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FORWARD

This symposium was conceived as an initial means for

furthering the dialogue between soil scientists, geologists, engineers 

and other researchers interested in the microfabrics of the earth’s 

surface deposits. Researchers on microfabrics have been developing 

techniques, terminology and instrumentation in laboratories of different 

disciplines. The researchers in these disciplines have seldom had a 

chance to meet and share information and insights. Yet techniques and 

terminology developed within separate disciplines are applicable to all 

microfabrics. To initiate discussion five papers were solicited to 

cover the disciplines involved with microfabrics of the earth's surface 

deposits.

The discussion reproduced in these proceedings attest to the 

fact that more meetings of this sort are necessary. The fact that present 

day students need to become aware of the potential answers in data on 

microfabrics of soils and sedimentary deposits is evidenced by Dr. Yong’s 

observation that more has to be done for environmental purposes.

Dr. Brewer’s presence at the University of Guelph for nearly 

a year helped in this symposium. It was a pleasure and an inspiration 

having him at Guelph. His willingness to travel across Canada and the 

U.S.A, to meet with various researchers has stimulated this area of science.

We are grateful to the Canadian Commonwealth Scholarship and 

Fellowship Plan for the financial support to Dr. Brewer.

R. Protz,
Department of Land Resource Science, 
University of Guelph.
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Introduction

The principal methods which have been used for microfabric 
analysis include light(19, 20, 21) and electron optical microscopy(11,

33, 23, 36) x-ray diffraction(12, 18) but other techniques such as 

the anisotropy of thermal conduction(26) and sound propagation(16) 

have also been used. In this paper the principal advantages and 

disadvantages of microscopic and x-ray methods are reviewed and their 

application to engineering problems to do with clay soils and concrete 

aggregates is described. The relation of microstructure to engineering 

performance of geological materials has also been discussed by other 

authors in the case of soils(2, 3, 29), shale(27, 20, 32) and concrete

aggregates(17,1,13,15).

Optical Microscopy

It is theoretically possible to resolve particles about 0.2 μm 

across and when an oil immersion objective is used modem light 

microscopes come close to this theoretical limit of performance. Hence, 

it should be possible to observe minerals well within the clay size 

range (< 2.0 μm). One principal limitation which makes this goal 

difficult to achieve in practice stems from the very small depth of 

focus of the light microscope. The layer within the object in which 

all points appear to be simultaneously sharp is approximately inversely 

proportional to the numerical aperture of the objective lens and is 

not much greater than the resolution at high magnifications. Outside 

the depth of focus light is scattered diffusely and this makes it 

difficult or impossible to observe fine detail in sections which are 

more than about ten times thicker than the resolving power. Hence 
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individual minerals of the clay size range can generally not be observed 

in standard petrographic microscope thin sections which are 30 μm thick. 

Ultra-thin sections may be made but the techniques require considerable 

skill and are time-consuming. Despite the limitations of optical 

microscopy standard thin sections may be used to observe the overall 

distribution and orientation of these small minerals because of their 

combined effect on polarized light. Even when preferred orientation is 

present it is seldom, if ever perfect, and so it is in some ways an 

advantage of this technique that an average orientation is derived. By 

use of a photoelectric cell(19, 20) the measure of orientation may be 

made quantitative. When petrographic thin sections of clay soils are 

made it is now a standard procedure to impregnate them with a water 

soluble wax(21) (Carbowax 6000) or epoxy resin compound (ERL - 4206)(22). 

This prevents shrinkage due to drying which may distort or destroy the 

original microstructure which the material had in the field.

Electron Microscopy

There are two main types of commercial electron microscope. In 

one the electron beam passes through the sample (transmission electron 

microscope) and in the other the electron beam is "reflected" from 

the sample surface (scanning electron microscope).

The transmission electron microscope normally operates at a 

voltage of 50,000 to 100,000 volts though instruments operating in the 

1 million volt range are coming into use. When a transmission electron 

microscope is operated in the 50 to 100 kv range the penetrating power 

of the electron beam is very low, so if the beam is to pass through the
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sample it has to be very thin. The actual thickness which the beam 

will penetrate depends upon the atomic number of the atoms in the sample 

as well as on the accelerating voltage but is of the order of 500 to 

1000 Å. A further reason which makes it necessary to use very thin 

sanpies is that a significant proportion of the transmitted electrons 

must have a single energy if a satisfactory image is to be formed.

The depth of focus in the electron microscope greatly exceeds 

that in the optical microscope at a comparable magnification and even 

at high resolution of say 5 Å depth of focus is still about 2000 Å. 

Because of limitations imposed by sample thickness requirements, 

however, it may not be possible to utilize the full depth of focus which 

is potentially available when the sample is viewed directly by the 

transmission arrangement. Surface replicas may be employed, but these 

do not necessarily give complete information if re-entrant angles exist 

or if the surface is rough or irregular.

The idea of a scanning electron microscope originated in 

Germany when Knoll proposed such an instrument in 1935. The first 

scanning electron microscope which held promise of advantage over the 

more conventional type of transmission electron microscope, however, was 

not built until 1948. This was made in Cambridge by Oatley and McMullen. 

The specimen was scanned obliquely; there was direct amplification of 

emitted electrons and observation of the field on a long persistence 

cathode-ray tube. In the scanning electron microscope a reflection 

geometry is employed so the beam does not have to pass through the 

sample and problems to do with sample thickness requirements are 

eliminated.
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The electron beam is focussed to a point about 100 Å in diameter 

by magnetic lenses which achieve the required demagnification in two or 

three stages from the diameter of 20 to 50 μm at the source. The 

focussed spot is scanned in a raster pattern across the sample surface 

by an adjustable current in deflecting coils. The beam stimulates 

emission of secondary electrons and high energy electrons are also 

reflected from the surface. A portion of the electron current is 

intercepted by a scintillator, the output amplified and used to 

modulate the intensity of the signal of a cathode-ray tube the spot of 

which is deflected in synchronism with the movement of the electron 

beam over the sample surface. An image of the surface is built up on 

the screen of the cathode-ray tube in a similar fashion to that on a 

television tube though the scan rate is generally much slower. Whereas 

there is a fixed number of 525 horizontal lines in the image on the 

screen of a commercial TV tube the number of lines used in the 

scanning electron microscope can be varied from 100 to 1000.

The magnification depends upon the ratio of the current in the 

coils which deflects the focussed spot over the sample surface to the 

current in the deflection yoke of the cathode-ray tube. These 

deflecting currents govern the ratio of the lengths of the final and 

initial scanning movements. The limit upon resolution is reached at 

a magnification of about 20,000 times though an improvement in the 

signal to noise ratio from an area of interest sometimes makes useful 

the higher magnifications of up to 100,000 times which are 

available on commercial instruments. The sample is inclined at an 

angle of 20° to 45° to the electron beam so the image is somewhat
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foreshortened.

For non-conducting materials like rocks and soils a thin 

conducting layer of metal, say 50 to a few hundred angstroms thick 

depending on the resolution required, has to be deposited on the sample 

surface. This metal coating prevents the build-up of an electric 

charge which otherwise causes a serious loss in resolution.

Because a reflection geometry is used the great depth of focus 

of the electron optical system can be fully exploited. Samples with 

rough or curved surfaces can be examined and the great perspective 

renders the image almost stereoscopic. Neither replication nor ultra-thin 

sectioning is required for sample preparation. This nonetheless 

requires careful consideration if good results are to be achieved.

Sample preparation generally involves two operations and their 

relative importance depends on the nature of the sample. These 

operations are water removal and exposure of the surface.

Water has to be removed since the sample has to be placed inside 

the vacuum chamber of the scanning electron microscope. Some clay soils 

shrink considerably when dried and this may change the original 

microstructure. Volumetric changes to the sample are much reduced if 

the sample is dried by the critical point method or freeze dried(24). The 

effectiveness of the freeze-drying technique may be further improved 

by freeze etching(8, 34).

