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Jerzy TRZCINSKI

Qualitative and quantitative analysis of microstructures
in Polish glacial tills with respect to their age

A new method has been applied in the course of analysis of glacial tills, in areas glaciated during the North Polish,
Middie Polish, and South Polish Glaciations. The mctihod has not yet been commonly employed for assessing
engineering-geological characterstics of soils. This study has allowed for determination thal matrix microstructure
is the most common in glacial titls. Amongall tills in Poland the youngest1ills have maximurm porosity, but contacts
and struclural tes in these tills are logse. The older Lhe glacial {ills, the less porosity and closer contacts and ties
they have.

INTRODUCTION

This paper presents the comparative characteristics of microstructures in glacial tills in
areas of the North Polish, Middle Polish, and South Polish Glaciations. The study of the
subject with relation to age of tills has been conducted for a couple of years; as a result,
sufficient data has been collected making it possible to summarize the work and define some
general conclusions.

The analysis of microstructures was carried out at the laboratory of the Faculty of
Geology, Moscow University. There, a high-resolution scanning electron microscope
(SEM) was employed along with an image analyser and a software package applicable to
quantitative analysis of microstructure display (STIMAN software, version 2.05). The
STIMAN software was entirely developed by Professor W. N. Sokoiov’s team at the Soil
Department of the Faculty of Geology. This software is perfectly suited to the purpose of
microstructural studies of all medium- and fine-grained soft and hard granular soils. In
particular, it has found application in soil science as one method for studying the micro-
structures of clay soils.
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The scanning microscope method allows a short time of examination, high accuracy,
and a complete qualitative and quantitative characterization of samples. Due to such
advantages, the method can be considered one of the best in studying soil microstructures.

Sample preparation and a detailed course of examination has been described in detail
by V. 1. Osipov et al. (1989); the same has been presented in brief by J. Trzciriski’s (1993).

Quantitative analysis of a sample provides information on many parameters tbat
characterize morphometry and geometry of pore space; in addition, it provides information
on distribution of the said parameters within an arbitrarily chosen range. A set of photo-
graphs of sample surfaces enables quantitative characterization of the microstructure with
all its mineral efements, their contacts and porosity.

The research study on engineering-geclogical characteristics of glacial tills originating
during different glaciations was conducted in a multi-stage arrangement. Study of physical
and mechanical properties was conducted in parallel with microstructural study making use
of the scanning electron microscope (SEM). Between 1990 and 1992 a scientific description
of matertals from glacial tiils of the North Polish Glaciation was finalized. In 1993 and 1994,
work was under way dealing with glacial tills of the Middle Polish and Scuth Polish
Glaciations; the work was financed by the University of Warsaw.

The author wish to express his gratitude to all who offered their help during the research
study. In particular, this wish is directed to Dr. J. Dzierzek and Dr. J. Nitychoruk for making
it possible to collect samples from areas of their disserlations, and for their kind help in
sampling; Prof. R. Kaczyrniski — who was the scientific adviser for this study; Prof. E.
Myslifiska — the Head of the Soil Science Division of the Faculty of Geology at Warsaw
University, where the entire study was conducted; and Prof. V. N. Sokolov from the Soil
Department of Moscow University for making it possible to carry cut the microstructural
examination in his laboratory and for his kind help in interpreting the result.

LOCATION AND SELECTION OF RESEARCH MATERIAL

Location of sampling points for which the microstructures were qualitatively and
quantitatively analysed is shown in Figure 1. For the North Polish Glaciation with its
maximum extent along the line A-A’, the locations of sampling points are in agreement
with Figure 1 of R. Kaczyriski and J. Trzcinski (1992}.

From peints Figure | that are in marked wilh more than one number, were samples
collected from till horizons of different age or frem lithologically different horizons.
Samples were collected at different depths, the most common was adepthof 1.5t03.0m
below ground level. If possible, samples from deeper horizens were collected only from
outcrops. Such are the samples from: Ujécie near Pila, Wielka Turza near Dzialdowo,
Poznan, Warszawa, Moszczenica, and Belchatéw. The deeper sampling deals with Betcha-
téw where samples were collected at a depth of 80 m below ground level. In remaining
locations, the sampting depths were in the range of a few to a dozen metres below ground
level,

