and stratigraphy of the deposits forming terrace II was studied on the
basis of about 150 borings and some dozen exposures (Rotnicki 1986; Rotnicki and
Wisniewski 1986). In the Domastow and Ke¢pno Basins (Fig. 3), there are peats and
gyttja of the Eemian Interglacial in the bottom of deposits of this terrace (Rotnicki and
Tobolski 1965a; Rotnicki 1966, 1974b). The terrace series is built there of grey silts and
sandy silts about 20 m thick, covered with a sand series some meters in thickness. Under
the sands, in the top of the silt series, there is an organic layer of the Denekamp
Interstadial dated to 31400 years BP (Fig. 4; Rotnicki and Tobolski 1969; Rotnicki
1974b).

In the recent years a very interesting profile has been discovered at Sobiesgki
displaying the structure of terrace II in the northern part of the Grabow Basin. In the
bottom of the profile there are coarse-grained sands with admixture of gravel. In other
places of the Grabow Basin these sands and gravels rest on glacial till (Fig. 5). They are
covered with a bipartite organogenic layer with a thickness of 2.5 m, composed of peats
and gyttjas and containing the mollusc fauna. The organogenic layer is divided by a thin
band of dark-grey sands. The organogenic series lies at a depth of 30.8 to 33.5 m
(Fig. 6). Above it lies a thick fine-grained series built of grey silts, clayey silts and sandy
silts intercalated by thin bands of very fine-grained sands. Towards the top of the profile
the admixture of sand is more and more frequent. The top of the series lies at a depth of
3.95 m. Thus, it has a thickness of 26 —27 m. It contains six layers with admixture of
organogenic matter. They lie at the following depths: 30.2—30.4 m, 29.1 —29.4 m,
27.5—-28.0 m, 19.2—20.2 m, 7.1 —7.5 m, and 5.5—5.7 m. For the top two organogenic
layers 6 datings of various fractions of organic matters were carried out at the C'*
Laboratory at Gliwice. Two profiles were sampled. The top of the older layer was dated
back to from 27780+ 590 years BP to 27960 + 680 years BP (Gd — 757 and Gd —756),
while the younger peat layer was dated back to 26960+ 1050 years BP (Gd —753) and
26300+ 1140 years BP (Gd — 752). The top part of deposits of terrace 11, lying above the
the top organogenic layer aged 26,300 years, is formed by medium- and fine-grained
sands with a joint thickness of 3.5—5 m.
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Fig. 7. Maximum extent of the Vistulian Glaciation in the Pyzdry Basin and the zone of contact of
fluvioperiglacial waters with glaciofluvial waters of the Last Glaciation (main cross-section
according to Rotnicki, 1975)

deposits of this terrace are older (Nowaczyk and Rotnicki 1972; Rotnicki 1972). Since
there are deposits from the Allerod in the bottom of deposits filling the oldest
palaeomeanders on the terrace VIII, it follows that the deposits of this terrace are
inserted in a dessection coming from at least the Late Vistulian. Thus, terrace VII must
have formed in the Upper Pleni-Vistulian, possibly in the Pomeranian Phase. Terrace
VIII deposits formed since the Late Vistulian throughout the whole Holocene, as
evidenced by palacomeanders on the surface of the flood terrace differing, though
Holocene, in age (Fig. 2).
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accumulation in Late Vistulian, Sobiesgki and Weglewice T — location of litho stratigraphic profiles presented in Fig. 6
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Fi15. 8. Spatio-temporal model of the main phases of accumulation and erosion in the Prosna valley during the Vistulian; and Holocene dashed line: mean temperature of July (according to van der Hammen et al. 1967,
unid Duphorn 1976); dot-dash line: mean temperature of July according to Duphorn (1976); double dot-dash line: mean temperature of July according to the author; dotted line, oblique hachure, dots: period of
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The Slupia valley 69

Fig. 1. Location of the study arca, A — on Poland’s background, B on the Stupia’s niver

catchment, C — geological sketch of the Sub-Quaternary surface of the Stupsk vicinity (after
Mojski and Ortowski, 1978); 1 — Cretaceous sediments, 2 — Oligocene sediments, 3 — Miocene
sediments

The highest morphologic level preserved here (45 m a.s.l. in Stupsk) is connected
with the draining of water from the thawing continental ice-sheet of the Gardno Phase
and with the degradation of blocks remaining from the recession phases previous to the
Gardno Phase (Sylwestrzak 1969; Mojski, Ortowski 1978; Ortowski 1981, 1983). In the
vicinity of Kwakow, waters flowing from the North joined those flowing from the South
and then they flew westwards (Fig. 2).

The water that has formed the lower level of the outwash draining track flew in the
same direction (Orfowski 1981, 1983). The remains of the then formed level have
survived in Stupsk at 33—35 m as.l.

At the close of the Gardno Phase of deglaciation an outflow track was formed in the
immediate foreland of the Gardno moraine: it ran westwards through the marginal
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Fig. 2. A — Longitudinal profile of the morphological surfaces within Stupia’s valley in section
between Zukowskie Lake and the mouth into the Baltic Sea; 1 — 6 the sandur levels declining to the
Miastko vicinity, 7—8 the sandur valley levels connected with the hydrographic junction of the
Le¢towskie Lake, 9—10 sandur valley levels connected with the hydrographic junction of the
Kwakowo region, PP — overflow terrace (I}, TN — upper floodplain terrace (II), the floodplain
terrace is not marked (extent of the sandur levels after Ortowski, 1981), B — the main directions of
outflow in the Gardno Phase, C — the main directions of outlow in the Bolling after breaking of
the Gardno Phase marginal forms in Bydlino region

lakes of Wytowno, Modla and Pietikowo (Giedrojé— Juraha 1949; Sylwestrzak 1969,
1978b; Rosa 1963, 1964, 1968, 1984; Ortowski 1981).

At the same time the morainic forms of the Gardno Phase (?) were broken near
Bydlino and the waters flew northwards along the erosion valley of the Stupia. This
probably occurred within the level which has been preserved in the southern part of the
town, at 22 —25 m as.l. Its geological structure is very complicated. Glacifluvial rests
play here an important part. Investigations carried out by Dawid —Hryniewicz and
Hryniewicz (1984) have shown that they are built of fractions over O¢. Their content
exceeds 50 weight per cent, particularly in deeper parts. The granulation histograms are
flat, without distinct culmination. Nevertheless the occurrence of bimodal systems can
be observed. It is accompanied by poor or medium sorting of the deposits. Vast
depressions within this level are filled with organogenic deposits. Their bottom
is a 0.5 m thick layer of peat; its bottom has been dated at 10400+ 160 years
B.P. (Gd — 2232). It is overlaid by a 2 m thick layer of calcareous gyttja. The uppermost
deposit in the series is a 0.3 m thick layer of decomposed peat with a considerable
mineral admixture (Fig. 3).
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Fig. 3. The geological cross section through the Slupia’s valley in Stupsk (after Ortowski,

unpublished); 1 — Upper-Cretaceous marlstones, 2 — till, 3 — gravel with pebbles, 4 — sands

varying in particle-size, 5 — silts, 6 — organogenic and mineral deposits of the paleomeander
infillings

So the filling of the depression is young. It may be supposed that it progressed as the
climate became damper, the dead ice or, maybe, the permafrost was thawing due to the
development of the thermokarst lake.

Deposits of a different form fill the lower part of a transitory water basin which
existed between the northern boundary of the present-day Stupsk and the morainic
forms blocking the northward outflow. Deposits of varved clay type were accumulated
here and exploited until the 1940s. Now the state of the excavation makes it impossible
to find a profile that would be suitable for investigations.

THE SLUPIA VALLEY DURING THE FORMATION OF RIVER TERRACES

The formation of the ravined section of the Stupia valley, from Wtynkowko to
Bydlino, probably favoured by the thawing dead ice in the warmer weather of the
Bolling, has led to the drainage of the ephemeral Stupsk basin and to the exposure of its
bottom. Most probably the water of the Stupia River began to flow into the Modla
marginal lake (Sylwestrzak 1969).

The events progressed at great speed. South of the town the valley bottom lowered
by several metres (2—5 m) while north of the town there occurred only slight changes.
There began the formation of an undoubtedly fluvial terrace which forms, nowadays, an
upper floodplain level. An essential part in the structure of that terrace has been played
by washed glacifluvial deposits as well as deposits washed out of the grey till horizon
(Fig. 3). The layer of fluvial deposits reaches a thickness of ca 4 m and, in places, it is
overlaid with a 2 m thick layer of eolian sands. As a rule, the sand in the numerous
oblong hollows does not reach 0.5 m. Gyttja and peat overlie it (Fig. 4 and 10).
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The bottom of those deposits has been dated at 12300 + 180 years B.P. (Gd — 2116)
(post Slupsk-South) and at 11150+210 years B. P. (Gd — 2117) (post Slupsk-Racla-
wicka). Those dates have been fully confirmed in palinologic, diatom and malacologic
investigations (W. Florek 1984; Alexandrowicz et al. in press). Near the confluence of
the Glazna the lower terrace level is covered with an alluvial fan built by thaw waters,
strongly loaded with rubble, from the marginal zone of the Gardno Phase (Fig. 4, and
6). This was probably accompanied by the development of glacifluvial naledis (Kozarski
1975, 1977). Its result is a counter-slope of the surface of mineral deposits, visible in the
geological structure of the fan (Fig. 4). The occurrence of permafrost in the cone has also
been proved by the analysis of the organogenic filling of the hollows. First of all, the
composition of the malacofauna indicates the temporary existence of a thermokarst lake
of the alas type (Alexandrowicz et al. in press).