As the surface of the sample is examined it is very necessary 

that this be representative of the material in bulk. Cutting is 

generally not to be recommended since it is a shearing action which 

may induce damage. Fracture is considered preferable and has been
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widely used. In brittle fracture the absorption of energy is at a 

minimum and involves cleavage on crystal planes and intergranular 

separation along grain boundaries. It is, however, often accompanied 

by local plastic deformation due to shear on adjacent crystal planes. 

The path followed by the fracture is commonly affected by vacancy 

clusters, pores, cracks, dislocation density and impurities. These 

latter often segregate at grain boundaries and may be associated with 

the crystallization or depositional history of the material or may 

result from weathering or attack by other agencies in the environment. 

Hence such surfaces may be damaged and may be planes of weakness which 

are not truly representative. The fracture surface may be pre

determined by cutting a notch into the sample but the technique is not 

foolproof owing to the irregular path followed by the fracture.

Chemical and electrolytic polishing and etching are frequently used to 

clean a surface of impurities and to remove a surface layer which may 

have been damaged by preparation technique. Grain and twin boundaries 

are often preferentially attacked because of the higher surface energy 

of the interface. These procedures make detail more readily apparent 

but in general they may not be used if elemental analysis by microprobe 

x-ray spectrometry is to be performed. This is because the chemical 

attack may leave a precipitate which bears no resemblance to the

original chemical composition. Ion beam etching or sputter etching(4) 

is finding increasing use both as a tool for making sections for the 

transmission electron microscope and for exposing the surface for 

examination on the scanning electron microscope(35). In these techniques 

atoms are ejected from the surface of the sample due to interaction with 
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a stream of incident ions with which the surface is bombarded. 

Advantages of the approach are that it is a dry process, risks of 

contamination are reduced and mechanical damage is unlikely.

X-Ray Diffraction

X-ray methods yield quantitative data concerning the crystallo

graphic orientation of polycrystalline materials. The experimental 

arrangement may involve transmission through or reflection from the 

sample. When a reflection arrangement is employed the intensity of 

reflections from planes parallel to the sample surface is enhanced and 

the intensity of reflections is decreased from planes oriented in other 

directions. Hence the ratio of a basal to a prism reflection gives a

measure of the degree of orientation(5, 30, 18). In a related procedure

the degree of orientation is found from the ratio of the intensity of the 

same reflection determined on two surfaces of the sample oriented at 

right angles to one another(25).

Fabric Analysis of Clay Soils

Soils are important in engineering geology as the material upon 

which structures are founded. The microstructure has a great deal to 

do with the properties of the material. This aspect is thought to 

have an unusual importance to the understanding of the behaviour of the 

Leda clay(7). This is a predominantly marine deposit of post-glacial 

age which occupies the St. Lawrence and Ottawa lowland in eastern 

Canada. It is classed as a "quick clay" and has high sensitivity. 

Clays with somewhat similar properties occur in British Columbia,
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Scandinavia and elsewhere. Such deposits are subject to landslides of 

flow type. Leda clay also shows considerable irreversible drying 

shrinkage.

Quick clays are unlike thixotropic systems because only a small 

fraction of the undisturbed strength is recovered when a sample is left 

undisturbed after being remoulded. It has been suggested(31) that quick 

clays have an open fabric inherited from the marine conditions under 

which they were deposited. This microstructure may be out of equilibrium 

with the present fresh-water regime but it persists because of physical 

restraints. When disturbed, the open arrangement breaks down, the deposit 

becomes oversaturated, and it flows like a viscous liquid. As only a 

small proportion of the original strength seems to be regained when the 

clay is aged undisturbed after remoulding, some change in bond type or 

in the number of bonds per unit volume is probably involved in addition 

to the suggested change in particle orientation. Mineral junctions may 

be partly bonded by cementitious compounds when the clay displays its 

relatively high undisturbed strength. Once bonds of this sort are broken, 

however, they are unlikely to reform, so the limited strength regain 

may be explained.

If cemented junctions between minerals exist it should be 

possible to observe them in the electron microscope. One would 

anticipate some thickening to be apparent near the points at which 

minerals touch. To date no conclusive evidence has been obtained to 

confirm the suggestion [Fig. 1 ]. Close contacts between layer structure 

silicates and between layer structure and framework silicates studied in the 

Leda clay do not seem to differ in appearance from those observed
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RIVIERE AUX OUTARDES (BAIE COMEAU 
REGION) 30 FT.

RIVIERE AUX OUTARDES (BAIE COMEAU 
REGION) 30 FT.

RIVIERE AUX OUTARDES (30 FT) SEWAGE TREATMENT PLANT, 0TTAWA(45 FT)

PARALLEL TO BEDDINGNORMAL TO BEDDING

SEWAGE TREATMENT PLANT, OTTAWA(45FT) SEWAGE TREATMENT PLANT, 0TTAWA(45 FT)

FIGURE I. SCANNING ELECTRON MICROGRAPHS OF LEDA CLAY
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in artificially flocculated samples. However, the amount of 

cementitious material may be quite small and not easy to resolve. It 

may be possible to settle the question by means of the x-ray micro

analyzer as a higher concentration of elements such as calcium, iron 

or aluminum, which are likely to be present in cementitious compounds, 

may be found in the contact zone and work along this line is in 

progress at Calgary.

Freeze-etched samples of Leda clay commonly reveal a random 

fabric though the phyllosilicates have been found to be oriented in 
 samples from some localities(12). Primary minerals reduced by ice 

abrasion to the clay size range are known to be an important component 
in the Leda clay(14, 6) but the micrographs [Fig. 1 ] show quite clearly

that the layer structure silicates comprise a sufficiently significant 

proportion of the total deposit to justify the importance which has 

been attached to their presence in determining the engineering 

properties of this type of clay.

Fabric Studies of Concrete Aggregates

Concrete is the most important construction material in North 

America at the present time and aggregate makes up the largest 

proportion of concrete. Aggregate was long regarded as inert in 

concrete but this view is now known to be incorrect(15, 9, 28, 10, 13)

and durability of concrete may be seriously impaired when, as it 

sometimes may happen, the cement aggregate interactions are deleterious. 

Furthermore concrete strength is known to be affected by the nature of 

the bond at the cement aggregate interface(19, 17).



- 12 -

An aggregate reaction which has been intensively investigated 

in Canada is the alkali aggregate reaction. The alkalies in concrete 

are principally Na20 and K20 and are derived from the cement. Sodium 

and potassium are found principally in the feldspars, micas and mica

type clay minerals. These minerals occur in the clays and argillaceous 

limestones commonly used as raw materials for cement manufacture. The 

alkali elements are to some extent liberated during the firing process 

and arc responsible for the high pH of the pore solution in hydrating 

portland cement concrete. The strength of these solutions is estimated 

to be about 1 or 2 molar with respect to sodium hydroxide. This sodium 

and potassium hydroxide is the source of the alkalies which participate 

in the alkali-aggregate reactions. The best known reactive aggregates 

are certain acid cryptocrystalline or glassy volcanic rocks, amorphous 

and cryptocrystalline forms of silica particularly opal and certain 

argillaceous dolomitic limestones of which those from Kingston, 

Ontario, are the type example.

The reaction involving limestone is generally known as the 

alkali-carbonate rock reaction. It should be emphasized that most 

limestones make excellent aggregate for concrete provided they pass 

conventional acceptance tests. The rocks from Kingston are exceptional 

in that they pass such tests but still cause rapid deterioration of the 

concrete. Rocks of this sort are now known from many areas of the 

U.S.A, find Europe. Extensive research has shown that moisture uptake 

by the clay minerals is responsible for expansion. The water imbibition 

causes the volume of the rock to increase and the pressure generated 

cracks the concrete. This sorption of water by the clay is made
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FIGURES. SCANNING ELECTRON MICROGRAPHS OF RELATIONSHIPS BETWEEN 
DOLOMITE.CALCITE & CLAY IN DOLOMITIC LIMESTONE,KINGSTONE,ONT.
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possible because the cement alkalies attack the dolomite making it 

possible for moisture to gain access to the dry clay.