The following criteria were applicable when selecting locations for sampling of glacial
tills:
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Fig. 1. Location of sampling peints; samples collecled at these points were subjcel to inicrostructural analysis
North Polish Glaciation:/— Punsk, 3 — Giéycko 1, 5 — Ranty, 7 — Poznaf, 8 — Stargard’
Szczecifiski, 70 — Whodarka near Trzebiatéw, 77— Jelonki near Polezyn Zdréj, I3 — Ujécie 1 near Pita, 14 —
Ujécie 2 ncar Pita, /5 — Kobierniki nzar Plock, /6 — Trzeciewiec near Bydgoszez, /7 — Wiadyslawowo, /8§ —
Sulechéw—Brzezie, /19 — Swiebodzin, 20, 66, 72 — Wielka Turza near Dziatdowo, 22 — Tiwoli near Brodnica,
23 — Wétka Majdariska near Ostréda, 24 — Elblag, 26 — Strzelno, 27 — Naklo, 28 — Chojniee, 29 — Byidw,
30— Przodkowo near Kartuzy, 37— Ujécie 4 near Pita, 67 — Poznai;M iddle Polish Glaciation:
31 — Serpelice, 32 — Wélka Nosowska, 33 — Osdéwka, 34 — Hrud, 35 — Radom, 3§ — Ujseie 5 ocar Pifa, 42
— Warszawa Metro 1, 43 — Warszawa Melro 2, 46 — Belchatéw 3, 47 — Belchatéw 4, 5/ — Warszawa Faculty
of Geology, 32 — Warszawa Mokowdw |, 53 — Warszawa Moketbw 2, 54 — Warszawa Mokotéw 3, 56 —
Gliwice—Ostropa, 59 — Swidnica, 65 — Debe-on-Narew, 68, 79 — Polichno near Piotrkéw Trybunalski, 68 —
Moszczenica;South Polish Glaciation:40—Belchatéw |, 47— Betchatdw 2, 48 — Myslowice,
49 — Brzesko, 50 — Pilzno, 6] — Wioszczowa, 62 — Wodzistaw, 63 — Lipiny near Krzeszéw, 73 — Woiniki
Slaskie, 75 — Pszczyna Stara Wied; A-A” — maximum extent of 1he North Polish Glaeiation; B-B' — maximum
extent of the Middle Polish Glagiation; C-C* — maximum extent of the South Polish Glaciation

Lokalizacja miejse pobrania prébek, dia ktérych wykonano analize mikrostrukturalna

Nazwy migjscowosct — pauz lekst angielski; A--A’ — maksymalny zasieg ziodowacenia péinocnopolskiege;
B-B' — maksymalny zasieg zlodowacenia §rodkowopolskiego; C-C' — maksymalny zasigg zlodowacenia
poludniowopolskiego

— only such outcrops were selected that ensured freshness of collected samples {clay
pits, open mines, sand pits, gravel pits, and foundation excavations),

— ti]l samples were collected from below the freezing and weathering zones,

—- an effort was exerted to locate the sampling points so that they would be equally
distributed over all three glaciation areas.

However, some difficulties appeared in keeping the sampling points distributed equally;
this was due either to lack of new fresh outcrops or lack of glacjal till within a given area.
Also, Figure 1 does not include all locations from which sample material was collected for
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laboratory examination since the number of microstructural analysis was sufficient and
representative enough to draw more generalized conclusions. From a statistical point of
view, 57 samples were selected for qualitative and quantitative microstructural analysis,
out of which 27 sampies were coilected from the area of the North Polish Glaciation, 20
samples from the area of the Middle Pelish Glaciation, and 10 samples from the area of the
South Polish Glaciation.

QUALITATIVE CHARACTERISTICS OF MICROSTRUCTURES

Pictures taken with the use of the scanning electron microscope (SEM) turned out to be
helpful in characterizing the microstructures in tills and in classifying their appropriate
types. A surface perpendicular to bedding was subject to observaticn in at least two samples.
Magnification was in the range of several hundred to several thousand times.

B. Grabowska-Olszewska’s et al. (1984) classification was employed for the purpose
of determining the characteristics of microstructures.

THE NORTH POLISH GLACIATION

A total lack of orientation of component elements in glacial tills is a particular feature
of microstructures in the case of the North Polish Glaciation (P1. I, Figs. 14). Depending
on granulometric composition, and particularly on the content of the clay fraction, there are
larger elements, aggregates, and silty-sandy grains inserted in a chaotic mass of clayey
particles and microaggregates. A skeletal or skeletal-matrix microstructure type prevails in
glacial tills with lower elay content and increased quantity of silt and sand fractions. If the
amount of the clay fraction increases then the matrix microstructure is more dominant.

The clay microaggregates with their size of a dozen micrometres or so are composed of
clay particles, the size of which is a fraction of to several micrometres. Grains belonging to
both the silt fraction and fine sand fraction barely appear in aggregates. As to the fine sand
grains, they are often surrcunded by clay particles; this is the way large aggregates are
formed. Their size reaches scores of micrometres or sometimes even more than 100 m.

Porosity in glacial tills of the North Polish Glaciation is of a complex character. Both
the interparticle pores and intermicreaggregate pores are mainly isometric, and their size
can be even a dozen micrometres or 0.

The interaggregate and intergranular pores are rather anisometric or even fissure-like,
and their size can be from several dozen to over 100 um

The most common contact between particles is of face-to-edge type at large and medium
angles. Contacts of face-to-face and edge-to-edge types are very rare or do not occur at all.

Contacts between microstructural elements are of double character. Coagulation con-
tacts, the most common for the microstructures in tills of that age, result from interaction
of intermolecular van der Waals forces, electrostatic Coulomb forces, and magnetic forces.
Less common are point contacts and phase contacts; both are controlled by ion-electrostatic
and chemical forces (B. Grabowska-Olszewska, 1990).

In conclusion it should be noted that the microstructures in the glacial tills belonging to
the North Polish Giaciation have very high total porosity and loose structural contacts
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between component elements, and elements of microstructure are poorly oriented or
disoriented.

THE MIDDLE POLISH GLACIATION

In the glacial tills of the Middle Polish Glaciation (P1. I, Figs. 5, 6; P1. II, Figs. 7, 8),
matrix microstructure is dominant. Ancther type of microstructure, namely a skeletal-ma-
trix, is less commoen; this is due to the increase of the clay fraction content in the
granulometric composition of tills.