(TE B B3 B9 B3

Fig. 4. The geological cross section through the floodplain deposits and the Glazna fan, together

with exemplary histograms of particle-size distribution of various sedimentary groups; 1 — sands

varying in particle-size, 2 — pebbles, 3 — silts, 4 — gyttja, 5 — lake marl, 6 — malacofaunal
remains, 7 — peat

Fig. 5. The cross section through the Slupia’s paleomeander south of Stupsk, A — hipsometry of
the study area, a—a’ — approximate course of the geological section shoved in part C, B —
detailed study arca: 1 — excavations, 2 — borings, a—a’ — course of the geological cross section
presented in part D, C —geological cross section through the east part of the floodplain and the
upper floodplain terrace: 1 — grey till, 2 — upper floodplain terrace’s sands varying in particle-size,
3 — eolian sands, 4 — medium- and coarse — grained sands of the floodplain, 5 — middle- and
fine-grained sands of the point bars and paleomeander infilling, 6 — peat, b, c, d, — excavations
showed in part E, D — geological cross-section through floodplain sediments (the numbers in
circles corresponding to dates given beside): 1 — sands varying in particle-size, 2 — silts, 3 — till, 4
— brown peat, undecomposed, 5 — peat, varying in of decomposition degree, black or brown-grey
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The northward water flow in the horizon of the above-flood terrace did not last long
since it was stopped as early as in the Pre-boreal Period (Alexandrowicz et al. in press).
In the Boreal Period the Stupia cut into the Late-Vistulian deposits of the lower terrace.
Thus the accumulation on that terrace stopped definitely. As a result there is a
stratigraphic gap in the deposits filling the hollows, which includes whole periods: the
Boreal, the Atlantic and the Sub-boreal. The erosive cut of the Stupia was
small — ca 2 m, its reach was determined by the horizon of grey Vistulian till which has
been found directly under the deposits which fill the palacomenders of various age in the
lower part of the Stupia (W. Florek 1984, in press b; E. Florek, W. Florek, in press). It
has also been stated that, when the flow approximates the mean yearly discharge. the
same till horizon is exposed in the current line of the present-day river channel. The
presence of that visible lithological barrier has had an essential effect on the limitation of

Fig. 6. Distribution of archeological findings in the Glazna confluence area on the bigger

geomorphological units background: 1 — funnel beaker culture, 2 — Late Neolithic cultures, 3 —

Late Bronze Age and Early Iron Age, 4,5 — Pomeranian culture, 6 — Late la Tene Period, 7 —

Middle Ages Period (6/7th— 14th c.), 8 — 6/7th—8th c.,9 — 8th—9th c, 10 — 9th—10thc, 11 —

11th—12th c,, 12 — 12th—13th c. (all signatures with a dot indicate the settlements), 13 — moraine

plateau, its slope and lower edge, 14 — over flood terrace levels, 15 — floodplain and its border,
16 — Glazna alluvial fan
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the Stupia deep erosion and it was the principal reason of the vertical stabilization of the
river channel in its lower course. It caused an intensive development of lateral migration
processes of the river channel; since the moment of formation of the flood plain that
migration has become the only radical way of reacting to the changes occurring in the
drainage area and in the channels of the Stupia and its affluents. There have not been
found, along the Stupsk section of the valley, any palacomeanders from the earliest
existence of the Stupia flood plain, but above the confluence of the Skotawa, in the
vinicity of Degbnica Kaszubska, the bottom of the peat filling a palacomeander has been
dated at 8320+ 170 years B.P. (Gd — 2131). M. Latalowa (1983) has determined the age
of this peat, using the palacobotanic method, as the early Boreal Period.

The previously described picture of the floodplain as well as the lithologic
limitations and anthropogenic changes have determined that most preserved fossil
channels and palacomeanders are very young (E. Florek 1983, in press), only a few date
from older parts of the Subatlantic or Subboreal period (W. Florek 1984; E. Florek,
W. Florek in press). This is also confirmed by the dating results of the filling of
palacomeanders south of Stupsk (18504110 years B.P. — Gd — 864, W. Florek 1983,
in press a, b, Fig. 5) and near the Glazna fan (3020+ 110 years B.P. — Gd — 2212,
W. Florek 1984; E. Florek, W. Florek, in press). All these dates have been confirmed by
palinologic expertises carried out by M. Latalowa (1981, 1983).

The dampening of the Shlupia valley bottom, from the Glazna confluence to
Wiynkowko also occurred in the Subatlantic period: it has been dated, according to the
age of the bottom of peat deposits on the floodplain near a palacomeander south of
Stupsk, at 1510+ 140 years B.P. (Gd — 862) (W. Florek 1983, in press a, b, Fig. 5) and
confirmed by the results of a palinological analysis carried out by M. Latalowa (1981).

—— ?:v.- e (I

\ / X

Fig. 7. View of Stupsk from the east after Eilhardt Lubin’s map of Pomerania (1618). Photo
Edward Wojtowicz
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At that time the settlement of population groups belonging to the Lusatian Culture
was intensively developing. They settled mainly on slopes of small river valleys (e.g. the
Glazna valley — Fig. 6), where hydrogeologic conditions favoured the occurrence of
springs. while the valley bottoms. previously formed bv extraglacial waters. probably
constituted moderately damp meadows, their fertility and size being an optimum for the
scale and character of animal-breeding carried out by the Lusatian population
(W. Florek in press c). At the same time the valley bottoms of larger rivers (in
Pomerania’s scale such is, among others the Slupia River) were an area of intensive
lateral migration of meander channels and this was accompanied by floods and the
progress of paludification in the valley bottom. It is a fact of some importance that the
settlements of the Lusatian population in this area had an open character and so those
people did not feel it necessary to use the shelter of river meanders and marshes for
defence.

Fig. 8. A — Stupia river in the Stupsk area after Auen’s town plan from 1780; B — An attempt at
a reconstruction of the course of the Stupia river from a pre-foundation time (13th c.) using the
matcrial of Spors (1981) and GreZlikowski and Szopowski (1983)

In the Middle Ages the settlements were mostly of a closed character, that is why
their traces have been found inside the meanders, both in the vicinity of the Glazna fan
(Fig. 6) and in present-day Stupsk. The settling sites were chosen carefully which can be
proved by the stability of the selected meanders (in the vicinity of the Glazna fan an
early medieval meander was cut no sooner than in the twentieth century for
river-regulation purposes — Fig. 6). The concentration of settlements in the Stupsk
region and the creation of a city brought about the development of economic activities
and the construction of mills and fulleries. Those works, though rather numerous, did
not change conditions in the Slupia channel because their construction did not result in
the division of the whole channel. Another factor could have been of some importance:
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Fig. 9. The Stupia river before and after the regulation between confluence of Glazna and Slupsk

CHANGEABILITY OF DEPOSITS AND FORMS IN COURSE OF TIME

Investigations carried out have made it possible to determine the regularities
controlling the formation of the selected terrace levels (Fig. 10). A common feature of all
morphologic levels is the relatively shallow occurrence of the roof of grey Baltic till
(according to Mojski and Orlowski’s terminology, 1978).

The oldest level (I), called the overflow terrace, is built of sands of various
granulation with the prevalence of coarse-grained sands and gravels, most frequently
diagonally bedded. The post-lake and post-channel depressions in this terrace are now
filled with organogenic deposits: Preboreal peats and calcareous gyttjas with Subatlan-
tic peat in the roof. The principal shape of the mineral surface of the terrace was
probably formed between the Oldest Dryas and the Bolling.

The upper floodplain level (II), fully formed by river waters flowing from the Bolling
till the Preboreal period inclusive, has a rather complex structure. There occur small
rests of coarse-grained glacifluvial deposits and vast surfaces built of sands of different
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Fig. 10. The scheme of the Stupia’s river terraces construction in Stupsk; 1 — till, 2 — glacifluvial

gravels and sands, 3 — coarse-grained sand of the channel sub-facies, 4 — fine-grained sands of the

bars sub-facies, 5 — organogenic and mineral paleomeander infillings, 6 — Subatlantic peats of the
varying terrace levels, 7 — contemporary over-channel sediments, 8 — eolian sands

granulation with the prevalence of - medium-grained sand diagonally, tabularly or flatly
bedded. The roof of the sandy areas is surmounted by aeolian fine-grained deposits
occurring as small dunes of an irregular shape. Post-channel depressions are filled with
thick (up to 4 m) layers of peat and calcareous gyttjas which settled from the Bolling till
the close of the Preboreal. Here, too, Subatlantic peats occur in the roof. There are no
Boreal, Atlantic or Sub-boreal deposits.

The flood plain (III), in its principal shape, was formed from the Boreal till the
Subatlantic b. It is built of deposits the variability of which is characteristic of terraces
formed by meandering rivers. Coarse-grained deposits of the channel bottom are
overlaid by fine-grained mineral deposits of meander backwater or by gyttjas and peats
filling the palacomeanders. On the surface of the flood plain there occurs a peat cover
the formation of which began 1500 years ago. The peat deposits are interbedded with
sands and silts of crevasse cones.

The youngest element (III B) is formed by an anthropogenic cover of heaped
material; it covers the deposits of the floodplain, mainly in the left-bank part of the
town, with a 1—2 m thick layer. It consist of debris, brought sand or litter. The
regulated river channel (canalized within the town) is accompanied by embankments
mostly built of sand and gravel taken from the river bottom while it was cleared and
deepened. Embankments were built as early as in the Middle Ages since the dredging of
the river channel was necessary for navigation. Even in the early phases of the Middle
Ages the construction of embankments was known.

The two highest levels developed when the channel had an irregular shape, and an
irregular flow and as the intensity of the water-flow was decreasing.

At the end for the Preboreal and the beginning of the Boreal period the development
of vegetation was accompanied by a process of river drainage concentration which
resulted in the formation of a meandering channel. Its energy was sufficient to cut into
the lower terrace 11 along 2 metres. Since then the Stupia river channel, along its Stupsk
section, has functioned uninterruptedly as a meandering channel. Its rectification and
shortening was an artificial operation.

Investigations of the sedimentological features of the fluvial deposits of the Stupia
have shown that neither in the distant past (overflow and upper floodplain terrace) nor
in more recent times (flood plain) could the river achieve a radical transformation as
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Fig. 11. The relationship between standard deviation (4,) and the graphic skewness (SK))

indicators; sediments of the varying floodplain facies: 1 — channel bed, 2 — point bar, 3 — “cork”

of paleomeander, 4 — paleomeander infilling, S — flood basin, 6 — fluvial sediments of the upper
floodplain terrace, 7 — glacifluvial sediments of the overflow terrace

regards the granulation of deposits (W. Florek in press; E. Florek, W. Florek in press).
Nevertheless the sorting activity of this small river has been reflected both in
granulation histograms and in the graphic indices of granulation (Fig. 4, 5, 11). It
concerns the differences between the deposits of the upper floodplain terrace and those
of the floodplain as well as the differences among the particular facial types of the
floodplain minerals (W. Florek, in press b).