Hence microstructure is very important for if this mechanism 

is correct the clay should be located close to the do Ionites where the 

chemical reaction is known to occur. The fabric should also be tight 

so that moisture would not have previously been able to reach the clay 

minerals.

In the reactive Kingston rocks dolomite occurs as well-formed 

crystals which are generally of rhombic shape and attain a size, at 

most, of 0.05 mm (50 μm) [Fig. 2 ]. The crystals sometimes contain 

dusky inclusions which is probably clay. The matrix consists of fine 

calcite mixed with clay and other detrital minerals. Studies with the 

scanning electron microscope have shown that the clay minerals are 

commonly distributed close to the dolomite crystals and the dusky 

inclusions are indeed clay minerals [Fig. 2 ]. This distribution of 

the clay may have resulted from at least two possible causes. The 

growing dolomite crystals may have expelled the clay minerals as 

unwanted impurities or the clay minerals may have acted as nucleation 

sites for dolomite crystal growth. In either event the disposition is 

important to the understanding of the mechanism of the alkali-carbonate 

rock reaction since it shows that much of the clay is located close to 

the site of chemical reaction. Hence the microstructural studies have 

conclusively affirmed that the clay minerals are (a) tightly held 

within the carbonate fabric and (b) that they are distributed close 

to the dolomite crystals. These findings are important evidence which 

supports the proposed mechanism of expansion.
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In the Maritimes there is another type of alkali-aggregate 

problem involving greywackes, phyllites and quartzites. These rocks were 

examined on the scanning electron microscope before and after treatment 

with alkali. The same area was re-located after successively increasing 

time intervals of alkali treatment so the effect on the rocks could be 

evaluated. The most dramatic effect involved exfoliation of some of the 

layer structure silicates [Fig. 3] and it is thought that this process 

is involved in the mechanism of expansion. Not all layer structure 

silicates are affected, however, even when the rock is petrographically 

of similar type, so presumably chemical or mineralogical factors are 

important [Fig. 3]. Fine-grained rhyolites are often regarded as 

potentially alkali-expansive. The surfaces of some rhyolites from Nova 

Scotia show remarkably little change, however, after several weeks in 

2M NaOH at 100°F [Fig. 3]. On the other hand, the surfaces of some 

quartzites are changed almost beyond recognition after the same period 

of alkaline treatment [Fig. 4]. It also seems that alkaline attack is 

sometimes accompanied by reconstruction or build-up of aggregate surface 

due possibly to solution and redeposition processes. This is illustrated 

in Fig. 4 where successive changes in the surface of an impure sandstone 

are shown.

One requirement for the formation of a good adhesive bond is 

that the surface be clean. It has been suggested that the bond between 

cement and aggregate may be improved when the aggregate surface is 

etched by the cement alkalies. Epitactic overgrowth by calcium silicate 

hydrates on crystals exposed at aggregate surfaces has also been 

postulated and the development of primary chemical bonds in such a
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PHYLLITE (UNTREATED)-NOVA SCOTIA PHYLLITE (56 DAYS 2M NaOH) NOVA SCOTIA

PYRITIFEROUS PHYLLITE (UNTREATED) 
NOVA SCOTIA

PYRITIFEROUS PHYLLITE (i MONTH 2M NaOH 
IOO°F) NOVA SCOTIA

RHYOLITE(UNTREATED) NOVA SCOTIA RHYOLITE (21 DAYS 2M NaOH IOO°F) 
NOVA SCOTIA

FIGURE 3. SCANNING ELECTRON MICROGRAPHS OF CONCRETE AGGREGATES



- 17 -

QUARTZITE (UNTREATED)-NOVA SCOTIA QUARTZITE (3 WEEKS 2M NaOH)-NOVA SCOTIA

IMPURE SANDSTONE (UNTREATED) 
-ALERT, N.W.T.

IMPURE SANDSTONE (3 DAYS 2M NaOH 
100°F) ALERT, N.W.T

IMPURE SANDSTONE (2 WEEKS 2M
NaOH 100° F) ALERT, N.W.T

IMPURE SANDSTONE (5 WEEKS 2M 
NaOH IOO°F) ALERT, N.W.T

FIGURE 4. SCANNING ELECTRON MICROGRAPHS OF CONCRETE AGGREGATES
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situation would favour strength development. Certainly many aggregates 

develop a reaction rim and the port land cement in a narrow zone 

surrounding aggregate is known to differ in composition and microstructure 

from that of the bulk cement.

Vacancy clusters, pores, air voids, crystal defects, cleavages 

and portions of unhydrated cement grains also affect strength as stress 

becomes concentrated at such flaws which act as sites for crack 

initiation and propagation. The presence of such defects may well have 

a great deal to do with the observed ten times difference between 

compressive and tensile strength of concrete. Disruption of bond 

between aggregate and cement is a common mode of failure observed in 

concrete broken in compression testing. Studies of the microstructure 

of both aggregate and portland cement are likely to improve our under

standing of the nature of concrete and will lead to development of a 

stronger and more durable product in the future.
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DISCUSSION

Dr. Chesworth: I was interested in your concrete applications because 

I've done a bit of work in the last three years with CO2 curing systems. 

I wondered if you know what effect CO2 curing has on some of possible 

reactions that you illustrated?

Dr. Gillott: Yes, carbon dioxide does have a considerable effect on 

curing concrete. This has been studied quite extensively for a good number 

of years. What happens is described as carbonation shrinkage. The amount 

of shrinkage is closely tied tn with the relative humidity of the sample 

at the time of carbonation and it is found that the maximum amount of 

shrinkage occurs if the carbonation is carried out at about 50% of relative 

humidity. Carbonation shrinkage has been studied as shrinkage versus time 

and shrinkage versus relative humidity. The reactions are thought to be 

partly an attack on the calcium hydroxide which is present to the extent of 

about 20% in Portland Cement forming calcite or aragonite. I think the 

carbon dioxide is also supposed to attack the calcium silicate hydrates as 

well.

Dr, Raad: I'm interested in the hydration theory you mentioned when you 

talked about the close alignment of clays on dolomitic surfaces. I wonder 

if the diagenesis of dolomite itself and the fact that the calcite will act 

as a nucleation center in the process of dolomite weathering and the clay 

that is close to the dolomite surfaces would result in expulsion of clays 

which have already been a result of dolomite weathering itself. This could 

be very fine, if there is a high Mg ratio in that clay.
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Dr. Gillott: I think this is a very good suggestion, and it is one 

of the things that I have been hoping to do something on since we 

obtained the electron probe at Calgary but up until this time we have 

had various problems to do with the installation and operation of the 

equipment and its one of these things that we so far really haven’t 

got around to doing.

Dr, Dwnanski: Two questions. The X-ray microanalyzer - would you 

indicate what it is and its operation? Have any microfabric studies 

been done on the sediments in the Peace River area?

Dr. Gillott: On the first question, regarding the X-ray analyzer the 

theory of this instrument is that when any material is irradiated with 

a finely focused beam of electrons of sufficient energy the sample is 

stimulated to emit X-rays. Since elements emit characteristic wave 

lengths, one can determine the elements which are present. Its a form 

of spectroscopic analysis. Its now a fairly standard technique and 

there are on the market two main sorts of analyzers. In one crystals are 

used to analyze the wavelengths of the emitted X-rays by application of 

Bragg's Law. The other technique is called an energy dispersive system 

and a multi-channel analyzer is employed to sort out the wavelengths of 

the emitted X-rays. Both of these have pros and cons. The energy 

dispersive system is faster but is less quantitative at the present time. 

The technique using the crystal spectrometer is slower but on the other 

hand you can get more accurate quantitative data provided you are prepared 

to spend the time doing it. As regards the Peace River clays, I haven’t 

looked at any of them and as a matter of fact I would be very pleased to 

get some samples to look at on the scanning microscope.
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Dr. Dumanski: Getting back to the first question, I was very interested 

in the size of the electron beam and the size of the area that has actually 

been analyzed.