The clay particles form a chaotic and disoriented mass in which large grains and
aggregates of silty and sandy fraction have been stuck. In tills of that age it is also possibie
to observe some orientation of microstructural elements, although this deals with a small
number of samples or with some fragments only.

It was noticed that there is almost absolute lack of isometric interparticle and intermicro-
aggregate pores. Pores of this class are of anisometric or fissure-like shapes only, and their
size ranges from a fraction of to several micrometres. The interaggregate and intergranular
pores are exclusively of fissure-like type; anisometric pores are rare. There are only a few
pores of this class; their size can be scores of micrometres.

Types of contacts in glacial tills of the Middle Polish Glaciation are most often of
face-to-edge type, at medium and low angles. Also, face-to-face type contacts appear a more
often; however, it is impossible to identify individual clay particles since they have been
joined together to such a degree that it is difficult to delineate any boundary between them.

The occumence of coagulation contacts in the microstructures in tills of this age is of
minor importance. The contacts between the structural elements are mostly formed by the
contacts of point and phase types. The latter begin to be more important and chemical forces
start to be dominant in formation of microstructures.

There is medium or low total porosity in glacial tills that originated during the Middle
Polish Glaciation; and contacts between particular elements of microstructure are very close
and increasingly stable.

THE SOUTH POLISH GLACIATION

Matrix microstructure is the dominant type in tills of the South Polish Glaciation (PL. IT,
Figs. 9—12). The skeletal microstiucture cannot be found here, and the skeletal-matrix
microstructure can be observed only occasionally.

Depending on the granulometric composition, the glacial tills of the South Polish
(Glaciation contain a clay fraction as a greater or lesser percentage. The clay fraction makes
up a chaotic mass. Embedded in this mass are grains and aggregates of sand and silt
fractions. However, the microstructures or their fragments often co-occur with clay particles
keeping some previous directional orientation. It is difficult to identify individual clay
particles, since these particles and the microaggregates as well, adhere tightly to bigger
aggregates and grains.

Interparticle pores are almost entirely missing. Exclusively fissure-like pores are en-
countered. Both the intermicroaggregate and interaggregate pores are also fissure-like; in
addition, they are limited in number. Sometimes thec anisometrie shapes occur among the
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intergranular pores; but in principle the fissure-like pores are dominant. Their size does not
exceed tens of micrometres.

The face-to-face and edge-to-edge types are dominant contacts of elements in micro-
structures. Contacts of face-to-edge type are almost lacking and are characterized by very
low angles.

Phase contacts with dominant chemical forces between microstructural elements occur
almost exlusively. Point contacts are very rare; they are held together by lon-electrostatic
forces.

It should be noted in conclusion that very poor porosity and strong structural ties are the
characteristic features of tills of the South Polish Glaciation.

QUANTITATIVE CHARACTERISTICS OF MICROSTRUCTURES

A representative fragment of the entire sample was selected for quantitative analysis of
the sample surface with the use of the scanning electron microscope (SEM). Selected
fragments of the sample surface were analysed under eight magnifications in the range of
250to 32 000 times; a double magnification of consecutive close-ups was the idea involved
in magnification procedure. Then, the data set was transmitted to the computer where it was
processed using the STIMAN software.

From 10 to 12 parameters were analysed with respect to morphometric and geometric
features of porosity. Apart from total porosity and number of pores, the analysis covered
the following properties: diameter, perimeter, and total pore area. Direction of orientation
and ceefficient of microstructure anisotropy were two other parameters used to characterize
the geometric arrangement of microstructural elements. These parameters have been
discussed by I. Trzcirski (1993).

Table 1 offers all results of analysis of microstructures for glacial tills from ail three
glaciations in Poland. The tabulation contains the most important ten parameters, with their
minimum and maximum values and arithmetic averages as well.

From analysis of total porosity a conclusion can be drawn that ranges of variability for
glacial tills from consecutive glaciations are partly censistent. In particular, this is clearly
visible in the case of tills from the North Polish and Middle Polish Glaciations. A very broad
range of variability occurs in the case of glacial till of the Middle Polish Glaciation. There
1$ no correlation between varability ranges for the North Polish and Middle Polish
Glaciations. Distinct differences occur in relation to variability of average porosity among
the glacial tili of all three glaciations. This relationship is exposed not only by the
quantitative study with the use of the SEM method but also by laboratory examination. A
comparison between these two groups of porosity is shown in Table 2. As can be concluded
from this table, there is a very close connection of porosities determined on glacial tills
belonging to the North Polish Glaciation. It should be noticed that the maximum number
of quantitative analyses and laboratory studies deals only with the tills of this glaciation.

There is also a very good correlation observed in porosity of tills for the Middte Polish
Glaciation, despite the fact that the range of analyses and laboratory studies was less in this
case. Maximum disproportion appears between laboratory studies and guantitative analyses
carried out on glacial tills of South Polish Glaciation. This case refers to the lowest number
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Table 1