The quartz grain abrasion also proves that the small distances of transportation and
the limited energy of the Stupia could but slightly affect the degree of “fluvialization” of
the deposits both of the lower terrace and of the various facies of the floodplain. The
differences between the facies are rather the result of the morphoselection of the grains
than of their abrasion (E. Florek, W. Florek in press).

More refined technics (surface analysis of quartz grains and of some heavy minerals)
have revealed the existence of earlier connections. They are connections with the
environment in which the deposits were accumulated and then transported to

6 — Geographia Polonica t. 53
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Pomerania by the Scandinavian continental ice-sheet. Neither the action of the glacial
and the periglacial environment of the close of the Vistulian nor that of the Lateglacial
and Holocene fluvial environment could eliminate those features (E. Florek, W. Florek
in press).

Finally, it should be noted that since the moment of formation of the overflow (I)
terrace in the Slupsk section of the Stupia valley there occurred an uninterrupted
tendency towards erosion (Fig. 12). The aggradational growth of the peat cover and

1*

years BP

Fig. 12. Changes of the vertical position of the Stupia valley bottom in the Stupsk from the Gardno
Phase: n — natural conditioned, a — antropogenic conditioned

crevasse deposits is connected with the Late-Subatlantic dampening of the climate and
it concerns the valley section from the confluence of the Glazna to Wlynkowko. No
tendency towards the aggradation of the valley can be observed along any other
fragments of the lower section of the Slupia. A separate question is the anthropogenic
rise of the valley bottom in the urbanized area.
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based on the relationship between form morphology and functions of stream hydraulic
resistance and the amount of load (Table 11.2) has been given by Church and Jones
(1982). The above divisions and classifications supplemented by other studies, including
those by Krigstrom (1962), Task Force (1966), Collinson (1970), Kellerhals et al. (1976),
Barwis (1978), Cant and Walker (1978), Levey (1978), Ferguson and Werritty (1983),
Carson (1984) and Schumm (1985), are presented as a scheme in Figure 1. Recurrence of
names in a variety of systems in the scheme is due to the complexity of load transport
and to the naming of different forms with identical words by different investigators.

Fig. 1. Schematic system of channel mesoforms in sandy-gravelly-bottomed rivers (see the text for
more information).
I. Changing sequence: 1 — braided channel bars; 2 — sandbars: linguloid bars, dunes, longitudinal
bars, central bars, mid-channel bars; 3 — near-island bars. II. Midstream longitudinal sequence:
1 — longitudinal bars, crescent-shaped longitudinal bars, 2 — midstream bars, medial or diamond
bars, 3 — transverse bars. IIl. Transverse sequence: 1 — transverse bars, cross-channel bars, 2 —
transverse bars with horns (a: developmental stage), 3 — junction bars. IV. Diagonal sequence: 1
— alternate diagonal bars, 2 — diagonal bars. V. Lateral sequence: 1 — lateral bars, side bars, 2 —
point-bars, (b) pools, (c) riffles
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2. RESEARCH AIM, SCOPE AND METHODS

The objective of this study is to determine the morphometry and morphodynamics
of the prevailing mesoforms of the lower Vistula channel, i.e. unsteady movement of
load. In view of the fact that these forms are the resultant of load movement intensity at
a definite time interval, the Vistula load balance can be estimated.

The study of channel mesoforms is based on the interpretation of large-scale
setting-altitude maps, air-photo interpretation, bathymetric maps, cross-sections and
longitudinal profiles of the Vistula channel bed. The method of successive comparisons
has been used. For the purpose of observing temporary changes in channel bed
morphology, multiple geodesic measurements of sandbar dynamics were carried out in
two sections subjected to detailed analysis, namely at Nieszawa and Swiecie (Fig. 2),

S

: =
0 i 5
—_— /Ay' -' towes

Fig. 2. Sketch-map of the Vistula section under investigation and characteristics water stages for

the Torun water-gauging station: 1 — average annual water stages, 2 — average monthly water

stages, 3 — monthly amplitudes of water stage fluctuations, 4 — sections subjected to detailed
study (see the text for interpretation)

Fig. 3. Sketch-map of the Vistula channel below Nieszawa and a description of the geodesic
measurement method (see Chapter 2 for some explanation)
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and finally, it was caused by the economic action of man. In the 17th century
particularly intense influence of man on the environment, ie. forest clearance and
cultivation of root crops, produced marked changes in the fluviodynamic processes on
the Vistula (Falkowski 1967). At that time the Vistula was overloaded with the debris
that it carried. Great fluctuations of water level were due to frazil-ice jams. They were
accompanied by an impressive local decrease in channel slope and lowering of water
table level. The channel contained numerous bars, chiefly central ones, and the
intervening lateral limbs. These facts receive confirmation from large-scale maps of the
Vistula channel which date back to the 19th century (cf. Babinski 1981, 1982, 1984; Koc
1972; Kopczynski 1982; Tomczak 1971). This untamed character of the Vistula is still
predominating in part of the channel after passing the Wloclawek reservoir (Fig. 4A).
Numerous islands with central bars of high dynamics and in chaotic arrangement
(Fig. 4A) rendered navigation difficult. In such a situation as that described above, the
construction of controlling structures became necessary.

UNREGULAT
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Fig. 4. Development of channel processes on the Vistula due to improvements: A — unregulated
Vistula section in the vicinity of Kepa Polska; B — Vistula channel process below Solec Kujawski;
C — regulated Vistula section below Swiecie, I — emerged bar parts, 2 — submerged bar parts,
3 — channel depth on the order of 4—6 m, 4 — channel depth greater than 6 m, 5 — bar labels (see

Chapter 5)
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Fig. 5. Scheme of bar dynamics in the Vistula channel section at Nieszawa: 1 — emerged bar parts,
2 — submerged bar parts, a — original setting, b — secondary setting, 3 — main directions of bar
shifting

(2) an improved and deepened section at Swiecie where diagonal bars and pools
occur in alternation (Figs 4C and 6).
The two section are typical and representative of part of the Vistula channel from the
mouth of the Zglowiaczka river as far as the Vistula delta area (Fig. 2).

6.1. THE INITIALLY IMPROVED SECTION AT NIESZAWA

The over 2 km long Vistula channel section below Nieszawa is characterized by a
changeable channel pattern to which incomplete improvements have been introduced.
This variation is due to alterations in the channel width and to associated changes in the
hydrodynamic conditions of the river (Figs 3 and 5). The upper part of the section about
600 m wide, which is controlled by groynes to become 500 m wide, changes at the angle
of 25° into a 400 m wide straight lower section. Owing to these variations of river
hydraulic geometry, local impounding of water and flow velocity loss occur above the
point of channel narrowing. This leads to the activation of accumulation of the mineral
transported. Thus, in the upstream section there is a concentration of bars, especially
central and lateral ones, with numerous linguloid bars (Figs 3 and 5). These forms are
the main studied objects.



92 Z. Babirski

A*V

A 7
'\—\’\\m 09 9.~ 1982 0 .08, /384 days/

1l 9
T o 3 11T /
T T 1 reeann-g
T 11
H =
el g \
B a
1962, %0.08 - 1563.0.31 /38 days/

1984, 09 07 -1985.10.02. /388 days/

—

Fig. 6. Diagonal bar edges during particular periods (years) of investigation in the Vistula channel
section below Swiecie: 1 — superficial part of load transported as bars over a given period, 2 —
course of thalweg, a — sites analysed in the text (subchapter 6.2)

The formation of a left-bank lateral bar is associated with hydrodynamic conditions
of the river, determined by the setting of a central bar in the upstream widened section
of the Vistula at the left bank, as well as with the occurrence of channel bends before the
point of narrowing (local impounding of water). Initially, the lateral bar travelled
downstream and occupied the major part of the channel width (Fig. 5A). In consequence
of the concentration of the river currents adjusted to a smaller width of the channel, the
left bank became eroded before the point of narrowing. The effects of erosion involved
formation of dynamic linguloid bars and next, rapid downstream movement of the
lateral bar face (Fig. SB). The lower portion of the lateral bar was then separated from
the channel bank by a 50— 100 m wide limb. This process would have lasted as long as
the moment of its disappearance at the point of channel narrowing, which took place
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after three years (Fig. 5E), if a central bar had not formed in the upstream section.
Owing to the presence of this bar, river currents did not occur parallel to the banks of
the lower section but struck the emerged part of the lateral bar. This part became
rapidly eroded. The material was displaced towards the centre of the channel in the
form of sandbars (Fig. 5C and D). It was only when the lateral bar approached the point
of channel narrowing and when the upper central bar moved simultaneously
downstream that the process ceased to operate in this direction. In consequence, the
lateral bar was again liable to lateral erosion until it became completely eroded (Fig.
SE). The eroded material formed a bedform covered by sand waves, i.e. megaripples.
Meanwhile a new central bar emerged close to the left bank in the upstream section
under investigation (Fig. SE). It moved towards the left bank in accordance with the
hydrodynamic conditions of the river, resulting in a new lateral bar and thus,
contributing to the completion of a four-year morphodynamic cycle in that section
(Fig. SA—E).

The four-year studies of the Vistula section below Nieszawa indicate a close
relationship of the mesoform dynamics with changes in the hydrologic conditions of the
river. However, this relationship holds for a low to average high water stage interval
since no typical flood waves occurred then (Fig. 2). It is thus difficult to describe the bed
conditions and their changes during periods of floods. This is the reason why the quoted
morphometric data about bars refer to that period merely.

Both lateral and central bars attain similar heights and reach average water stages.
After the flood, however, they may continue to grow until their heights exceed the
average water stages by about 0.2 —0.3 m. The lateral bars are up to 1100 m long and
230 m wide. Their existence is closely related to the channel morphology, ie. the
concave bank or to hydrotechnological installations, i.e. river groynes.