Dr. Gillott: The electron beam is focused to a spot in the order about 

100 Angstroms to start off with, you generally end up with a larger spot 

than that in order to get significant X-ray emission so it is probably 

between 100° A and Iμ, it depends on the sample and the element you are 

trying to detect. Light elements become increasingly difficult to detect 

and there is in fact a cut-off on the light element end and sensitivity 

is also affected by the nature of the matrix. There are a lot of factors 

which affect the emission but focused spot size would be in the 1000°A 

to a micron range.

Dr. Mackintosh: In comparing the effect of your different methods on 

removing water on fabric can you tell me whether your freeze dry versus 

your critical point method really produced any significant fabric changes?

Dr. Gillott: Yes, we did do some work on this when I was in Ottawa and 

we used X-ray methods, because we wanted to get a quantitative or semi- 

quantitative measure and the X-ray method seemed about the best that we 

had available. We couldn’t really show any difference in fabric between 

the freeze dried and critical point dried samples. Some of those which 

were air-dried did show a difference, I do not know how generally applicable 

this would be to other types of clay but the Leda clay does show a 

considerable volume change when air dried. Certainly for some of the Leda 

clays you do get a change in micro structure if you simply air dry them.
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Dr. Mackintosh: I was wondering if in marine clays, if there is the 

possibility of a cementing agent being silica, since diagenesis in the 

marine environment might produce a fair bit of amorphous material.

Dr, Gillott: This really again hinges on getting the electron probe 

operable. Silica is likely to act as a cementitious agent but so far 

we have not got any data on this.

Dr, Bourbeau: I was wondering if you have studied the clay bookings 

or concretions which we find in the Leda clay deposits.

Dr, Gillott: No, I have not. I know they exist but have not done any 

work on this.

Dr. Brewer: Your change in fabrics due to air drying was measured by 

X-ray data. This is a micro scale. I am referring to this because our 

optical work depends on air drying and impregnating. There are workers 

in England who have done some experiments using carbowax and impregnating 

soil materials when wet. They could not detect any difference optically. 

I am just trying to get this straight. That broad orientation seen under 

a light microscope is an average for a material. I wonder if some soils 

don’t just go through equivalent cycles naturally. What volume of soil 

can you freeze dry? Is it a thin surface or cubic inch?

Dr, Gillott: I really only have quantitative data on this Leda clay 

and in that particular case the X-ray results when analyzed statistically 

did indicate that there was a change.

Dr, Brewer: This was important because optical mineralogists don’t 

have any quantitative data, we just have a broad view of what is going on. 
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Dr. Gillot: I think in regard to your point to do with pedological soils 

that you probably get air drying particularly if the ground water table 

drops so drying technique may not matter because the soil is dried in 

nature anyway. We were concerned in the case of the Leda clay because 

these samples are from depths at which they have probably never been dried 

and their condition is normally wet or at any rate quite high in relative 

humidity. 1 really don't know what the situation would be regarding the 

ones that you mentioned from Britain.

The size of the samples we normally look at is about a centimetre 

in diameter and 2 or 3 mm in thickness. This technique of freeze drying 

has been looked at quite a lot by the biological people in the States 

who were working at one stage on arctic warfare and freezing of tissue 

and things of this sort and there are a lot of factors which enter into 

the effectiveness of the method. What they claimed was the best thing to 

do is to freeze the water rapidly so that you form what is called ice glass. 

This gives a minimum volume change associated with the freezing. Then of 

course you have to remove the ice glass by sublimation without the 

intervention of recrystallization. They found that recrystallization 

takes place very rapidly at quite low temperatures, and if you keep the 

temperatures that low, the rate of sublimation is also extremely low. For 

this reason I think the freeze etching technique which has been developed 

is probably significant. Having fractured the sample the knife is passed 

again over the surface of the sample in quite close proximity to the soil 

surface and the knife blade is kept at a lower temperature than the 

surface temperature of the frozen sample. This causes the H2O molecules to 

sublime off from the sample onto the knife because of the temperature 

gradient. So a thin surface layer is sublimed directly from the ice glass; 
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subsequently the temperature is allowed to rise somewhat to remove the 

bulk of the ice from the remainder of the sample. The argument is that, 

since you are looking at the surface anyway, at least you are fairly 

certain the water molecules or ice that you removed from the surface 

was taken off in the ice glass condition. This is the procedure which 

we have been following in the more recent work which we have been doing 

at Calgary.

Dr. Mackintosh: In taking your alkaline treatments of some of the 

concrete aggregates you were looking at, you mounted the specimen and 

treated it with alkali. How did you go about doing this, treating them 

in situ?

Dr. Gillott: The technique is to take it out of the microscope, treat 

it with alkali and then put it back again into the microscope. The 

technique that I have used is to mount a sample on a stainless steel 

stub and in order to make somewhat simpler the re-orientation of the same 

area we put a small piece of gold foil on the sample surface. The sample 

is fastened mechanically to the stub and the gold foil is fixed in 

position so that you have got a reference point that doesn’t change. The 

other point is when you metalize the sample you can't metalize with 

something which would be insoluble in alkali. So we metalize with aluminum 

because aluminum is readily dissolved in the alkali and then you have to 

remetalize before you re-examine the sample again back in the microscope.

Dr. Mackintosh: You put these right in the solution of alkali to look 

at?
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Dr. Gillott: You take the sample right out of the microscope, put it 

in the alkali for some period, remove it from the alkali, remetalize it, 

and then put it back in the microscope; if you are lucky you refind the 

area you started with. It's actually frustrating because sometimes you 

find the whole surface has changed completely so you have a very hard 

time relocating it; it can be a time consuming job.

Dr. Mackintosh: After you treated with this alkali, your structure is 

still maintained on the surface,

Dr. Gillott: Yes, I agree, it is surprising actually that some rocks 

change hardly at all; I have had some in alkali for a great many months 

and practically nothing happens.

Dr. Nettleton: I would be interested in hearing about silica bonding 

in concretes, effect it might have on clay in the mixture, swelling of 

clays and cracking of concretes.

Dr. Gillott: In regard to alkali attack upon silica, this is regarded 

as the classic example of reaction between aggregate and cement alkali. 

A lot of work was done on this in the 40's and 50's and it is known as 

the alkali-si1ica reaction. If there is amorphous or crypto-crystalline 

silica in the rock it interacts with the alkali and forms an alkali silica 

gel. The alkali-si1ica gel takes up moisture so that a swelling gel is 

formed and moisture is drawn into the aggregate particles. The swelling 

causes cracking of the concrete; eventually the gel tends to liquify 

and will exude on the surface of the concrete. A typical characteristic 

appearance is that of white spots of dried gel. Opal is the most reactive 

of these minerals, but other forms of crypto-crystalline, si 1ica-1ike 

chalcedony, cherts and glassy volcanic rocks, particularly acid ones, are 

prone to react in this way.
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Dr, van der Eyk: I believe I noticed in your slides that the scale in 

the X-direction is larger than general in the Y-direction. Is that correct?

Dr, Gillett: This is because of the tilt of the sample. Samples are 

usually tilted at 45° and it is for this reason that there is for- 

shortening because it leads to a slight difference in magnification in 

these two orthogonal directions.

Dr, Mackintosh: In some of your cements could some of this silica gel 

material form some sort of crystalline mosaic?

Dr, Gillott: A man called Bisque in the U.S.A, claimed that this type 

of thing takes place. His findings have never been refuted. He was 

working on limestones in conjunction with another man called Lemish and 

they showed that around certain types of aggregate particles silicified 

rims formed. They claimed a polimerization reaction took place. On the 

surfaces of some rocks it has been shown by etching that positive rims or 

negative rims form around the aggregates particles. Positive rims are ones 

which stand up above the level of the surroundings - in other words, they 

resist the etch; negative rims are ones preferentially attacked by the 

etch. The effect is supposed to be induced by migration of silica from 

within the rock via the alkaline solution to the rim zone.