Quantitative parameters of microstructures in glacial tills

Glaciations
Parameter North Polish Middle Polish South Polish

R X R X R X
Porosity n [%] y 10.8-44.] | 38.6 | 223415 | 323 19.6-362 | 24.6
Number of pores ¥ [- 107] 38-842 246 6274 102 7-293 72
Average pore diameler dgy [um] 0.12-0.40 | 0.19 | 0.17-0.88 | 039 | 0.17-1.35 | 0.59
Total pore perimeter £ [-1 03,u.|n] 70-1011 371 51-391 197 67-440 165
Average pore petimeter Pgy [Lm] 1.08-328 | 1.57 [ 1.22-646 | 2.86 | 1.50-1045 | 493
Total pore area § [-10°um? o111 <y 24-91 2 23-31 25
Average pore aren Saw [Um*] 007067 | 0,18 | 0.11-2.56 | 0.6]1 0.11-3.90 | 1.30
Average pore form index Ky 0.38-0.60 | 0.51 | 042-061 | 0.50 | 040049 | 0.44
Microstructure anisotropy index Ky [%] 0.4-16.5 9.5 5.1-24.0 11.8 4.6-26.3 2.3
Dominant orientation direction of
microstructural elements ¢ [°) 23-159 98 3-148 64 12-113 63

R — range of variability; ¥ — arithmelic average

of analyses. However, a good agreement in results in both groups of studies confirms the
applicability of quantitative anatysis of microstructures with the use of the SEM method.
It should be expected that increased porosity is followed by increased number of pores.
In particular, abundant pores occur in the tills from the North Polish Glaciation {from 38 to
842-10%). This is due to the existence of a great number of very fine pores belonging, in
particular, to the interparticle and intermicroaggregate types. The total number of pores in
glacial tills representing the Middle Polish and South Polish Glaciations decreases in a
significant way, and their number is 293 10° accordingly. The fine pores in the microstruc-
tures of tills from both glaciations are not as abundant as in the case of microstructures in

Table 2
Porosity of glacial tills
Laboralory study Study with the use of SEM
Age of glacial tills

R X R X
North Polish Glaciation 314458 386 30.8-44.1 38.6
Middle Polish Glaciation 25.5-38.2 317 22.3-41.5 323
South Polish Glaciation 22.5-337 28.7 19.6-36.2 246

Explanations as in Table 1
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Fig. 2. Rose diagrams for glacial tills: a — of the North Polish Glaciation, b — of the Middle Polish Glacialion, ¢ — of the South Polish Glaciatjon

K4 — microstructure anisotropy index, ¢ — dominant direction of orientation of microstructural elements

Réze orientacji dla ghin zwatowych: a — zlodowacenia pétnocnopolskiego, b — zlodowacenia §rodkowopolskiego, ¢ — zlodowacenia poludniowopolskiego
Ka— wspbiczynnik anizotropii mikrostruktury, o — przewatajacy kierunek orientacji elementéw mikrostruktucy
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tills from the North Polish Glaciation. There is a decreasing trend in a total number of pores,
directed toward the tills representing the older glaciations.

Disproportion in distribution of pore sizes in particular tills from different glaciations
becomes more distinct when consideration is directed to analysis of average pore diameter.
For tills of the North Pelish Glaciation this parameter takes a value of 0.12-0.40 pm. For
the older glaciations the maximum value of average pore diameter is 0.88 Lim for the Middle
Polish Glaciation and as much as 1,35 um for glacial tills of the South Polish Glaciation.
The average value shows a very clear increasing trend toward the older glaciations from
0.19 to 0.59 pum. This is evidence for participation in porosity of large pores in older tills
as opposed to smaller pores in younger tills.

Consequently, averages for total pore perimeter (P) decrease from as much as 371-10°
Lm for glacial tills of the North Polish Glaciation to 165 103 pm for glacial tills of the South
Polish Glaciation. An analogous situation refers to the determination of average pore
perimeter (#,,). The increase in this parameter’s value is confirmed for the glacial tills of
older and older glaciations. The minimum value of average pore perimeter for glacial tills
is equal to 1.08 [Lm while the maximum is as much as 10.45 [um. Average value of this
parameter for glacial tills of the North Polish Glaciation is equal to 1.57 pum, for glacial tills
of the Middle Polish Glaciation — 2.83 pm, and for glacial tills of the South Polish
Glaciation — as much as 4.93 pm.

Contrary to expectation, average value of total pore area (S) for glacial tills of different
ages does not differentiate much. Nevertheless, from analysis of particular ranges of
variability there is a big difference emerging in favour of glaczal tllls of the North Polish
Glaciation, in which this parameter reaches a value of 111-10° um?. The same parameter
for the South Polish Glaciation is 31-10° ;.Lm at most. When analysing the average pore
area, an increasing trend is clearly visible in this parameter toward the glacial tills of the
older and older glaciations.

The average pore form index (Kf) is a parameter applicable for determining the shape
of a pore. The closer the value of this parameter to 1, the more isometric is the shape of the
pore. On the other hand, the lower the value of this parameter and closer to 0, the more
elongated the pore (meaning: anisometric). The K-values for glacial tills of the North Polish
Glaciation are variable in the range of 0.38-0.60 {with the average equal to 0.51). A similar
range for this parameter is also representative for glacial tills of the Middle Polish
Glaciation, Sufficiently large range of Kf variability for both the glacial tills provides
evidence for different shapes of pores. Significantly lower differentiation deals with the tills
of the South Polish Glaciation since the form pore index varies from 0.40 to 0.49 (average
equal to 0.44). Therefore, shapes of pores in the till of this age are of lesser variability and
their average Kfvalue indicates the most anisometric pores.