The central bars with maximum lengths of 650 m and maximum widths of
250 m occur in the channel sections which are more than 450 — 500 m wide, i.e . they are
associated with either an unimproved channel or that in which a series of improvements
were initiated. Their positions are subject to change at a distance of about 800 —900 m
from each other, with 320—420 m wide passages in between, at the average diurnal
velocity of 0.41 —0.60 m (Fig. 7: 0.5 m throughout the 24-hour period or 183 m per year,
on the average).

Linguloid bars, in turn, exhibit much higher dynamics. They move at the diurnal
velocity of 2.8 to 4.3 m. The maximum diurnal value observable is 7.76 m, which is

Fig. 7. Mean diurnal rate of bar schifting in the Vistula sections at Nieszawa and Swiecie: 1| — zone
of average velocities of bar shifting, MHWL — average high water stage, MWL — average water
stage, MLWL — average low water stage
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96 Z. Babinski

processes. In the case of the section at Nieszawa (subchapter 6.1) thresholds for
accelerated load transport occur at discharge values characteristic of the heights of the
surface of central-lateral and linguloid bars and a floodplain and in the case of the
Swiecie section (subchapter 6.2), they are identified at discharge values characteristic of
the heights of the surface of diagonal bars and a floodplain and sporadically, of
linguloid bars (Figs 7 and 8). From the above it follows that a section of a braided or
partially improved river is characterized by three channel-forming discharges, i.c.
thresholds, for channel processes, whereas an improved section exhibits merely two
thresholds (Fig. 8).

TR ) A
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Fig. 8. Scheme of threshold channel process development on the lower Vistula (see Fig. 7 for key to
symbols MHWL, MWL and MLWL)

A section below the Wioctawek water dam is a specific example of threshold channel
adjustments (Fig. 2). In consequence of diurnal water level fluctuations approaching
3 m, there was a rise in the frequencies of thresholds from several throughout the year to
a few during a day and thus, increased load transport occurred. This led to erosion of all
bars below the dam. They form only at a distance of over 16 km below the reservoir.
This evidence points to the importance of channel-forming discharges and threshold
load transport in the channel process.

7. LOAD TRANSPORT BALANCE IN THE LOWER VISTULA CHANNEL

The computed values based on morphometric data from channel mesoforms and
average velocities of shifting (subchapter 6.2) show that the Vistula carries about 940
thousand cubic metres of sandy material in the form of bars along the improved section
below Swiecie throughout the average hydrological year, i.e. 1981 — 1982, the first period
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out of those under investigation (Fig. 6A). In the next three years the magnitude of load
transport became reduced annually to 420—460 thousand cubic metres as a result of
lower discharge values and the non-occurrence of a flood wave. From the mean figures,
it can be inferred that the Vistula river carries 420 thousand to 1.0 million cu m of
material along the improved reaches in the dry year and in the average year,
respectively. The non-occurrence of flood waves and the absence of a more humid spell
did not allow full characteristics of this problem to be provided. This is also the reason
why no computations were made for the section below Nieszawa. It has been merely
assumed that it resembles the unimproved section above the Wioclawek reservoir and
so it must be characterized by similar-magnitude load transport. According to Skibinski
(1985) who quotes Sliwinski’s computations based on the analysis of cross-sections
about 1.4 million cu metres of sediments were deposited annually in the Wioctawek
reservoir in the average years 1971 — 1978, whereas the rate of sedimentation was 4.0
million cubic metres per year at a humid spell.

wh 3 '
EW"m R yeor

— tat deep eros sce

Fig. 9. Load transport balance for the Vistula from Kepa Polska to Swiecie in the average year

It has been established that the magnitude of load transport is 1.4 and
1.0 million cu m of material along the unimproved and improved sections, respectively,
throughout the average hydrological year. These data provide the basis of construction
of the load balance scheme (Fig. 9) for the entire section under investigation (Fig. 2),
with reference to an erosional-accumulation process operating below the Wioctawek
water dam as well

8. FINAL REMARKS

The results of multi-year studies of channel processes operating on the lower Vistula
indicate that the section under investigation exhibits changeable growth and dynamics
of mesoforms and thus, varies in respect of load transport characteristics. This is due to
many economic causes, i.e. man’s involvement in these events. The initial cause involved
stage-made different-intensity improvements. In the recent hundred years they led to the
magnification of differences between the upper reaches which retained their original
features of a braided river and the lower reaches where the channel became narrowed
and deepened by about 1.5 m, a new floodplain level formed and a new sequence of
diagonal bars and pools was produced. The aim of the postwar improvements was to
get rid of those differences. The preliminary improvements made then were, however,

7 — Geographia Polonica t. 53
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102 B. Janiec

Fig. 1. The catchment area of the upper Sanna river: 1 — contour lines and ravines, 2 — woods
and coppices with shrubs, 3 — watersheds of II and III order, 4 — contact zone of the
water-bearing cretaceous horizon (form N) and Tertiary-Miocene horizon (from S), 5 — water
streams in the Sanna river valley, 6 — wet land areas, 7 — fish-nurseries and other depressions
filled with water (stoczki), 8 — southern borderline of deep carbonate loesses in the catchment area,
9 — more important drillings made by the author; a — in carbonate loesses, b — in decalcified
loesses (and in other deposits), 10 — springs in output categories (in dm3-s~!): a — below 1,0,b —
1.0—50.0, ¢ — over 100.0

The catchment area up to the water-level recorder closing the region studied is 76.5
km?, and its dry part above the spring No 2 (Fig. 1) is 29 km*. The Sanna river is 51.3
km long and flows directly into the Vistula river as its right tributary. The length of the
Sanna within the catchment area is about 6.0 km.

The bedrocks of significant importance in hydrological processes in the catchment
area are upper Cretaceous (Campanian) deposits, which are overlaid by Tertiary
limestones of various thickness. South of the borderline of underwater occurrence in
Neogene limestones (Fig. 1), the thickness of these rocks does not exceed 10 —20 m.
North of this line the deposit of limestones is distinctly thinner, and it disappears
completely in many places.

The Cretaceous-Tertiary rock is overlaid by Pleistocene deposits: silt loesses,
sandy-silty, clay-silty and loam rocks. Because of a considerable distribution of loesses
and their thickness (up to 9.0 m), being the objective of this paper, these rocks should be
given a greater attention.

J. Malinowski (1964) documented in Roztocze five loess horizons, the most
widespread of which are horizon II and IV. In the report of H. Maruszczak (1972b,
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104 B. Janiec

Fig. 2. Content of calcium carbonate (CaCQO,) in selected profiles of carbonate loesses (A) and
decalcified loesses (B); 13, 17, 20, 27, 38 — numbers of profiles localized in Fig. 1.

found at a depth of 3.0—6.0 m, d) in the NW and S part of the area studied loess-like
deposits occur which are considerably decalcified, containing below 0.1% of CaCO,
(Fig. 2B), but leaching of these rocks by precipitation waters is not discussed in this

paper.

DECALCIFICATION OF LOESSES

Studies of decalcification of loesses are interesting both from theoretical and
practical point of view. They concern the mechanism of this phenomenon, the amount
of displaced carbonate matter, the pedological (degradation of soils) and geomorpho-
logical (shape changes of inclines) consequences, changes of the quality of waters
infiltrating through the aeration zone, as well as the possibility of predicting changes of
the geographical environment of loess areas.

Dissociation of carbonates contained in loesses is connected with aggression of
infiltration waters, which depends on the total content of CO, and H,CO;. The
investigation of the chemical equilibrium of dissolved carbonates can be facilitated by
assuming the existence of ideal water, i. e. such a system in which only H,0 — CO, —
CaCO; occur. Water pH is then an index of carbonate equilibrium. Negligence of the
dissociation of other substances in water not belonging to this system does not eliminate
the expectation that they increase the value of the solution ionic strength. Therefore, the
activity coefficients of ions. their share in the solution ionic strength should be
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calculated from Debye— Huckle’s law, and corrections in calculations of different
constants, particularly of the solubility ratios should be done (Barnes 1964; Hem 1985;
Langmuir 1968; Muxart and Birot 1977). It is known that CaCO, solubility is also
effected by other salts contained in the solution, particulary those with their common
ion, which decrease the solubility of calcium carbonate.

Inaccuracies in investigations of decalcification processes of loesses, resulting from
the complications presented are not dealt with in this paper.

Taking advantage of the ideal system in further considerations of loess decalcifi-
cation, the relation H,O0—CO,—H,CO;—pH should be clarified. Carbonic acid
(H,CO,) may occur in water only at a considerable dilution, and its quantity depends
on the amount of carbon dioxide dissolved in water. In aqueous medium H,CO,
dissociates in two stages, and the dissociation constants are: K, = 3.2313-107’
mol-dm~? and K, =3.2360-10"!' mol-dm™3. K, and K, values for 10°C were
determined as arithmetic means of those obtained from various sources (fide: Muxart
and Birot 1977). The konwledge of K, and K, makes it possible to determine the
potential content of aggressive CO, (CO, + H,CO;) in initial water, knowing the values
of HCO; and H' which can be easily measured. When equilibrium is established it is
also possible to determine CO, content by solving the equations of I and II degree of
carbonic acid dissociation, as well as the equation of CaCOj; solubility ratio whose
value for 10°C is Sc,co, = 3.9367-107° (mol-dm3).

LABORATORY STUDIES OF LOESSES WITH DISTURBED STRUCTURES

The initial programme was designed to determine temporal changes of the reaction
of distilled water which was in contact with carbonate loesses and limestone opoka of
upper Cretaceous (Campanian). In the upper Sanna catchment area chiefly limestones
constitute the bedrock of loesses. At the same time the water-bearing cretaceous horizon
is alimented by the precipitation waters infiltrating through the loess cover. The results
of one of the laboratory experiments are illustrated in Fig. 3.

From them information was obtained on changes of water reaction (pH) as
carbonate equilibrium index during the first 90 minutes of water contact with the rocks
mentioned above in conditions of open system at 18°C and continuous inflow of

Fig. 3. Changes of water reaction (pH) dissolving loess (1) and cretaceous rock (2) in the time (T) of
initial 90 minutes of water contact with rocks
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atmospheric CO,. In this experiment various development of the phenomenon studied
was observed in both cases; pH changed from 6.0 to 8.32 in a water sample with loesses
after 7 minutes, whereas in another sample with limestone water reaction increased only
by 0.48 pH in the same time.