Dr, Mackintosh: Do calcium magnesium double hydroxides form in these 

a reas?

Dr, Gillott: This is another vexed question because many people thought 

that compounds of this sort should form and provide the mechanism of 

expansion in the alkal i-carbonate rock reaction. The alkali attacked 

the dolomite and everybody could find the magnesium hydroxide, or brucite, 
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as a reaction product so it seemed only logical to assume that hydrated 

double salts might be present. However most of them are quite soluble 

and the big stumbling block is that one cannot find significant amounts 

of these compounds.
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MICROFABRIC CHARACTERISTICS AS APPLIED TO SOIL CLASSIFICATION

INTRODUCTION

A number of new systems of soil taxonomy are in use today. In 

this paper I will examine one of these systems, the Soil Taxonomy of 

the National Cooperative Soil Survey (USDA, SCS, Soil Survey Staff, 

December 1970), to show the importance of microfabric studies in the 

development of a system of soil taxonomy.

The development and subsequent adoption of Soil Taxonomy in the 

United States stimulated research in soil genesis and soil characteri

zation from the beginning of the new approach in 1951. The desire 

for more quantitative definitions than those of the 1938 system (USDA, 

1938) and its revisions (Thorp and Smith, 1949) required a broader 

base of knowledge than was then available. As it developed the system 

pointed out specific areas which needed investigation. Microfabric 

studies were of prime importance in many of these investigations.

Microfabric studies were of importance, for example, in determin

ing the number and kinds of diagnostic subsurface horizons and in de

veloping the ideas of the genesis of the argillic horizon. In genesis 

of the argillic horizon it is generally agreed that clay disperses in 

the soil surface, moves in suspension to the subsurface and accumulates 

there as clay skins. Contrasted to this there has been little movement 

of clay from the surface horizon into the oxic, spodic, or cambic horizons. 

Hence microfabric could be used as one of the criteria for differentiating 

between soils with argillic horizons and soils with other kinds of 

diagnostic subsurface horizons.

Microfabric studies were of importance in understanding the genesis 

of the oxic horizon and in showing it to be distinct from the argillic 

horizon. The horizon was found to lack clay skins and to be without 

significant amounts of weatherable minerals.
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Microfabric studies were of importance in understanding the genesis 

of the spodic horizon. It, like the argillic horizon, forms by loss 

of material from the A horizon and gain of material in the B horizon. 

In contrast to the argillic, the illuvial material in the spodic hori

zon consists of isotropic or amorphous materials. These amorphous materials 

upon drying form cracked coatings and silt and sand size pellets. Hence 

they seem to be more strongly attracted to other Fe and Al chelated 

organic materials than to the surface of primary minerals.

As the morphology of the argillic, oxic, and spodic horizons was 

being described a need for another horizon less developed than these 

but with significant changes from the C horizon became apparent. The 

cambic horizon was defined to include these and other changes in parent 

materials that were not marked enough to recognize by the criteria set 

up for other diagnostic subsurface horizons such as the argillic, oxic, 

or spodic horizons.

Microfabric studies of pan horizons were involved in the decision 

to set up two kinds of horizons for indurated pans of arid lands. Our 

knowledge of the genesis of indurated pans, although incomplete, is 

in large part dependent upon microfabric studies.

Microfabric studies then have contributed much to the progress 

of soil taxonomy during the past two decades. The studies provided 

a means of linking soil characterization data with theories of soil 

genesis, hence were involved in developing the principles on which a 

soil taxonomy could be based. Microfabric studies, however, are involved 

in the day-to-day use of the system to a lesser degree. Once the principles 

were established other properties than microfabric were found more satis

factory for definition of the diagnostic horizons.
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USE OF MICROFABRICS TO IDENTIFY DIAGNOSTIC HORIZONS

Many microfabric studies we made had to do with the argillic hori

zon, Initially we thought that all argillic horizons have distinct 

clay skins. Presence of a minimum volume of clay skins and soil struc

ture are still acceptable criteria for identification of the horizon. 

Most argillic horizons can be identified from particle size data, if 

there are no lithologic discontinuities in the profiles. Measurement 

of fine clay can augment microfabric studies in most soils. Hence, 

the clay skin requirement for argillic horizons reads "should have" 

instead of "must have," but the argillic horizon must have soil structure.

Three degrees of differentiation of the particle size of argillic 

or natric horizons are given in Table 1. The Haplargid has an easily 

recognizable clay increase of more than 3 percent and about one-third 

larger fine clay to total clay ratio than the A horizon. It is massive 

but there are well oriented clay skins on skeleton grains and bridges 

between some of them.

The Haploxeralf has more clay and a greater increase in the fine 

clay to total clay ratio than the Haplargid. Its argillic horizon has 

prismatic structure and there are clay skins on most horizontal and 

vertical faces.

The Natrixeralf is in a fine montmorillonitic family, and it has 

a natric horizon with strong prismatic structure. Swelling pressures 

in the natric horizon have impacted ped faces and imbedded sand grains 

into them. As in many other soils in fine or very fine families having 

2:1 lattice clays, clay skins are lacking except in the lower part of

the horizon.
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TABLE 1

Total clay,fine to total clay ratio, and surface

morphology of some soils with argillic or natric horizons *

* Methods are those of the Soil Survey Staff (1967):

PSDA, Method 3A1.

Horizon

Typic 
Haplargid 
coarse- 
loamy

Typic 
Haploxeralf 
fine- 
loamy

Typic 
Natrixeralf 
fine, 
montmorillonitic

C R C R C

A 2.5 0.40 6.4 0.25 8.7

B2t 13.8 0.51 29.5 0.40 38.9

Structure massive moderate 
prismatic

strong 
prismatic

Surface 
morphology 
of B2t

clay bridges clay skins stress cutans
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There are clay skins on most skeleton grains in the Haplargid 

(Fig. 1). The volume of clay skins and bridges is about equal to the 

increase in clay from the A to the B horizon. The Haploxeralf has some 

clay skins on both vertical and horizontal ped faces in the upper part 

of the argillic horizon and continuous thick clay skins on ped faces 

in the lower part (Fig. 2). The Natrixeralf has stronger structure and 

a larger clay increase than the Haploxeralf but lacks clay skins in the 

upper part of the natric horizon where the structure is the strongest. 

The upper part of the natric horizon has mostly lattisepic plasmic fabric 

with some skelsepic and vosepic (Fig. 3) areas. There are clay skins 

in the B3t horizon which has mosepic and skelsepic plasmic fabric. 

Natric and argillic horizons in soils with such evidence of stress pro

duced by shrinking and swelling are not required to have clay skins.

Microfabric studies are also helpful in identifying argillic and 

natric horizons in soils with lithologic discontinuities between the 

eluvial horizon and the argillic horizon. A Paleboroll (Table 2) from 

Sanpete County, Utah is such a soil. Its clay increase is just enough 

to give a 1.2 ratio of clay in the B to clay in the A. Its eluvial 

horizon, however, has more fine clay than the argillic horizon. Also 

a marked discontinuity in the distribution of fine silt, coarse silt, 

and sand shows up at the top of the argillic horizon. This casts doubt 

on the use of particle size data criteria for recognition of this as 

an argillic horizon. The soil was described in the field as having 

an argillic horizon with clay skins. Study of the microfabric of the 

argillic horizon (Fig. 4) confirms the field observation. The clay 

skins show that there has been significant clay movement even though 

the fine clay to total clay ratio does not show it. There may have
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TABLE 2

Particle size distribution of a Cryic Pachic Paleboroll 

fine-loamy, mixed family

Horizon

Clay*
Fine 
<0.2 μ

Total
<2 μ

PSD, 
FSI 
2-20μ

clay free
COST 

20-50 μ

basis*  
S

>50 μ

% % % % %

All 15.6 22.0 24 21 55

A12 23.4 22 23 55

A13 23.8 22 22 56

B21t 10.2 28.6 18 20 62

B22t 26.0 14 15 71

B23t 10.8 25.3 14 15 71

* PSDA, method 3A1 (soil Survey Staff, 1967).
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Fig. 1. Simple free illuviation grain 
argillans with moderate orien
tation. Thin section of a 
Haplargid B2t horizon under 
crossed polarizers (S69Nev-10- 
5). The thin light borders to 
the skeleton grains are the 
argillans. Most of the black 
areas are simple packing voids. 
The marker is 0.1 mm. 40X. 
Most of the terms used in the 
descriptions of the microfabrics 
are those of Brewer (1964).