A microstructure anisotropy index (K;) for the tills representing the North Polish
Glaciation is in the range of 0.4 to 160.5%. These values are very low and medium,
respectively, and this fact evidences a weak orientation of microstructure in the said tills.
The K, values for the glacial tills of the North Polish and Middle Polish Glaciations are of
the same range — from 4.6 to 26.3%. Such facts are a basis for concluding that the
microstructures in glacial tills of both glaciations are medium- and high-oriented. Dominant
directions of orientation of microstructural elements (0t} are consistent with the relationship
concluded from analysis of index K. The said relationship is clearly shown in Figure 2



Quantitative parameters of microstructures in glacial till from selected vertical profiles

Table 3

Ujécie near Pita Belchatéw Warszawa—-Mokotéw
Parameters 2

13 14 37 38 46 47 41 40 52 53 54 43
Porosity n [%] 349 30.8 28.7 24.4 0.2 253 220 19.6 41.5 36.6 35.6 223
Number of pores M [- 10°] 139 77 147 45 53 31 7 13 274 117 247 16
Average pore diameter dgyv (Lm) 0.22 0.23 0.24 0.35 0.40 0.39 1.35 0,89 0,15 0.20 0.17 0.81
Total pore perimeter P [-10°um) 244 145 252 (44 182 106 67 88 348 232 391 97
Average pore perimeter Pgy (um] 1.76 1.88 1.9 3.20 347 | - 343 10.45 7.00 1.27 1.97 1.58 5.99
Total pore area S [- 103 gum?) 28 20 25 23 2% 27 25 23 29 31 28 25
Average pore area Sqy [Lm?] 020 026 0.17 0.52 0.55 0.87 3.90 1.80 0.11 026 0.1} 1.54
Average pore form index K 0.56 0.54 0.50 0.40 045 0.48 0.43 0.43 0.39 0.56 0.52 0.42
Microstructure anjsotropy index
K (%] 8.1 5.B 11.0 152 169 18.1 26.3 5.5 7.0 5.4 82 8.1
Dominant orientation direction of
mierostructural efements o [*] 74 85 gl 29 i 110 12 80 145 148 53 23

1 — glaeial tills of the North Polish Glaciations, 2 — glacial tills of the Middle Polish Glaciations, 3 — glacial tills of the South Polish Glaciations; designation of sampling
points (by numbers) are given along with the depth of sampling: /73 —4.5m, 14 —7.0m, 37 — 11.5m, 38 — 150 m, 46 — 3.0 m, 47 — 83 m, 4] — 56.0m, 40 —

77.0m, 52 —2.5m, 53 — 13.0m, 54 — 19.0m, 43 — 22.0 m; locations as shown on Figure 1

(At
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showing rose diagrams for the structural elements as well as the values of & for the glacial
tills.

There is a strong differentiation in minimum and maximum values of guantitative
parameters of microstructures for glacial tills from all the sampling peints (Tab. 1); this
differentiation deals with data from any single glaciation, but also appears among different
glaciations. However, the range of average values explicitly indicates essential differentia-
tion occurring between glacial tills of younger and older glaciations.

When consideration is directed to values of parameters for glacial tills in vertical profiles
only, then the same differentiation is revealed in a distinct way. Table 3 contains arithmetic
averages from quantitative analysis of microstructures in glacial tills from the following
three outcrops: Ujécie near Pita, Befchatdéw, and Warszawa. Consecutive samples were
collected from these exposures at increasing depths; they are indicated in the explanation
to Table 3.

It should be noticed, when analysing values of parameters for the said exposure, that
increasing depth of sampling Is followed by a dectease in porosity. Such a situation is
representative for each profile. The average pore form index (Kf) also gets lower value with
the increase in depth; this is a manifestation of change in pore shape. Pores in till samples
collected at shallow depth keep a nearly isometric shape, while pores in glacial tills collected
at greater depth are more and more anisometric. This relationship is confirmed by a
microstructure with an anisotropy index (K,), value which increases with depth of sampling.
Thus, the glacial tilis sampled at shallower depth have weakly oriented microstructure
whereas the tills from deeper horizons are highly oriented in this respect. Parameter ¢,
presenting the dominant direction of orientation of microstructural elements, confirms the
relationship which was noticed for index K.

SUMMARY AND CONCLUSIONS

The qualitative and quantitative analysis of microstructures in glacial tills in Poland has
been carried out in order to obtain the complete engineering-geological characteristics of
these deposits. This objective has been reached and the characteristics of ills presented with
no omission. Completion of the study on microstructures in glacial tills of different age
allows presentation of a summary and formulation of general conclusions.

|. The method employed in qualitative and quantitative analysis of microstructuresusing
the scanning electron microscope (SEM) appeared to be very suitable to characterization
such as that covered by this paper.

2. High precision and short analysis time are advantages of the method.

3. Samples were collected at depths beneath the zone subject to exogenous conditions.

4, Analysed samples, collected at 57 sampling points, were representative for the North
Polish, Middle Polish, and South Polish Glaciations.

When concluding the qualitative analysis of microstructures in glacial tills it should be
emphasized that:

. Matrix microstructure is the main type; skeletal-matrix and skeletal microstructures
are of secondary importance.
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2. Interparticle and intermicroaggregate pores of isometric type in glacial tills of the
North Polish Glaciation change to anisometric and fissure-like types in glaciat tills of the
Middle Polish and South Polish Glaciations or are entirely missing in those tills.