In another experiment 49 carbonate loess samples of 50 g each were weighted and
flooded with 100 ml of redistilled water. The specific conductivity of initial water (at
10°C) was 2.0 uS-cm ™! and the pH = 5.84. The studies were carried out at a constant
temperature (10°C); water reaction was measured potentiometrically, and specific
conductivity conductometrically. On the frist day all samples were examined twice and
then the examination was repeated after 1 day, 2, 3, 5,7, 9, 13 and 15 days. The studies
were finished when in two successive measurements no change (in plus) was found in
water conductivity, which coincided with determination of pH. It should be mentioned
that in the experiment arbitralily was assumed: a) use of redistilled water,
b) disintegration of loess samples, ¢) mixing of samples after every measurement.

Fig. 4. Changes of water reaction (pH) in the time T accompanying dissolution of carbonate loesses
with disturbed textures; mean values from samples of selected depths

The results of water reaction changes are presented in Fig. 4. It is to be added that the
studies also comprised the roof (almost’ decalcified) parts of these profiles. For
illustration the results from five depth intervales were chosen. From the curve courses it
appears that the reaction of the waters being in contact with loesses of different horizons
was alkalic during the experiment. In the first 6 days duality in the course of pH curves
can be seen — a little lower values in the upper parts of the profiles. After this period the
values of all samples were stabilized on the level of pH 7.6 —7.8 (buffer). Attention is
drawn by the fact that in all water samples the evolution of the features lasted for about
two weeks.

In small intervals of variance the specific conductivity and mineralization of waters
are almost directly proportional. However, the relationship of these values with the level
of water pH is indirectly included in the dissociation schemes, because the number of
dissociated CaCO; molecules essentially depends on the content of H,CO,
(H,CO, + CO,) in water. In the case of calcium carbonate dissociation the increase by
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1 mval -dm ™3 of calcium and hydrogen carbonates is accompanied by increased water
conductivity (at 10°C) by 39 and 32 uS-cm™! respectively.

From the experiment carried out it appears that increased water conductivity was
connected with a higher percentage of carbonates content in the rock, hence the upper
layers of profiles showed a relatively low electric conductivity. At full saturation of
waters with carbonates under laboratory conditions maximum conductivity exceeded
160—200 uS-cm™!, and the mean value (at 10°C) was 145 uS-cm™!. The following
reaction rate was observed: after 5—6 h the average saturation of waters was 28%, 61%
after 24 h, 79% after 2 days and 90% after 5 days.

When pH and water conductivity were measured, Ca2* + Mg?2* were determined in
all samples.

Among 49 waters with samples of carbonate loesses, examined for the content of
calcium and magnesium the highest (over 70%) was found in the interval 1.25—1.75
mval-dm 3. The mean arithmetic content of Ca2* +Mg?" in the whole study series
was 1.47 mval-dm 3. This value converted into weight units of calcium carbonate was
74 mg-dm ™3 of CaCO,. This is illustrated in Fig 5. It shows the determination results
of total hardness converted into weight units of Ca?*. It should be stressed that to
illustrate the solubility of carbonates in water the same profiles were chosen for which
exemplary CaCO, content in rocks was shown (Fig. 2). The distribution of total
hardness (as Ca?™") in various parts of profiles of carbonate loesses is presented by
curves (profiles) No 13, 17 and 38, whereas Nos 20 and 27 refer, as examples, to

o 3
depth
Fig. 5. Total hardness (presented arbitrarily in gravimetric units of Ca®*) in waters dissolving

loesses with disturbed textures; Nos 13, 17, 38 — carbonate loesses, 20 and 27 — decalcified
loess-like deposits
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loess-like deposits considerably decalcified. Attention is drawn by the fact that a leached
horizon with a small amount of carbonates occurs in carbonate loesses at a depth of
1.0 — 1.5 m. Below this depth or a little lower the curves show a rapid increase of calcium
content. It is characteristic that in the depth interval 3.0 — 6.0 m there occurs the greatest
possibility of CaCO, leaching by infiltrating waters. It is also worth noting that this
depth interval shows the highest content of carbonates in loesses.

EXPERIMENTS ON LOESSES WITH NATURAL STRUCTURES

After obtaining initial information concerning solubility of carbonates contained in
loesses, another programme of laboratory experiments was completed by using fresh
loess monoliths prepared in the field in 50 and 100 cm polyvinyl chloride pipes.
Through these profiles a stream of redistilled water was passed at a constant hydrostatic
pressure of about 5 hPa. The basic parameters of initial water were: t = 18°C, pH = 6.0
and specific conductivity of water K = 2.0 uS-cm™.

The aim of using fresh loess monoliths was to utilize natural partial pressure of
carbon dioxide in soil air, which, on the basis of the author’s studies and other sources,
should be considered as considerable (Buckman and Brady 1971; Deines et al. 1974;
Nazarov 1981; Uggla 1981).

The first determinations of water were done after 3, 7 or 23 h from the beginning of
the experiment. Determinations of successive water samples were done after 27, 31, 49,
57, 72, 78, 84 hours and after 140 h on closing the series. In each water, pH, specific
conductivity (10°C), total hardness and calcium content were examined. The mean
values of these characteristics are shown in Fig. 6.

/

0 12 24 36 48 60 72 84 40T

Fig. 6. Qualitative changes of waters infiltrating through monoliths of upper, decalcified parts of
loess profiles (unweathered — B) and carbonate loesses (A)

Studies of water reaction were carried out in two groups: in profiles-monoliths taken
from roof parts (considerably decalcified) of the profiles and from their underlying
carbonate loesses. In Fig. 6, in group B of diagrams, the course of pH curve is presented
in the time as the mean values from the studies of all individual samples of water
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From the observations it appears that the primary features of precipitation waters
had radically changed before the infiltration process started. As regards other changes,
water reaction altered significantly in the direction of alkalinity. In such a case the term
of initial water can hardly be referred to the time interval in which decalcification of
loesses starts in vertical horizons. It is undoubtedly that infiltration waters recover a
weakly acid reaction on passing through the soil profile; however, they create additional
difficulties in observations of water saturation with carbonates under conditions of an
open system, being itself complicated.

WATERS IN CARBONATE LOESSES

Decalcification of carbonate loesses by infiltrating waters was studied in three
natural profiles (No 13, 17 and 38) and in several loess walls. Water for studies was
taken at vertical 0.5 m distances to the depth of 2.5 m. The water infiltrating into loess
was drained away into vessels by means of troughs installed horizontally. Because of
technical difficulties only pH and total hardness were examined in the water filtrates.

The experiments confirmed quantitative and qualitative changes in waters, which
were recorded in studies of loess monoliths in the first experimental phase.

19
c

-

Fig. 7. Changes of total hardness (Ca** +Mg*") and reaction (pH) in waters infiltrating through
profiles of carbonate loesses; 1 and 2 — extremal values found, 3 — mean value of Ca®* +Mg** in

walers






ﬁ i -‘} . " R Ay I‘ILYL..;’“

§ 555
‘_h 1

‘Q
‘“G o)q .y «‘1‘1.
: '-~ 0" \
S e N T & whos .,rn\r _..mc'anm.,.-.; :
‘.{‘:?' \A- '_;l : 1 T L-v' NS s:!} ,-"
; 3 ‘;.. ! Fol PPt ¢ .
‘.{‘r ”4':.,’-“ AJ_Q 1.'-.’-

.3
- o 3
T A s o
ST e P

ol







AW
g
:-.l'l' .
M !‘ e :
g t"-'z}.; o hge "5.-, .m}v Cure
i )\J ~ t,
(a0 cv" !L Yp.. A

l‘\t. L3l ‘

b ‘I‘ . _.\D“{M
‘.' 'v\"o"' e |

4 "9 Al ‘4u '
1 a—‘n.{vu
TR e, 4 o %
YR r'\x' S
Tt \
" * ” L e ]

LS e S q "n”o- x,. 36

|rt“’1" l‘l :J‘
=1 v ’ - B o c—,uu.
?— (e H e -" ¢ .x'uwmg q;..._ A

" W 'l‘}d . o = A > A "ﬂl““ L
...-'..‘r Famg - ‘ﬂﬂ*#.$q‘ -

a { AL
o : ! s . oY
mﬂb\!\ "‘tf ,‘f.ﬂ't‘\.'.;;*':»‘ 'y 1] M
» -

L= a5 .1‘}3 ’&.r}, Vﬁ‘ 1\:' % 't&‘“é ‘1 "
. _ .‘ - “#’M’ﬁ ‘:" :2{5 wﬁl&ﬁ v{'
y i Sl —~.?) B CPL \n

s TR 4L At ('&‘ ¥
G }‘“'&w‘ .- ‘-9\**'-! & Wm“ .

~{'




http://rcin.org.pl




MORAINIC PLATEAU

DOBRZYN

[Se)t

V7 (1 == [==s Ongs (=] Bgs [ad (D0 faodn [V |2

Fig. 1. Study area: 1 — observation wells, 2 — area subjected to detailed study, 3 — meteorological

stations, 4 — frontal dam, 5 — lateral dam, 6 — boundary of low-lying area, 7 — pumping station,

8 — permanent streams, 9 — periodical streams, 10 — lakes, 11 — terrace scarps, 12 — terrace
number
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Fig. 2. Mean monthly water temperatures in wells with differing depths against air temperatures,

the Wistka Krolewska station: A — mean monthly air and groundwater temperatures, B — mean
depths to water, 1971 —1972 (see Fig. 1 for well number)

4.2. RANGE OF GROUNDWATER TEMPERTATURE FLUCTUATIONS AND AMPLITUDES

As the depth increases, fluctuations of groundwater temperature are subject to rapid
change (Fig. 3). During the period of observation water temperatures fluctuated between
0.1 and 17.7°C and 4.0 and 13.6°C in the wells where the zone of aeration was up to 1 m

8 . 0 4 8 2 16 20 -

> A i

05 B

5

Fig. 3. Range of groundwater temperature fluctuations, 1971 —1972, depending on mean thickness

of the zone of aeration: A — air temperature, the Wistka Krolewska station, B — groundwater

temperature (see Fig. 1 for well number), continuous line: mean monthly temperatures, broken line:
extreme temperatures
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thick and in a well 2.5 m deep, respectively. In the winter there was a thin ice cover in
shallow wells up to 1 m deep.