Fig. 2. Simple illuviation ped argil- 
lan with strong continuous 

orientation. Thin section 
of a Haploxeralf B3t horizon 
(S64Calif-37-2) under 
crossed polarizers. The 
diagonal black area is a curved 
acicular void. The white 
border is the argillan. The 
marker is 0.1 mm. 40X.

Fig. 3. Skel-vosepic plasmic fabric. 
Thin section of a Natrixeralf 
B24t horizon (S64Calif-48-4) 
under crossed polarizers. Two 
of the skeleton grains at the 
bottom are near extinction. 
They have white borders of 
stress oriented, embedded grain 
argillans. The dark diagonal 
area is a void. The white 
border is a stress argillan. 
The marker is 50p. 63X.

Fig. 4. Simple illuviation channel 
argillan with moderate 
orientation. Thin section 
of the Paleboroll B21t 
horizon (S70Utah-20-7) under 
crossed polarizers. The 
diagonal black area is a 
curved acicular void 
(channel). The white border 
is the argillan. The mark 
is 0.1 mm. 40X.

Fig. 5. Maseplc plasmic fabric. Thin 1 
section of the Typic Natrix- 
eralf B21t horizon (S65Calif- 
27-14) under crossed polarizers. 
Plasma separation (white areas) 
with a striated orientation 
pattern occurs within the s~ 
matrix. The bulk of the s-matrix 
is plasma. The mark is 50p. 63X.

Fig. 6. Simple illuviation channel 
argillan with strong con
tinuous orientation. Thin 
section of the Typic Nat- 
rixeralf B3t horizon (S65 
Calif-27-14) under crossed 
polarizers. The dark area 
in the lower right comer 
is the void (channel). The 
white laminated border is 
the argillan. The dark 
plasma next to the argillan 
is opal. The mark for 0.1 
mm. 40X.
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been a large amount of fine clay inherited from the overlay since the 

overlay has more silt, particularly more fine silt, and less sand than 

the material below the discontinuity.

About 60 percent of the soil series with natric horizons in the 

Western States are in fine or very fine, montmorillonitic families. 

Since the natric horizon has columnar, or prismatic, or blocky struc

ture, one suspects that it has undergone a fair amount of shrinking and 

swelling, hence would lack clay skins except in its lower part, A 

Typic Natrixeralf from Monterey County, California (Table 3), is one 

of the soils with strong prismatic structure. The B21t horizon has 

a masepic plasmic fabric (Fig. 5) and lacks clay skins. The horizon 

is a montmorillonitic clay with a linear extensibility of 7.3 percent. 

There are clay skins in the B3t (Fig, 6) and C (Fig. 7) horizons where 

the clay content and linear extensibility are lower.

Microfabric studies are needed in a few soils to differentiate 

between argillic and oxic horizons. Clay skins in oxic horizons should 

be less than 1 percent of the cross section if there is soil structure, 

but there may be many clay skins in the saprolite below oxic horizons. 

Mica may amount to as much as 6 percent of the cocic horizon, but other 

weatherable minerals and pseudomorphs should be less than 3 percent, 

and rock structure should be lacking.

The B2 horizon of a Eutrustox from the Island of Kauai, Hawaii 

(Table 4), has low amounts of bases extractable by 1 N NH^OAc and a 

CEC of less than 16 meq/100 g of clay. There is little water-dispersible 

clay. Clay content is calculated from the 15-bar water percentage. 

This oxic horizon (Fig. 8) has inundulic plasmic fabric. There are 

no clay skins and almost no skeleton grains. The feldspar grain in
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TABLE 3

Particle size distribution and linear extensibility of a

Typic Natrixeralf fine, montmorillonitic, thermic family

Horizon Saud* Silt* Clay* L.E.+
%

Ap 52.5 33.8 13.7 0.7

B21t 35.1 17.3 47.6 7.3

B23tca 54.6 17.1 28.3 4.5

B3t 61.1 20.1 18.8 1.1

C 65.3 18.2 16.5 1.1

* PSDA, method 3A1 (Soil Survey Staff, 1967)

+ Linear extensibility, method 4D1 (Soil Survey Staff,

1967).
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Fig. 7. Simple illuviation channel Fig* 
argillan with strong contin
uous orientation. Thin 
section of the Typic Natri- 
xeralf C horizon (S65Calif- 
27-14) under crossed polari
zers. The dark area in the 
centre is the void (channel). 
The light area bordering the 
void is the laminated argillan. 
There are some dark stringers 
of opal in the argillan. The 
mark is 0.1 mm. 40X.

8. Inundulic plasmic fabric.
Thin section of the Eutrustox 
B22t horizon (S62Ha-2-7) under 
crossed polarizers. The bulk 
of the s-matrix is isotropic 
plasma but there are some 
small indistinct islands of 
birefringent plasma (white 
areas). The mark is 50p.
63X.

Fig. 10. Dark silt and sand pellets 
in spodic horizon. Normal 
sesquioxidic nodules. Thin 
section of Podzol B2 horizon 
(Alaska) in plain light. 
The nodules are reddish 
brown in plain light, iso- 

 tropic under crossed polar
izers. The nodule with the 
marker (50μ) is about 65μ 
in diameter. 63X.

Fig. 9. Cracked, Isotropic coatings on 
sand grains in spodic horizon. 
Free grain sesquans. Thin 
section of Typic Cryaquod 
B23irb horizons (Dinglishna 
series, Susitna, Alaska) in 
plain light. The four large 
white areas are skeleton grains. 
The sesquans are reddish brown 
in plain light, isotropic under 
crossed polarizers. The marker 
is 0.1 mm. 40X.

Fig. 11. Simple free grain cutans with 
poor orientation. Thin section 
of Xerochrept B22 horizon (S64 
Calif-37-1) under crossed pol
arizers. The black areas are 
simple voids. The cutans on 
grain surfaces consist of 
organic matter, silt, and clay. 
The marker is 0.1 mm, 40X.

Fig. 12. Free grain cutans with poor 
orientation. Thin section 
of Xerochrept All horizon 
(S64Calif-37-l) under 
crossed polarizers. The 
black areas are voids. The 
cutans are on skeleton 
grain surfaces and consist 
of organic matter, silt 
and clay. The marker is 
0.1 mm. 40X.
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TABLE 4.

Some properties of a Tropeptic Eutrustox clayey, 

kaolinitic, isohyperthermic

Ratios+

Bases CEC
Horizon O.C. Clay* 100 g clay 100 g clay

% %

Ap 2.66 84 14 23

B22 0.37 82 5 9

B24 0.44 88 7 9

* - 2.5 x 15 bar water

+ - Bases extracted by NH4OAc (5Bla), CEC by NH4OAc 
(5Ala) (soil Survey Staff, 1967).
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the lower left part of the photomicrograph is about 20μ size. The 

olivine grain in the center is about 70μ long and has a weathering 

rind of birefringent clay in an otherwise dark undulose matrix.

Microfabric studies are helpful for identifying spodic horizons 

in sandy or coarse loamy materials. In some Spodosols the spodic hori

zon is distinct enough in the field so that further study is not required 

for identification. The placic horizon would be this kind of horizon. 