3. The interaggregate and intergranutar pores in the glacial tills of the North Polish
Glaciation are primarily of anisotropic type and subcrdinately of fissure-like type; the
fissure-fike pores occur almost exclusively in the glacial tills of the Middle Pelish and South
Polish Giaciations.

4. Contacts between structural elements in the glacial tills of the North Polish Glaciation
are mainly of face-to-edge type atlarge and medium angles, whereas they are of face-to-face
and edge-to-edge types in the glacial tills of the South Polish Glaciation.

5. Dominant contacts in the glacial tills of the North Polish Glaciation are coagulation
contacts; point contacts are dominant in glacial tills of the Middle Polish Glaciation, and
phase contacts deminate in glacial tills of the South Polish Glaciation.

6. The absence of orientation in stractural elements is a characteristic feature of glacial
tills of the North Polish Glaciation; and the most visible orientation occurs in the tills of the
South Polish Glaciation.

Recapitulation of quantitative anatysis of microstructures in the glacial tills leads to the
following conclusions:

1. Average porosities are Jowest in the glacial tills of the South Polish Glaciation whereas
maximum values are reached in the tills of the North Palish Glaciation.

2. The tota] number of pores reaches its maximum in the tills of the North Pelish
Glaciation whereas it significantly decreases in the tills of both the Middle Polish and South
Polish Giaciations.

3. Average pore diameter increases from 0.19 [Lm in the glacial tills of the North Polish
Glaciation to 0.59 pm in the case of tills of the South Polish Glaciation.

4. Minimum average pore perimeter is equal to [.48 lm in glacial tills of the North
Polish Glaciation, and maximum of 10.45 um is reached in glacial tills of the South Polish
Glaciation. :

5. Average pore area exhibits an increasing trend toward older glaciations.

6. Pore form index (Kp) for glacial tills of both the North Polish and Middle Polish
Glaciations attains greater values than that representative for glacialtills of the South Polish
Glaciation.

7. Anisotropy index (K,) for glacial ills of the Middle Polish Glaciation indicates
weakly-oriented microstructures; for glacial tills of the Middle Polish and South Polish
Glaciations the index indicates medium- and highly-oriented microstructares.

8. Porosity exhibits a decreasing trend with increasing depth of sampling.

9. Pore form index (X)) decreases with the increase in depth, and shape of pores becomes
more and more anisometric.

10. Microstructure anisctropy index (K for glacial tills increases with depth, and the
microstructure itself alters from low- to highly-oriented.

General conclusions to be drawn from the entire qualitative and quantitative analysis of
microstructures in the glacial tills in Poland are as follows:

— the older the glacial tills, the more clay particles and microaggregates contained in
the tills, thus matrix microstructure becomes more common; on the contrary, skeletal-matrix
and skeletal microstructures are more representative in younger tills;
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— the younger the glacial tills, the greater the porosities, and ties and contacts between
structural elements become more loose;

— total porosity decreases in older glacial tills, and ties and contacts become closer so
that strong structural contacts can occur in that tills.

The results of the study presented in this paper deal with one aspect only, namely the
differentiation of microstructure parameters in term of a till’s age as related to the depth of
sampling. There is also another important issue not discussed in this paper, which covers
differentiation of microstructural elements in relation to the conditions and the way in which
the glacial tills were formed (in other words: in relation to the till’s origin). It seems worth
stressing that presumably significant differentiation of parameter values within glacial tills
of the same age could be controlled by this factor (among other factors). A study aimed at
solving the said issue is under way and the results shall be prescnted in a later publication.
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Jerzy TRZCINSKI

JAKOSCIOWA L ILOSCIOWA ANALIZA MIKROSTRUKTUR GLIN ZWALQWYCH POLSKI
NA TLE ICH WIEKU

Streszczenie

Dokonujac charakterystyki jakogciowej mikrostrukiur glin zwatowych, za podsiawg preyjgto klasyfikacje B.
Grabowskicj-Olszewskiej i in. (1984).

Mikrostruklury glin zwalowych zlodowacenia pélnocnopoelskiego {tabl. I, fig. 1) charakieryzujg sie catko-
witym brakiem orentacji elementéw strukiuralnych. Majq duzy porowato§¢ catkowity oraz luine wigzamia
strukturalne migdzy elementami, ktére je buduja, Najezeseiej wystgpujacym kontakiem nigdzy czastkami jest typ
ptaszczyzna-krawedz (F-E) z duzymi i §rednimi kqtami. W glinach zwatowych zlodowaccnia péinocnopolskiego
dominuje typ mikrostrukiury szkieletowej lub szkieletowo-matrycowej. Jesli zawartoéé frakeji itowej jest duza,
wéwezas gliny zwatowe maja mikrostrukturg matrycows.

W glinach zwatowych zlodowacenia srodkowopolskiego najczgéciej wystgpuje mikrostruktura matrycowa
(tabl. 1, fig. 5,6;1abl. 11, fig. 7, 8), rzadko — szkielcrowo-matrycowa i szkielctowa. Spowoedowane jest Lo wzrostem
zawartoéei frakeji ilowej w ich sktadzic granulometrycznyin. Obscrwuje sie wyraZna oricntacje elementéw
mikrostruktury. Kontakty migdzy nimi 3 najczeéeiej typu phlaszczyzna-krawed? (F-E) ze §rednimi i malyini
katani, Coraz czg§ciej pojawiaja sie kontakly 1ypu plaszczyzna-plaszceyzna (F-F) i krawedé-krawed? (E-E).
Porowatos€ calkowita waha si¢ od $redniej do malej, a kontakty i wigzania migdzy poszczegdlnymi elementami
mikrosiruktury sq bardzo bliskie i coraz bardziej stabilne.