The above data are indicative of strong influence of air temperature fluctuations on
groundwater temperature in a 2.5 m thick ground layer. As the depth increases, water
temperature fluctuations become reduced, resulting in a fall in maximum temperature
and a rise in minimum temperature.

There is a close relationship between the annual water temperature and well depth
but it is not based on a simple linear equation (Fig. 4). The shallower the depths are, the
more marked rises of the annual water temperature amplitudes occur. In 1972 the
annual water temperature amplitudes were higher at a given depth than those in 1971.
This is illustrated in Figure 4 in the form of curves displaced to the right along the axis
of amplitudes.

3 - ¥ 2 % w ®

Fig. 4. Dependence of annual groundwater temperature amplitude or mean annual thickness of the
zone of aeration A — annual amplitudes of extreme water temperatures measured twice a week,
B — annual amplitudes of extremec mean monthly water temperatures

In 1971 and 1972 the mean annual air temperatures recorded at the station at
Wistka Krolewska were nearly identical (8.3 and 8.0°C). The annual amplitudes of mean
monthly air temperature differed to a larger extent. They were 22.0 and 26.7°C in 1971
and 1972, respectively. This difference became reflected in higher water temperature
amplitudes in 1972. Thus, it can be inferred that annual amplitudes of shallow
groundwater temperatures depend on the annual amplitudes of air temperature. It is not
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possible to consider this relationship in more detail because of a short period of
observations.

The annual amplitudes of groundwater temperature decrease rapidly with depth
(Fig. 4). They were twice lower at the depth of 2.5 m than at that of 1.0 m.

4.3. RELATIONSHIPS BETWEEN THE MEAN MONTHLY GROUNDWATER TEMPERATURE AND THE THICK NESS
OF THF ZONF OF AFRATION

The data from the ten wells represent the basis for plotting the relationships between
the mean monthly temperature and the depth to water for each month separately. A

12 “w %

'vq.,". ! s R
2
) 157 3
1O xl
4 'y 4 v
0
“i - ! 4
o
2 2 -
) 3 )
X1 v
L 4 i
0
Bl ‘ |
. “N 1
2 2 >
) 3
il
4 4
0
1
- -...k.’-‘
.
2 2 % -
) 3
vill
L 4
0 0
1 \_,, i .
™. -
x :".'!
2 2
3 3
m [ 1x
‘ ‘ [
0 : L
1 1 < s
2 . 2 w, |
: | ; l
[ Iv 4 e
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throught the year, August 1970—October 1972
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dynamic illustration of annual variations in shallow groundwater temperature has been
thus provided. It is dependent on air temperatures and the thickness of the zone of
aeration (Fig. 5).

During the winter half of the year groundwater temperature increased with depth
due to slower rates of cooling of the deep ground layers. From November the water
temperature decreased gradually at the same depths to attain its minimum over a period
between January and March. In April the water temperature became uniform in the
wells due to rapid warming of the surface ground layers, the temperature of which
approached gradually that of the deep layers.

The reverse thermal properties occurred during the summer half of the year. Water
temperature decreased with depth due to slower warming of the deep ground layers.
From May the water temperature tended permanently to be higher at the same depths
to attain its maximum in August. In October uniform water temperatures were again
recorded in the wells due to rapid cooling of the ground layers immediately beneath the
surface.

The above relationships are applicable to shallow groundwater whose zone of
aeration is composed of merely sandy deposits. Owing to a small thickness of the arid
layer, air temperature fluctuations become rapidly reflected in groundwater tempera-
ture. The relationships of water temperature with the depth if its occurrence during
a given month showed minor variations during particular years, resulting largely from
differences in air temperature.

5. EFFECT OF SLOPE EXPOSURE, GROUND MOISTURE AND LAND-USE PATTERNS
ON GROUNDWATER TEMPERATURE

The effect of local factors on groundwater temperature is exemplified by two
hydrogeologic sections located near the station of Dobiegniewo.

5.1 EFFECT OF LOCAL FACTORS ON GROUNDWATER TEMPERATURE IN A HYDROGEOLOGIC SECTION
EAST OF THE DOBIEGNIEWO STATION

Four piezometers were located in the section under investigation (Fig. 6). Piezometer
1 was 15 m distant from the reservoir. It was situated in close vicinity to the northern
fringes of a forest on river alluvium (poplar, ash tree). Piezometer 2 was located on the
southern fringe of the forest on river alluvium at the base of the north-facing slope of a

NNW cse

&0 a0 120 160 200 ™m
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Fig. 6. Hydrogeological section along the line of piezometers 1 —4, east of the Dobiegniewo station:

1 — fine and medium-grained sands, 2 — coarse sands containing gravel and pebbles, 3 —

embankment, 4 — groundwater and reservoir table levels on 27 October 1982, 5 — piezometer
number
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small dune. The dune is, as a rule, without vegetation (unconsolidated sand). Juniper
and dwarf pine are of local occurrence. Piezometer 3 was located at the base of the
south-facing slope of the dune. There is xerothermal turf containing mosses and lichens
around the piezometer. It is typical of warm and arid sites. Piezometer 4 was located in
the clearing inhabited by grass and young birches.

All the piezometers were located in an area with similar geological structure.
Medium-grained sands locally covered with fine dune sands spread over the surface.
Beneath is a continuous layer of water-soaked coarse sands containing gravel and
pebbles.

The characteristics of depths to water and extreme water temperatures in
piezometers 1—4 are presented in Table 1.

TABELE 1. Depts to water and extreme water temperatures in piezometers 1—4, 1983 —1984

PlesomEoE Depth to water in cm Water temperature in °C
number mean amplitude max. min. amplitude
1 113 37 14.1 39 10.2
2 90 52 16.5 40 12.5
3 91 51 18.7 30 15.7
4 77 56 16.5 2.5 14.0

Marked variations of water temperature in the piezometers are largely due to
differences in warming and cooling rates between the ground layers immediately
beneath the surface, depending on slope exposure and land use patterns (terrain cover).
Most uniform water temperatures were recorded in the forest (piezometer 1). As
opposed to bare soil, temperatures tended to be lower in the summer and higher in the
winter. A relatively low water temperature maximum in the forest can be linked to

1982 1983 1984

vil x xi ! m v wi Ix xi I 4] v vil X

Fig. 7. Mean monthly water temperatures in piezometers 1 —4, July 1982 —October 1984, against

mean monthly air temperatures, the Dobiegniewo station: A — mean monthly air and

groundwater temperatures, B — mean depths to water, 1983 —1984 (see Fig. 6 for piezometer
number)
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slower warming of the ground surface due to the presence of obstacles to sun-ray
penetration in the form of tree crowns, the shrub layer and litter. A somewhat greater
thickness and higher moisture of the zone of aeration, as well as microclimatic influence
of the reservoir may be of some significance.

The maximum water temperature at the base of the south-facing dune slope
(piezometer 3) was 2.2°C higher than that on the north-facing slope (piezometer 2) at the
same thickness values for the arid layer and at the same amplitudes of water levels and
as much as 4.6°C higher than that in the forest. Intense warming of the south-facing
slope in the summer and considerable loss of heat in the winter (exposed slope)
condition a high water temperature amplitude. The water temperature maximum in the
clearing was identical with that on the north-facing slope on the forest fringe, while its
minimum decreased to lowest values. >

The greatest variations of water temperature in the piezometers were recorded in
July and August (Fig. 7). This implies that the effect of slope exposure and terrain cover
on the microclimatic conditions and thus, groundwater temperature was extremely
marked in the summer. During the winter a snow cover serves as a heat insulator. The
occurrence of a snow cover, as well as hampering of the growth of a vegetation cover,
freezing of surface water, etc., contribute considerably to a reduction in microclimatic
differences due to differing slope exposure and changeable land use patterns. In
consequence, the goundwater temperatures were more uniform during the winter than
during the summer.

5.2. EFFECT OF LOCAL FACTORS ON GROUNDWATER TEMPERATURE IN A HYDROGEOLOGICAL SECTION IN
THF VICINITY OF THE DOBIEGNIEWO STATION

Six piezometers were installed in the section under investigation (Fig. 8). Piezometer
5 was located on a gently northward-inclined moist meadow above the water.
Piezometers 6 and 7 were situated at the foot of the west-facing slope of a small dune
within a grass-covered pasture. Piezometer 8 was located on a moist meadow stretching
at the foot af a gently inclined slope with a southern exposure. Piezometers 9 and 10
were located in a typical dense forest on river alluvium.

Medium-grained sands covered locally with fine dune sands are largely found on the
surface along the section line. The centre of the section is occupied by a terrain
depression (intermittent marshy ground) drained through a ditch to the Wiloctawek
reservoir after the damming of the Vistula water. The depression is filled with

u
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Fig. 8. Hydrogeological section along the line of piezometers 5—10, in the vicinity of the

Dobiegniewo station: 1 — fine and medium-grained sands, 2 — coarse sands containing gravel and

pebbles, 3 — embankment, 4 — fine and medium-grained sands containing organic -particles

(muck), 5 — piezometer number, 6 — groundwater, drainage ditch and reservoir table level on 27
October 1982
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medium-graiend sands containing large proportions of organic particles. The
substratum of the surface deposits is a continuous layer of water-saturated coarse sands
containing gravels and pebbles.

A survey of the section has shown that there is an undergound watershed on a
meadow in the vicinity of piezometer 8. It does not fit the terrain morphology. The
watershed is the result of groundwater drainage through a ditch, which modifies a
general north direction of groundwater runoff.