In others microfabric studies may be necessary to identify the isotropic 

cracked coatings on sand grains (Fig. 9) or the distinct dark pellets 

(Fig. 10). Chemical identification may be required for spodic horizons 

that contain amorphous clay and grade toward the cambic horizon.

Microfabric studies are helpful for identification of the cambic 

horizon though most cambic horizons can be identified by other field 

or laboratory studies. Microfabric study may be necessary to confirm 

the absence of rock structure in some. Rock structure can mean fine 

stratification of sedimentary deposits or saprolite as well as partly 

weathered rock. A Xerochrept from San Diego County, California has a 

cambic horizon that is developed from partly weathered rock. The rock, 

Bonsall tonalite, has weathered deeply to fragmented rock. There are 

some clay skins in fractures in the rock. The cambic horizon (Fig, 11) 

doesn't have enough clay to qualify for an argillic horizon though 

it has more than the A horizon (Table 5). Gravel, mostly rock fragments 

2 to 5 mm in size, make up only 24 percent of the weight or 15 percent 

of the volume of the horizon. Thin brown clay cutans bind individual 

grains and rock fragments into aggregates of a few grains. The cutans 

are weakly oriented and don't qualify as clay skins. The microfabric 

is insepic. The plasma separations are biotite pseudomorphs consisting
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TABLE 5.

Particle size distribution of a Typic Xerochrept coarse- 

loamy, mixed, thermic family

Horizon Gravel*  
2-19 mm

Sand*  
2-0.05 mm

Silt*  
50-2 μ

Clay*
<2 μ

A 19 72.7 17.1 10.2

B 24 68.7 19.4 11.9

C 40 82.9 12.5 4.6

* PSDA, methods 1Bla and 3A1 (Soil Survey Staff, 1967).
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mostly of vermiculite. The A horizon lacks significant amounts of 

plasma (Fig. 12). Individual skeleton grains are discrete with thin 

brown cutans on grain surfaces. We call this kind of fabric "skeletal.!l

Microfabric studies are helpful in showing authigenic carbonate 

in calcic horizons forming in limestone or limestone rubble. An Aridic 

Calcixeroll (Table 6) formed in oolitic limestone rubble in Sanpete 

County, Utah, could be classified on the basis of chemical data and 

field observations if one is willing to examine the soil to a depth 

of a meter and a half. However, it is more convenient to identify 

this calcic horizon by examining the coatings after the fragments are 

sawed (Fig. 13) or broken.

MICROFABRIC STUDIES AND DEVELOPMENT OF THE SYSTEM

Microfabric characteristics have been used rather extensively 

in developing the system of Soil Taxonomy we use. Initially we thought 

that clay skins could be used as evidence of clay translocation in all 

kinds of soils except perhaps in those with halloysite. Difficulty 

in recognition of clay skins in fine-textured Argids soon arose. Some 

misidentified clay skins in these soils in the field and some, who 

did not find clay skins, omitted soils from Argids that should have 

been included. Preliminary laboratory studies showed that it is not 

possible to distinguish between coatings of illuviated clay and stress- 

oriented clay formed in place in Bt horizons of soils in fine and very 

fine montmorillonitic families of the southwestern United States. 

The definition of the argillic horizon in the 1967 supplement to the 

7th Approximation (USDA, SCS, Soil Survey Staff, 1967) therefore allowed 

for argillic horizons lacking clay skins if there was evidence of clay 

illuviation. A subsequent publication (Nettleton, Flach, and Brasher, 

1969) showed that highly oriented bodies of clay that had been mistaken 

for clay skins in the field could have formed without illuviation and
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Fig. 13. Crystic plasmic fabric on a 
marble rock fragment. Thin 
section of an Aridic Calci- 
xeroll C2ca horizon (S67Utah- 
20-1) in plain light. The 
rock fragment is black, the 
brown carbonate coating, 
about 0.1 mm. thick, is on 
its under side. Particles 
of carbonate are packed 
loosely below the coating. 
The marker is 0.5 mm. 10X.

Fig. 14. Skel-mosepic plasmic fabric. 
Thin section of a Mohave 
(S59Ariz-7-2) B21t horizon 
under crossed polarizers. 
Two of the black areas are 
voids. One is a branching 
channel on the right, the 
other is near the center and 
has an oval spot (bubble) in 
it. No argillans line these 
voids. Most of the other 
black areas are dark secondary 
minerals. The light areas 
with diffuse boundaries are 
plasma separations. Most 
skeleton grains have borders 
of birefringent clay. The 
marker (lower left) is 0.1 
mm. 40X.

Fig. 15. Skel-mosepic plasmic fabric. 
Thin section of a Mohave 
(S59Ariz-7-2) B21t horizon 
briquette under crossed 
polarizers. Most of the 
black areas are dark 
minerals. The light areas 
with diffuse boundaries 
are plasma separations. 
Most skeleton grains have 
borders of birefringent 
clay. The marker is 0.1 
mm. 40X.

Fig. 16. Free grain argillans. Thin 
section of Haploxeralf Ap 
horizon (S63Calif-33-l) under 
crossed polarizers. The black 
area at centre, right side 
and top are packing voids. 
The skeleton grain at the 
top is a weathered biotite 
grain. The bright borders 
around skeleton grains are 
the argillans. Some are well 
oriented, others are thicker, 
contain more silt and are 
poorly oriented. The marker 
is 0.1 mm. 40X.

Fig. 17. Free grain argillans with 
weak orientation. Thin 
section of Argixeroll A12 
horizon (S65Calif-27-13) 
under crossed polarizers. 
The black areas are packing 
voids and channels. The 
light areas are the 
skeleton grains. The 
argillans are the light 
borders around the grains. 
The marker is 0.5 mm. 10X.

Fig. 18. Free grain cutans. Thin 
section of an Argid A2 
horizon (S69Nev-10-6) 
under crossed polarizers. 
The black areas are packing 
voids. The light areas are 
skeleton grains. The cutans 
consist of silt and clay but 
are poorly oriented. The 
marker is 0.1 mm. 40X.
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TABLE 6.

Carbonate content of an Aridic Calcixeroll loamy-skeletal, 

carbonatic, frigid family

Horizon Carbonate as CaCO3 *
<2 μ 
Clay

<2 mm
Soil

2-19 mm 
Soil

<19 mm 
Soil

% % % %

All 6 30 96 50

A13 10 35 95 54

Clea •15 53 89 68

C3ca 11 64 98 83

C5 3 39 92 72

*Carbonate clay, method 3Ala; carbonate <2 m. and >2 mm.,

method 6Elb (Soil Survey Staff, 1967).
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Chat absence of clay skins in the Bt horizons is consistently related 

to micromorphological evidence of stress and to the shrink-swell poten

tial of the horizon,

A Typic Haplargid like Mohave (Fig. 14) has a skel-mosepic fabric. 

There are no clay skins and the oriented clay around the skeleton grains 

and the dense matrix are thought to result from stresses produced by 

shrinking of the plasma. At least the same material mixed with water 

in a 1:1 (by volume) slurry in a blender has this kind of fabric (Fig, 15) 

when dried to form a briquette in an aluminum dish.

Initially we thought all spodic horizons had the black or very 

dark brown pellets, the cracked coatings on grain surfaces, or were 

indurated (placic horizons). Consequently field morphology augmented 

by microfabric studies was used to define the spodic horizon while 

chemical properties were being tested as criteria. However, we found 

that some of the weakly developed spodic horizons and ones formed in 

amorphous materials either failed to form the pellets or cracked coat

ings, or they could not be identified in an amorphous s-matrix. As 

a consequence field morphology and chemical criteria became used for 

these spodic horizons.

Aridisols are distinguished from Alfisols by the hard massive nature 

of Xeralf epipedons. Microfabric studies are useful here to show why 

the Xeralfs have hard massive epipedons when dry whereas the Argids 

do not. A summary of some of the physical properties of epipedons 

of important suborders of soils of the region are given in Table 7. 

The Argid, Xeralf, and Orthld epipedons have similar physical properties 

except for structure and consistence and are more dense than Xerolls. 