W glinach zwatowych zlodowacenia potudniowopolskiego wystgpuje gidwnie mikrosiruktura matrycowa
(tabl. 11, fig. 9-12). Nie spotyka sig¢ juz mikrostrukiury szkieletowo-matrycowej i szkicletowej. Dominuje 1yp
kontaktu plaszczyzna-plaszczyzna (F-F) oraz krawgdZ-krawed 7 (E-E) migdzy elementami mikrostcukiury, Prawie
calkowicie brak kontakiéw typu plaszczyzna-krawedz (F-E). a jesli wysiepuja, to pod bardzo matymi kalami, W
glinach zwalowych tego zlodowacenia porowato$¢ jest bardzo mala, a wiazania strukturalne sa silne.

Nosciowa analiza mikrostruktur glin zwalowych (tab. 1-3) charakleryzuje morfometri¢i geometri¢ przesirzeni
porowej. Oprocz porowatofei (n) i catkowitcj liczby por6w (M), analizowane byly: §rednica (d), obwdd (p),
powierzehnia poréw (S) oraz ich ksztalt, okre$lany przez wspdlczynnik formy poréw (Kj). Dla scharakteryzowania
geometrycznego ukladu elementéw mikrostrukiury, analizowano kierunek ortentacii oraz stopicn ich orientacji,
czyli wspélczynnik anizotropii inikrostrukeury {(K,).

Analizujac $rednig porowatos¢ w glinach zwalowych {1ab. 1), zacbserwowano, ze jest ona najwigksza dla glin
zlodowacenia péinocnopolskiego i wynosi 38,6%, natomiast najmnicjsza dla glin zlodowacenia potudniowopol-
skicgo (24,6%). Tendencja wzrostu porowatosci w coraz mlodszych glinach zwatowych znajduje potwierdzenie
w kolejnych paramelmch, charakteryzujqcych morfometrig przestrzeni porowe]. Wspdlczynnik formy poréw (Kp)
dla glin zwatowyeh zlodowacenia péinocnopolskiego i Srodkowopolskiego przyjimujc wastodei bardzo zinienne
od 0,38 do 0,60 (srednia 0,51). $wiadezy to o zréinicowanych ksztaltach poréw. O wielc mnicjsze zréznicowanic
tego paramcice wystgpuje w glinach zwatowych zlodowaccenia potudniowopolskiego, gdzie Krwaha si¢ od 0,40
do 0,49 (srednia 0,44). Analiza wartodei tego paramelru wskazuje na pory najbardziej anizometryezne w glinach
zwalowych zlodowacenia poludniowopolskiego. Wsp6lezynnik anizotropii mikrostruktury (Ka) dla glin zwato-
wych zlodowacenia p6inocnopolskicgo przyjmuje wartosei bardzo male i §rednie od 0.4 do 16,5% ($rednia 9,5
5), eo $wiadczy o jej stabej, a czasami §rednicj orientacji. Warto§ei Kz dla glin zlodowacenia §rodkowopolskicgo
i pohidniowopolskiege wahaja si¢ od 4,6 do 26,3%2 , a ich inikrostruktury sa §rednio i wysoko zorieniowane.

Analizg ilo§eiows mikrostrukiur w profilach pionowych przeprowadzono dla kilku odstonieé, a prezentowane
w 1abeli 3 wyniki pochodzq z Ujécia k. Pily, Betchatowa oraz Warszawy (fig. |). Poréwnujac porowatosei ghin w
prezentowanyeh odstonigciach, wyraZnie widoczna jest lendencja malejaccj porowatosci wraz z¢ wzrastajacn
glebokosein. Wspdlczynnik formy pordéw (Kp), okreslajacy ksziah poréw wraz ze wzrostem glgbokoéci, malejc.
Swiadezy 10 0 zmieniajacym si¢ kszialcie pordw: od izometrycznyeh, dla glin zwalowyeh plytko lezzgcych, do
anizometryeznych w glinach lezqcych glebiej. Kolejne parameiry — wspétczynnik anizotropii mikrostrukiury
(Kz) oraz kierunek orientacji elementéw mikrostruklury (o) — charakteryzuja stopien jej oricntaeji. W glinach
cwatowyeh pobranych z matych gigbokosci mikrostrukiury sq stabo zorientowane, a kierunki orientacji eleinentéw
strukturalnych bliskie pionowym. W glinach zwatowych pobranych z glebokosci wigkszych mikrostruktury sy
wYsoko zorentowanc, a kierunki orientacji blizsze poziomyin.

Podsumowujac jakodciowa i iloéciowq analiz¢ mikrostruklur glin zwatowych, nalczy stwierdzié:
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— im gliny zwatowe sq starsze, tym wigce] zawierajg czastek i mikroagregatdw itastych, atym samym czgécig)
spolykana jest mikrostruklura matrycowa; w glinach mtodszyeh czgéciej spotyka si¢ mikrostruktury szkiclelowo-
-matrycowe i szkicletowe;

— im gliny zwatowe sq miodsze, tym porowatosc jest wigksza, a kontakly 1 wigzania migdzy clementami
strukturalnymi luZniejsze; pory majg ksztahty bardziej izomelryczne, a mikrostruktury sg slabo zorientowane;

— w glinach zwalowych zlodowacen starszych calkowita porowato$é malcje, a kontakty i wigzania sq coraz
blizsze az do silnych wigzad strukturalnych; ksztalty pordw sg anizometryczne, a mikrostruktury $rednio i wysoko
ZOMACNOWang.

