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An investigation has been made of the relationships between saturated hyd- 
raulic conductivity, porosity and micro-structure of undisturbed lodgement till 
samples. 35 measurements with a constant head laboratory permeameter are 
the basis for the discussion. All the measurements were made on undisturbed 
till samples. In order to minimize the effects of soil forming processes and to 
have the most homogeneous conditions all sampling were made from the C- 
horizon. The samples have a size of about 300 cm3, Porosity data were derived 
from capillary pressure curves. A model for how flow direction and long-axis 
orientations of elongated grains relate to the saturated hydraulic conductivity is 
presented. For an unsorted sediment such factors as grain size are concluded to 
be of minor importance for the hydraulic conductivity. The structural proper- 
ties seem to be a more important factor. This effect can be explained in two 
ways. Either due to directional relations between sorted lenses and bands 
which have higher permeability and the flow route through the sample. The 
other explanation is due to a more continuous pore pattern parallel to the grain 
orientation. The hydraulic conductivity takes on a directional property, being 
smaller in directions normal to the structural long-axis orientation than in 
directions parallel to the orientation. A study of the effective porosity versus 
hydraulic conductivity exhibits weak correlation. 

Introduction 

Till is the dominating Quaternary sediment in Sweden, covering more than 75 % of 
the surficial sediments. The typical Swedish tills are formed from coarse sedimen- 
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tary and crystalline bedrocks. They are usually silty and sandy with a clay content 
below 5 % and prominent fractures are rare. The hydraulic conductivity properties 
of till are in many cases of great importance in hydrogeological science as well as in 
practical engineering geology (soil stability, infiltration, drainage, large diameter 
wells, covering of wastes). Increased demand for quantitative solutions to ground- 
water flow is placing increased pressure on detailed knowledge about flow be- 
havior. Also for the unsaturated hydraulic conductivity small scale variability is of 
importance for modelling purposes. This paper is an attempt to in detail describe 
flow behavior in a till matrix. 

Bouma (1983) has found that the variability of the hydraulic conductivity in- 
creases with decreasing sample size in pedal soils. This illustrates that the charac- 
teristic dimension of the soil or sediment system is of importance if correct es- 
timates of the hydraulic conductivity are to be obtained. Thus criticism can be 
made of field estimates from the results presented in this paper. From this point of 
view all measurements are to be regarded as bound to the specific sample itself. 
The results are to be further analysed for stochastic modelling. 

Grain-size and sorting are generally considered to be the most important factors 
controlling the hydraulic conductivity. Most permeability formulas are defined for 
well-sorted sediments and therefore not suitable for unsorted tills. Despite exten- 
sive efforts by many investigators, there is no universally accepted working rela- 
tionship between grain-size frequency distribution and hydraulic conductivity for 
unsorted sediments. 

Sampling Locality and Till Classification 

All the specimens in this study were obtained 2-3 metres below the soil surface in 
the Tahult-drumlin, 10 km east of Goteborg, in the west of  wede en: The till lithic 
composition is almost entirely local bedrock. Primary rock-forming minerals are 
quartz, potassium feldspar and oligoclase. The grain size distribution of the till 
matrix is normally sandy-silty with 5-7 % clay. Fissures are generally not pro- 
nounced in the till. The till was classified as a lodgement till from the following 
criteria for till genesis. Lodgement till: Compact till with a relatively high silt 
content, development of a platy structure and a preferred long-axis orientation of 
clasts parallel to the direction of ice movement during deposition. 

Preferred clast orientation is a phenomenon primary created during deposition. 
Particles are lodged at the base of an ice mass when the force imparted by ice flow 
is insufficient to maintain their forward motion and there are consequently tenden- 
cies for the development of strong preferred orientations of elongated clasts paral- 
lel to the ice-flow (Boulton 1976, Lawson 1979). 
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Fig. 1. A comparison between different morphological, structural, and textural orientation 
elements occurring in lodgement till and ground moraine. The black sector of a circle 
corresponds to the most common orientation of an element. The numbers indicate 
number of observations (from Kriiger 1979). 

Theory 

According to Haldorsen et al. (1983), the grain-size distribution is not the most 
important factor governing the hydraulic conductivity of lodgement till in the field. 
Studies indicate that the saturated water movement is mainly concentrated along 
fractures, fissures and sorted sediment zones. The structural properties seem to be 
at least as important for the saturated hydraulic conductivity of till as the grain-size 
composition. Anisotropic variations of hydraulic conductivity with very weak cor- 
relation to grain-size composition are also described by Dahl et al. (1981). 