The influence of terrain morphology on groundwater temperature can be clearly
seen in piezometers 5 and 8 (Table 2). They are characterized by similar geological

TABLE 2. Depths to water and extreme water temperatures in piezometers 5S— 10, 1983 — 1984

IR Depth to water in cm Water temperature in °C
b mean amplitude max. min. amplitude
5 36 48 15.0 23 12.7
6 138 43 15.8 39 119
7 135 41 15.4 38 11.6
8 36 51 16.5 20 14.5
9 45 45 15.1 2.5 12.6
10 53 67 14.5 1.9 12.6

structure, identical depths to water and water table amplitudes and similar ground
moisture due to the location of piezometers on moist meadows. During the period of
investigation, water temperatures in piezometer 5 tended to be lower during the summer
and higher during the winter. This was due to a different exposure of slopes or different
conditions of warming and cooling of the ground surface. Piezometer S is located on the
“cool” slope with a northern exposure, while piezometer 8 is located on the “warm”
slope with a southern exposure. More uniform water temperatures in piezometer 5 may
be additionally produced by the microclimatic influence of the reservoir. The
north-facing slope directed towards the reservoir is subject to undoubtedly more
intensive thermal influence of the reservoir than the opposite slope more distant from
the reservoir.

A comparison of water temperatures in piezometer S with those in piezometers 6
and 7 is quite interesting. The thickness of the zone of aeration was 1 m greater in the
latter piezometers located at arid sites than in piezometer 5 located on a moist meadow.
During the summer water temperature tended to be higher in piezometers 6 and 7
rather than in piezometer 5 in spite of greater depths. Heat storage conditioned by
ground moisture is of major importance. The stored heat increases with increasing
moisture. Thus, the moist ground becomes warmed up at a slower rate than the arid
ground. In consequence, groundwater temperature is higher in arid regions during the
summer when the thickness of the zone of aeration and that of a terrain cover are
identical. Note should be made of the fact that relatively high water temperatures and
the lowest temperature amplitudes were reached in piezometers 6 and 7. This was
largely due to greater depths to water.

The maximum water temperature was lower in a forest on river alluvium
(piezometer 10) than in other piezometers. As has already been mentioned, tree crowns,
the shrub layer and litter, as well as higher ground moisture serve as heat insulators.
During the winter the water temperature was low. The minimum temperature of 1.9°C
was reached during a spell of spring meltwater release in March 1984. The accumulation
of meltwater in a small depression around the piezometer can account for this. In the
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case of a small thickness of the zone of aeration and high ground permeability, the
infiltrating meltwater affects directly the groundwater temperature. During the winter
and summer somewhat higher water temperatures were recorded in piezometer 9
located in a young forest on river alluvium.

5.3. IMPORTANCE OF THE THICKNESS OF THE ZONE OF AERATION AND LOCAL FACTORS IN SHALLOW
GROUNDWATER TEMPERATURE DYNAMICS

For the purpose of studying the intensity of the effect that a varying thickness of the
zone of aeration and local factors have on groundwater temperature throught the year,
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Fig. 9. Dependence of mean monthly water temperatures in piezometers on mean monthly depth to
water throughout the year, July 1982 — October 1984 .
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6. CONCLUSIONS

La méthode de simulation pour calculer les valeurs approximatives des flux de
chaleur, présentée dans cette étude, n’a pas pour but de remplacer les mesures prises sur
le terrain avec un appareillage approprié. Elle peut toutefois, malgré toutes ses
limitations et ses simplifications, nous rendre conscients de I'étendue des variation des
coefficients particuliers du bilan thermique dans différents types du milieu géographique
et dans des types choisis de temps, avec la grandeur quelconque du rayonnement net
(Rn) et des traits particuliers du milieu. Cela a une énorme importance dans les
pronostics des changements topoclimatiques résultant p.ex. de l'afforestation ou de la
deforestation, des améliorations fonciéres etc.

Le schéma des étapes de la procédure pour définir la valeur approximative des flux
particuliers de chaleur est représenté sur la Figure 1. Il en découle que la carte de

Fig. 1. Schéma d’établissement de la carte de I’échange de I’énergie entre
I'atmosphére et le sol et de calcul des valeurs des flux de chaleur particuliers.

Carte des unités spatiales de I'échange Description des unites
de l'énergic établic & partir de 'ana- spatiales par la structure
lyse des proprietes physiques de la du bilan thermique dans
surface active une période choisic de
la saison végétative et
Description des traits genéraux du bilan un type de temps choisi
thermique et des éléments stables (qui
ne changent pas au cours de I'année) de Coupes topoclimatiques
la surface active: pente et exposition des simulées

versants, forme du relief, genre du sol,

profondeur moyenne de la nappe phre-
atique, utlisation du sol

H, =ahlpRn
S, =ah,gpRn

Traits de la surface active changeants
au cours de I'année: hauteur et densité

du tapis végétal, humidité de la surface

active
T'ype de temps choisi Coeflicients

Rayonnement net

I'échange de I’énergie entre 'atmosphére et le sol peut contenir des informations
générales sur la structure du bilan thermique par un temps du type radiatif et en pleine
saison de végeétation. Il est possible d’appliquer les définitions relatives ou calculées
selon la méthode de simulation proposée. La légende de la carte devrait contenir aussi la
description de ces traits de la surface active qui sitbissent des changements au cours de
Pannée, c’est-a-dire de ’humidité du sol, de la hauteur et de la densité du tapis végétal
etc. Cela rendra possible I’évaluation de la grandeur des flux particuliers de chaleur dans
différents états du milieu. Les valeurs des flux H et S (et en conséquence aussi du flux E
en tant que reste du bilan: E = Rn—H—S), dans des conditions choisies du
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Fig. 1. The types ofi Poland’s bioclimate: 1 — strong stimulating bioclimate, II — moderate
stimulating, III — mild stimulating, IV — weak stimulating; subtypes: A — bioclimate of forested
areas with spare features, B — bioclimate of urbanized areas with strain features.

decade was then marked by hot summer in 1963, cool summers in 1962 and 1965, frosty
winters 1962/63 and 1969/70, wet summers in 1966 and 1970, and dry summers in 1964
and 1969; in all, the period had embraced a range of extreme weather conditions and,
therefore, be accepted as representative for evaluation of Poland’s bioclimate.

It is noteworthy that non— Polish bibliography gives few examples of cartographic
analyses made from the point of view of man’s bioclimatology. One such example is a
map of West Germany (Becker and Wagner 1972).

DISTINGUISHING THE TYPES OF BIOCLIMATE IN POLAND — AN ATTEMPT

Most of the Polish territory is under the weak stimulating bioclimate (type IV)
marked by mean values of bioclimatic elements and indices. It embraces the expanse of
the Middle-Polish Lowlands and the Northern sub-Carpathians, both of which are
characterized by hardly diversified terrain relief that naturally offers no hindrance to
free penetration by oceanic air masses, with westerly circulation. and of continental
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The map of bioclimatic types (Fig. 1) shows two subtypes (A and B) in each of the
four major types. The numerical characteristic of the types are shown in Table 1.

TABLE 1. Characteristics of the types of bioclimate in Poland

type I type 11 type III type IV
Mean yearly values, strong stimu- moderate stimu- mild stimu- weak stimu-
1961 —1970 lating lating lating lating
Sunshine duration (in hrs.) 1350—1616 1435—1580  1300—1550 1400—1650
Relative sunshine duration (%) 30-35 32-35 39-34 31-36
Cloudiness in 2nd term (%) 61—78 66—173 63—-76 65-175
Number of days with cloud-

iness < 50% 84—145 115—140 80—120 95—140
Number of days with 100%

cloudiness 100— 160 120—180 115—200 130 - 160
Temperature in 2nd term (°C) 02-9.9 7.5—-11.0 85—-11.3 9.0-—11.5
Extreme temperature amplitudes

°C) 52—-63 55—68 57—67 60 —67
Number of days with max. tem-

perature > 25°C 0-—19 6—30 19-37 30-40
Number of days with max. tem-

perature > 30°C 0-3 1-3 2-6 3-6
Number of days with min. tem-

perature < —10°C 6—60 15—-50 20-40 20—38
Number of days with max. tem-

perature < — 10°C 1-20 1-7 2—8 2-17
Relative humidity in 2nd term

(%) 66 —85 67—175 65— 170 65-72
Number of days with sultriness:

e > 18.8 hPa 0—15 5—16 7-26 15-20
Wind speed in 2nd term (m-s~?) 4.0-5.5 20-40 20-45 2.5—4.6
Number of days with

winds > 8 m-s~} 40—110 20—80 40- 60 20-60
Number of days with rain-

falls > 0.1 mm 145—250 165—210 130—180 150—180
Number of days with snow cover 60—215 60—130 80—105 60—100
Number of days with fog 55-215 30-95 20—-70 25—-80
Number of days with thunder-

17-35 18—30 15-30 10—25

1 Strom
|

Wooded areas are dominated by spare features of the bioclimate (subtype A), which
are an effect of the toning action of vegetation on radiation, thermal-humidity, and
mechanical stimuli. The main bioclimatic significance of the forest is that it improves the
hygiene of the air, absorbing dust and gaseous pollutants, while at the same time
muffling noise and enriching the air with aromatic substances (the biological impulses).
The positive psychological impact of greenery on man is not insignificant, either.

Urbanization and industrialization have and adverse impact on the radiation,
thermal-humidity, mechanical and acoustic stimuli, which is why these types of areas
have been marked as a separate subtype (B). Urbanized and industrialized areas tend to
display wide diurnal amplitude of air temperature, considerable variability of wind
speed (depending on street pattern), variable amount of solar radiation at street surface
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classes of weather in each successive month. For potential (Px), the model assumed
weathers favourable for climatotherapy and recreation (I, I,, I3, I,), and for resistance
(Ox) — the weathers definitely unsuitable for staying out of facilities.

Quality characteristics of climatic conditions were determined by parametres of
weather day-to-day variability (Btazejczyk, 1980 a), namely: frequency of changes of low
(i) and high (i,) intensity, stability of low intensity (s,) and high intensity changes (s,),
and probability of three successive days of the most favourable weathers (P)) as well as
unfavourable ones (Py;) for climatotherapy and recreation.