Zaprezentowane wyniki badan przedstawiajg ze6Znicowanic parametréw mikrostiruktur w zaleznogci od wieku
i gtebokogel zalegania glin zwatowych. Waznym problemem, ktdry nic zostal poruszony w niniejszym arlykule,
jes1 wplyw warunkdw i sposobu akumulagiji glin zwalowyeh na mikrostroklurg 1 jj paramelry. Nalezy preypusz-
czaé, te duZe zréznicowanie parameteGw w obrebie [ych sainych wickowo glin zwalowych jest ewigzane m. in. z
lym zagadnieniem.
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Figs. 1, 2. Skeletal-matrix microstruclure type — Norh Polish Glaciation

Many silty and sandy grains are suspended in a chaotic mass of ¢clayey particles. Microstruetural elements are
disoriented. Microsmructure has very high 1otal porosity, logse structural contacts between eomponent elements
and very litte compaction

Mikrostruktura szkieletowo-matrycowa — zlodowacenie péinocnopolskie

Duiy udzial ziarn frakeji pieskowe] i pylowej, ktore tkwia w bezladnej masie czastek ilastych. Brak orentacii
elementéw mikrostruktury, duza porowato§dé calkowita oraz luine wigzania strukturalne sq przyczyng bardzo malej
zwigzlofel mikrostruktury

Figs. 3, 4. Marrix microstructure type — North Polish Glaciation

Clay particles are dominant in granulomelric composition. Individual sill and sand grains are suspended inachaolic
mass of clayey particles. The most common contact betwceen particles is of face-to-edge type at large and medium
angles. Elerments of microstrueture are totally disoriented

Mikrostruktura matrycowa — zlodowacenie péinocnopolskie

Zdecydowana przewaga zawartosci frakeji itowej, w ktdrej tkwiag pojed yneze ziama frakcji pylowej i piaskowej.
Catkowity brak orjentacji czastek ilastyeh powoduje, Ze najczgscie] wystgpuje typ kontaktu plaszezyzna-krawed?
pod duzymi i §rednimi katami

Figs. 5, 6, Matrix microstructure type — Middle Polish Glaciation

The clay particles from a ehaotic and disoricnted mass in which large grains and aggregates of silty and sandy
fraction are suspended. The contacts between the structural elements are mosily formed by contacts of point and
phase types. Microstructure in glaeial tills of that age is increasingly stable and has redivm eompaction
Mikrostruktura matrycowa — zlodowacenie $rodkowopolskic

Czastki ilaste rworza bezladna, niezoricntowana mase, w ktérej tkwig ziarma frakeji piaskowej i pylowej. Kontakt
miedzy elementami strukiuralnymi budujg wigzania przejéciowe oraz {azowe, k1dre daja bardziej stabilng i $rednio
zwigzla mikrostrukiurg
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Yerzy TRZCINSKI — Qualitative and quantitative analysis of microstructures in Polish glacial tills with respect
to their age
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Figs. 7, 8. Malrix micsostructurc type — Middle Polish Glaciation

The clay particles are orientcd around large grains of the silly and sandy lractions. Facc-to-face type contacts
appear a more often. Total porosity is medivm or low and contacts belween patticular micrestructural eleinents
are very near to each other

Mikrosiruklura matrycowa — zlodowacenie §rodkowopolskie

Czastki ilasle zorienlowane wokdt duzych ziam frakcji piaskowc;) i pylowej. Czesciej wystgpuje typ kontaktu
plaszczyzna-plaszezyzna. Porowato$é calkowila $rednia lub mala, a koniakiy i wiazania migdey poszezegdlnymi
elementami mikrostruktury blizsze

Figs. 9, 10. Matrix microstructure {ype — South Polish Glaciation

Tt is difficult to identify individual clay particlcs. since these particles, and the microaggregaies as well, adlicre
tightly 10 bigger aggregates and grains. The faee-to-face and edge-lo-edge types are dominant contaets of
miesostructural elements. Characlerisne featuses of mierostructure are very poor peresily and sirong structural ties
Mikrostruktura matrycowa — vlodowaeenie poludniowopolskie

Pojedyneze ezastki ilaste szezclnie przylegaja do sicbie i do wigkszych ziarn, tworzac uperzadkowane kierunki
orientagji. Migdzy clementami mikrostruktury dowinuje typ konlaktéw plaszezyzna-plaszczyzna oraz krawegdZ-
krawed?. Bardzo mala perowato$d i silne wigzania strukturalne

Figs. |1, 12. Malrix microstrueture type — South Polish Glaciation

The clay fraclion makes up a chaotic mass bul these particles adhere very tightly to grains of the silly and sandy
fractions. Struclural Ges have phase contacts and their iicrostruclure is very compact

Mikrostruklura matryeowa — zlodowacenie poludniowopolskic

Czastki ilaste lworeq bezladna inasg, ale bardze szezelnie przylegajg do ziamn frake]i piaskowej i pyfowej. Wigzania
wylgcznie o charakterze fazowym, mikrostruktura bardzo zwiezta
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