Lenses of sorted material consisting of fine-sand, sand and gravel are common in 
till deposits (Kriiger 1979). Analyses of lodgement till suggest that long axes of 
small sand lenses have a strong preferred orientation according well with the 
glacier flow direction as indicated by preferred clast orientations (Fig. 1). Assum- 
ing that micro-scale lenses occur in our samples, thus, if the preferred clast orienta- 
tion is analysed, it could be possible indirectly to measure the orientation of these 
lenses. However, the overall influence of porosity and pore size distribution cannot 
be ignored in hydraulic conductivity measurements. A method of characterizing 
the effective porosity, described by Thomeer (1960) and developed further by 
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Swanson (1981), is based on the observation that the location and shape of a 
capillary pressure curve reflect characteristics of the pore structure of the sample. 
There is a point on each capillary pressure curve where the ra t io~lp2 (Fig. 2) has its 
maximum. This is assumed to be the characteristic point of porosity. The method is 
based on capillary pressure obtained from mercury injection in sandstone. Applica- 
tions to soil science have been described by Jonasson (in prep). The Swanson 
equation is transformed to use data from water retention curves. A porosity head 
ratio, Swanson-value (SWA-value), is defined as the squared value from a charac- 
teristic point on the water retention curve which expresses the porosity that con- 
tributes most to the fluid flow at saturation. 

Methods 

Before sampling, measurements of clast preferred orientation were done in the 
excavation shaft. 

By careful trimming of single intact blocks of till, samples of about 300 cm3 were 
made and placed in PVC-cylinders. All samples were obtained with known vertical 
and horizontal orientation. Laboratory permeameters were made for each sample 
by pouring an epoxy-resin over the samples in the PVC-cylinders. The natural 
moisture content was kept in the samples to prevent disruption and the resin from 
penetrating the sample. The permeameters were constructed as shown in Fig. 3. 
All the hydraulic conductivity measurements (calculated in mls) were made with a 
constant head permeameter using standardized procedures and equipment. To 
obtain porosity data, the top and bottom were removed and the permeameters 
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Fig. of the permeameter. 

were placed in a device for water retention analysis and capillary pressure curves 
were constructed (Andersson and Wiklert 1972, Bache et al. 1981 and Holm 1981). 
The samples were then impregnated with an epoxy-resin mixture to make thin- 
sectioning possible. This was done by replacement of pore-water with increasing 
concentrations of acetone in water, followed by impregnation with an epoxy-resin 
mixture (Lind and Nyborg 1986). 

Thin-sections were made from the impregnated samples according to Evenson 
(1970). After polishing and grinding, the samples were fixed horizontally on a 
microscope stage for analysis of the angle between the A-axis of elongated grains 
and mean applied water flow direction. The mean applied water flow direction is 
defined as a straight line between the inflow and outflow nipples on the permeame- 
ter. Every particle of medium-sand size is investigated. The same procedure is 
repeated on the vertical thin-section for measurement of the dip. About 200 elon- 
gated grains with an A:B-axis ratio of 312 are measured in both the horizontal and - - 
vertical thin-sections. Particles lying close to coarser grains were not measured, as 
they have a tendancy to be wrapped around these grains. 

Computation is done to define the mean direction of preferred orientation. This 
is done with the computer program TILSTAT (Nyborg in press) in order to establ- 
ish the semi-three-dimensional preferred grain orientation, R (Fig. 4). Both eigen- 
vectors and normalized eigenvalues are computed (Mark 1973). The eigenvectors 
refer to the direction of maximum clustering. The eigenvalues represent the degree 
of clustering or orientation strength. Summary statistics for eigenvalues are pre- 
sented in Table 1. 
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Fig. 5. A comparison between orientation of clasts and grains in the lodgement till at Tahult. 
The grain orientation chart consists of mean values from 35 samples, i.e. 35x200 
measurements of grain orientations. The clast orientation chart represents a mean 
with one standard deviation. 
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The long-axes of clasts in the Tahult-till display a comparatively strongly preferred 
orientation parallel to the sand grain long axis orientation and ice-movement direc- 
tion (Fig. 5). The occurrence of oriented domains are clearly visible under the 
microscope. Soft sediment clasts, mostly deformed, have often been observed in 
the field. That this kind of deformed clast also occurs on a micro-scale is shown in 
Fig. 6, the picture shows a sorted sediment clast of about 10 mm long. A 'nearest 
neighbour centre to centre' strain analysis (Ramsay and Huber 1983) in the clast 
yield a well defined strain ellipsoid. The occurrence both in field and in thin- 
sections of similar sediment clasts have been described by Van der Meer (1987). 
The directional properties and assumed coorientation with grain orientation of 
these domains have been difficult to find out due to the thin-sectioning technique. 

Distribution Diagrams and Summary Statistics 

The distribution diagrams for 3D-angle, SWA-value and hydraulic conductivity are 
presented in Fig. 7. The parameters are presented as the logarithmic value, and 
forming a relatively straight line in a normal probability plot. This indicates that the 
parameter values are approximately log-normally distributed. The shape of the 
distribution is approximately symmetrical indicating low skewness. 

Summary statistics have been developed for the sample population and are 
presented in Table 2. The distribution diagrams and summary statistics together 
characterize the individual parameters. 
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