The complete model for evaluation of a climate’s usefulness for climatotherapy and

recreation (Kl) is as follows:
f’1+id\‘/l+sd\ /1+Pm)
\1+i/ \1+s./\1+P,)

I, +0.751,+0.51, +0.2I,

1+ 111

Kl (

)

The values of Kl index obtained were grouped into intervals of different usefulness
for recreation and climatotherapy:

Interval K1 value Evaluation of climatic conditions
A < 0.200 unfavourable
B 0.201 —-0.400 little favourable
C 0.401 —0.600 average
D 0.601 —0.800 favourable
E > 0.801 very favourable

Favourable and very favourable climatic conditions exist in Polish health resorts
from May through October, while in wintertime weather conditions are little favourable
for climatotherapy or recreation.

Obviously, also other characteristics of climatic conditions can be employed instead
of the weather typology and related parameters as used in this paper. In that event,
evaluation scale would need to be altered, too.

The basis for evaluation of terrain relief from the point of view of the needs of
recreation and climatotherapy were maps of relative direct solar radiation in a given
area on a month-to-month basis.

The quantity characteristic of the index of bioclimatic evaluation of relief was the
weighted average value of relative direct radiation (expressed in fractions of maximum
direct radiation) for the whole investigated area.

Treated as quality characteristic was the share of terrains displaying relative direct
radiation lower than that observed on terrains where direct radiation exceeds the total
radiation at horizontal surface in a given month.

The formula for bioclimatic evaluation of relief for climatotherapy and recreation
(Rt) is as follows:

/1+Nw_o\
\1 +I\IW>O/
20

Rt = 0.005 ) (Nw;'s)
i=1
where: Nw; — centre of the i-th interval of relative direct radiation, »; — the share in the
total area of terrains within the i-th interval of relative direct radiation, Nw_,, Nw,, —
the share of terrains on which relative direct radiation is lower or higher than the total
at horizontal surface in a given month.
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The present study employs the Struzka method (1956) for the calculation of relative
direct radiation. In Struzka’s tables, the values of relative direct radiation oscillate, in
the different months, from 0% in December — at northerly exposed slopes, to 200% in
June — on southerly exposed slopes (compared to 1/12th of the yearly value of direct
radiation). Hence the 0.005 coefficient in the formula. For other methods of determining
slope radiation, the coefficient and evaluation scale must be modified accordingly. The
values of the Rt index obtained may be grouped into intervales corresponding to the
different bioclimatic evaluations of relief from the point of view of recreation and
climatotherapy:

Interval Rt value Relief. evaluation
A <0.250 unfavourable
B 0.251 —0.500 little favourable
C 0.501-0.750 average
D 0.751 -0.850 favourable
E >0.851 very favourable

Usefulness of relief for climatotherapy and recreation is clearly dependent on the
time of the year due to considerable variability of solar radiation throughout the year.

Highest relief evaluation indices (Rt) are found on areas of diversified relief, i.e. in the
mountains, and the lowest on flat areas with monotonous relief.

Land organization was evaluated for climatotherapy and recreation with the use of
land use maps and air pollution data.

As the potential of quality characteristics for the index of bioclimatic evaluation of
land organization, the share in a given area of zones occupied by forest, parks or
orchards was assumed (Zw), and as resistance — the proportion of tightly built-up
urban areas (Zm).

The potential of quality characteristics was expressed in Am coefficient indicating the
impact of sea aerosol in formation of bioclimatic conditions. The resistance of quality
characteristics was air pollution coefficient Op.

The formula for bioclimatic evaluation of land development from the point of view of
the needs of recreation and climatotherapy (Zt) is as follows:

‘. Op )

\Am/

Zw
- (I¢/nx)

Here, air pollution coefficient is dependent on total yearly amount of dustfall and
changes in dustfall level throughout the year. The liminal value assumed was the
dustfall of 100 mg-km~2-year™*. For localities with dustfall greater than that, the Op
coeflicient was calculated as follows:

dustfall
100

Op = x weight, depending on month

In the different months, the weight factor is: I — 0.79, II — 0.82, III — 1.0, IV — 1.10,
V — 118, VI — 1.19, VII —1.17, VIII — 1.15, IX — 1.03, X — 1.07, XI — 0.89,
XII — 0.74. If the calculated value of Op was less than 1, then Op was assumed to be
Op = 1. For localities with dustfall lower than the 100 mg-km~2-year™!, Op — in the
period from May through October — was assumed to be equal to the weight factor
ascribed to each month, and for the period from November through February, Op = 1.

The values of the Op coefficient can also be calculated on the basis of data showing



Bioclimatic evaluation 145

concentration of toxic chemicals in the air. Unfortunately, no such data were available
for this research.

The Am coefficient applies only for seaside localities and those where sea aerosol is
spread in an artificial way. For all others, Am = 1. The coefficient has been calculated as
follows:

1

1—Sa
where Sa is the share of zones with increased level of sea aerosol in the air within total
area of locality.

The values of the Zt index can be grouped into intervals of different bioclimatic
usefulness of land organization for climatotherapy and recreation.

Am =

Interval Zt value Evaluation of land organization
A < 0.200 unfavourable
B 0.201 —0.300 little favourable
C 0.301 —0.400 average
D 0.401 —0.500 favourable
E = 0.501 very favourable

The values of the Zt coefficient for Polish health resorts display little variability
throughout the year, yet considerable diversification in space. Many of the Polish health
resorts have very favourable land organization, but there is also a significant group of
ones with land organization unsuitable for climatic treatment and recreation.

MODEL FOR COMPREHENSIVE BIOCLIMATIC EVALUATION

It is a common knowledge that man is not affected by separated elements of his
geographical environment, but by a combination of them all. Usefulness of geographical
environment for recreation and climatotherapy is modified, in varying degrees, by land
development and relief. Formula of comprehensive bioclimatic evaluation of a locality
or area will be as follows:

Kl+Zt+0.5Rt

3
The values of the Bk index have been grouped into intervals of different usefulness of
bioclimatic conditions for climatotherapy and recreation:

Bk

Interval Bk values Bioclimatic conditions evaluation
A <0.175 unfavourable
B 0.176 —0.317 little favourable
C 0.318 —0.459 average
D 0.460—0.574 favourable
E = 0.575 very favourable

Highest Bk values among selected Polish health resorts have been found to occur in
the mountain resorts of Polanica, Swieradéow and Krynica (Fig. 2). Lowest Bk are in
health resorts located in central and northern Poland: Busko, Inowroctaw and
Kolobrzeg.

The different resorts have sometimes considerable differences in yearly variability of
bioclimatic evaluation index; from unfavourable or little favourable conditions during
the wintertime months, to favourable and very favourable in summer (Fig. 3). Generally,
the most suitable time for climatotherapy and recreation in Poland is the period from
April through October, and in the mountain resorts also during the winter months.

10 — Geographia Polonica t. 53
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Fig. 2. Mean yearly values of the index of comprehensive bioclimatic evaluation (Bk) of selected
health resorts in Poland: A — unfavourable, B — little favourable, C — average, D — favourable,
E — very favourable

Swieradéw
Polanica
Krynica
teba
Muszyna
Szczawnica
lwonicz
Ust ka
Swinoujscie
Kudowa
Ra bka
Lgdek
Potczyn
Jastrzebie
Busko
Ciechocinek
Inowroctaw
Szczawno
Kotobrzeg

Fig. 3. Yearly values of indices of comprehensive bioclimatic evaluation Bk (interval values) in
selected Polish health resorts: A — <0.175, B — 0.176—0,317, C — 0.318—0459, D —
0460—0.574, E — >0.575

MODEL FOR BIOCLIMATIC TYPOLOGY OF HEALTH RESORTS AND RECREATION
AREAS .

Health resorts displaying related characteristics have been grouped together with the
use of numerical taxonomy. The characteristics were indices of evaluation of climate,
relief and land organization for each of the four seasons of the year. They were the
quantity characteristics. Their values were established separately for each of the resorts
under study.
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Fig. 4. Diagram of similarity indices for health resorts in Poland included in the study: 1 — Leba,
2 — Ustka, 3 — Kotlobrzeg, 4 — Swinoujécic, 5 — Polczyn, 6 — Inowroctaw, 7 — Ciechocinek,
8 — Busko, 9 — Jastrzebie, 10 — Swieradéw, 11 — Kudowa, 12 — Szczawno, 13 — Polanica,
14 — Lydek, 15 — Rabka, 16 — Szczawnica, 17 — Muszyna, 18 — Krynica, 19 — Iwonicz

The above model for bioclimatic evaluation and typology of health resorts and
recreational areas is applicable to any geographical conditions if their typical
parameters — characterizing local environmental properties — are taken into the
calculations.
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The geomorphic evolution of Poland’s territory

in Tertiary times

=denuded land-mass

=l SRR

-depositional plain

-erosional-denudational plain

-extent of the late Eocene marine transgression

I —

—extent of the Upper Oligocene marine transgression

extent of the Paratethys transgression:
wemameeme @) during the Badenian

=emmmm e B} during the Sarmatian

- — i

-present-day extent of the Miocene marine deposits

ccccccccccccc

-extent of the Sarmatian inland sedimentary basin

—present—-day extent of the Miocene inland sediments

limit either of periodically flooded areas or of a residual lake during the Pliocene:
— a) according to S.Z. Rozycki (1972)

= = == b) according to S. Dyjor (1987)

assn_  ~tectonic scarps and major fault zones
W -grabens
C'_:) -post-orogenic collapse basins
(Ej -extensive closed depressions of tectonic and probable karstic origin
———r  -scarp following the front of both flysch and Miocene nappes
———  -scarp following the front of flysch nappes
AL -active volcanoes
AA -inactive volcanoes

-areas showing uplift tendencies

-areas showing tendencies towards subsidence
—cuestas and other denudational escarpments
—outliers and uponliers

—Carpathian Foot-hills scarp of both tetonic and denudational origin

-mountains

~foot-hills

-intramontane basins

-hard-rock ridges

L L] -inselbergs
AA -karst residuals (mogotes)
] -karst depressions true to scale
B -other karst depressions and caves
====  -elongated depressions of an unknown origin
- ~fluvial valleys
% —important water gaps
'E-'-"_,:.-:.i.-—_:';_f: -alluvial fans
-
———>  -drainage direction
supplies of deltaic materials:
—== a) during the Upper Badenian
s«ssep b) during the Lower Sarmatian
=== =bogs giving rise to brown coal seams (selected)
15,52 -absolute age (million years)

=0

50 1?0 km
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