The higher organic carbon content of the Xerolls may be responsible.
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TABLE 7.

Comparison of Xeralf, Argid, Orthid, and Xeroll Epipedons*

* B. D. 1/3 bar, method 4Blc; O.C,, method 6Ala; PSDA,

method 3Ala (Soil Survey Staff, 1967).

Drained
Suborder, 
samples

B.D.
1/3 bar

pores, 
1/3 bar O.C. clay silt sand

g/cc % % % % %

Xeralf
29

1.4 28 1.7 14 37 49

Argid 
49

1.5 24 0.8 15 38 47

Orthid
30

1.4 23 0.7 19 35 46

Xeroll
27

1.2 24 1.9 17 41 42
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However, the Xeralfs have more organic carbon than the Argids or Orthids 

but are, nevertheless, harder. Peterson (1965) has shown that the 

hardness of Xeralf epipedons increases with the number of times they 

are manipulated. Cultivation breaks dry soil into smaller fragments 

that disperse when Irrigated. The clay then moves between skeleton 

grains as the soil dries. The bridging of sand grains by silt and clay 

gives the Xeralf epipedons their dry strength. The grain coatings 

and bridges of organic matter, clay and silt are too weakly oriented 

to be clay skins (Fig. 16) but some orientation is apparent from their 

birefringence. The grain surfaces of the A12 horizon of an Argixeroll 

(Fig. 17) has less orientation as has also the A2 horizon of an Argid 

(Fig. 18).

Pan horizons range in the expression of their properties between 

distinct end members, the pure petrocalcic horizon lacking silica and 

the pure duripan lacking carbonates. Microfabric studies help in making 

this distinction. Duripans have a coarse prismatic structure in their 

early stages of development, and it is in the lower part of the streaks 

separating the prisms that macroscopically visible silica can first 

be found. In thin section (Fig. 19) of such pans one sees many small, 

diffuse opal flocs of a few micron diameter in the s-matrix, and it 

seems likely that cementation begins with these. Durinodes are similar 

but larger silica-cemented pedologic features in otherwise friable hori

zons. Durinodes from eight horizons of a Durorthidic Xeric Torrifluvent 

and two Durie Camborthids from Nevada have similar amounts of carbonate, 

clay, 15-bar water and CEC as the friable s-matrix from which they were 

sampled.



Fig. 19. Discrete, diffuse, spherical, 
siliceous nodules. Thin 
section of a Durargid C2sicam 
horizon (S69Ida-38-4) in 
plain light. The siliceous 
nodules are the dark spheri
cal areas with diffuse 
borders. They are isotropic, 
probably opal. The marker 
is 20p. 160X.
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Fig. 20. Friable s-matrix in which 
durinodes occur. Thin 
section of a Durie Cambor- 
thid IIC3sica horizon 
(S66Nev-4-5) in plain 
light. The light areas 
are packing voids. The 
long lath-shaped skeleton 
grains are glass. The 
marker is 0.1 mm. 40X.

Fig. 21. Simple embedded grain 
argillans with moderate 
continuous orientation 
in a fine grained matrix 
of opal and weakly 
oriented clay. The 
section is part of a band 
of plasma which outlines 
a durinode. Thin section 
of a Durie Cauibothid IIC3slca 
horizon (S66Nev-4-5) in plain 
light. The light areas are 
glass shards and primary 
minerals, the dirty areas 
are opal and clay. The 
marker (lower right corner) 
is 0.1 mm. 40X.

Fig. 22. Area of fig. 21 under 
crossed polarizers. The 
dark areas are glass 
shards. The light areas 
with diffuse borders and 
the borders of skeleton 
grains are illuviation 
argillans, the dark plasma 
is opal. At the top are 
several layers of clay and 
opal with a very broad 
extinction brush. The 
diagonal light area has 
strong continuous orien
tation. The clay bands 
are probably illuvial clay 
which moved into the dur
inode in suspension with 
the solution carrying 
the silica. The marker 
is 0.1 mm. 40X.

Fig. 23, Compound joint-plane argillan- 
silan. Thin section of 
laminar cap of a duripan in a 
Durixeralf under light of 
polarizers 15° short of being 
crossed. The two spherical 
nodules in the centre are 
durinodes. They have an s- 
matrlx of birefringent clay and 
opal bordered by a layer of opal 
and another of clay with strong 
continuous orientation. The 
laminae above the durinodes are 
silans (opal). The marker Is 
0.1 mm. 40X.

Fig. 24. Laminar cap of a duripan 
(Natric Durixeralf). 
Clay skins are at the 
top. The opal below is 
white with a few colorless 
laminae. The laminar cap 
is about 0.5 cm. thick. 
4X.
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Material
Carbonates

%
Sand 

%
Silt 

%
Clay 

%

15-bar 
water

%

15-bar 
water
clay 

ratio

CEC 
meq/ 
100g

CEC- 
clay 

ratio

S-Matrix 3 51.5 41.2 7.3 8.8 1.21 18.5 2.53

Durinodes 4 46.4 45.2 8.4 9.6 1.14 18.7 2.22

Methods are those of the Soil Survey Staff (1967): Carbonates, 

method 6Elb; PSDA, 3Ala; 15 bar water, 4B2; and CEC, 5Ala.

None of the durinodes are indurated but their higher silt content com

pared to the s-matrix suggests some cementation. Fifteen bar/clay ratios 

show that none of the materials disperse well. The s-matrix consists 

mostly of sands and silts with too little plasma to bind the grains 

together (Fig. 20). Some of the sands are glass shards. The durinodes 

(Fig. 21 and 22) also have a matrix of sands and silts including glass 

shards. More important to their consistence, bands of plasma discon

tinuously outline them. Most of the plasma is isotropic, presumably 

opal, but some is birefringent clay.

With increasing development the flocs, or durinodes, increase in 

number, merge and become capped by layers of opal a fraction of a mm 

to several cm thick (Fig. 23). The opal is isotropic and has a dirty 

appearance in plain light. In reflected light it is white (Fig. 24). 

In Durargids and Natrixeralfs and in Durixeralfs like the one shown here, 

clay skins are commonly interlayered with the opal laminae. Chalcedony 

is the cementing agent in some of the more strongly developed duripans 

such as a Nadurargid from Nevada (Fig. 25).

Some physical and chemical properties of laminar duripans and 

a subjacent horizon from seven Durorthids, Nadurargids, and Durixerolls 

are listed below on a <19 mm soil basis since the duripans had to be 

ground for some of the analyses.
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Carbonates 
%

Clay 
%

15-bar 
water

%
WRD

%

CEC 
meq/ 
100g

B.D. 
O.D. 
g/cc

Average of 7 
duripans 13 6.0 10.7 2.9 17.0 1.79

Average of 7 
subjacent 
nonindurated 
horizons 4 6.1 6.2 5.6 11.6 1.82

Methods are those of the Soil Survey Staff (1967): Carbonates, 

method 6Elb; 15-bar water, 4Ba; and B.D., 4Alh,

Neither the duripans or the underlying horizons disperse well. Both 

contain small amounts of carbonate. The duripans have a little more 

15-bar water and CEC than underlying horizons and a little lower water 

retention difference. The laboratory procedures we commonly use just 

do not measure the fundamental properties of duripans. In these hori

zons microfabric studies, measures of hardness and strength, and the 

degree of slaking are the important properties.

The genesis of petrocalcic horizons has been described in detail 

by Gile (1961), Gile et al. (1965), Gile et al. (1966), and Flach et al. 

(1969). The development of cementation is shown by increasing the hard

ness of the carbonate concentrations, by increase in bulk density and 

by increased separation of primary grains as carbonate crystals continue 

to grow (Fig. 26). This calcic horizon of a Natrixeralf from California 

has a crystic fabric. In some petrocalcic horizons the section consists 

almost entirely of calcium carbonate.

Commonly, soil horizons are indurated by both silica and calcium 

carbonate. Given the distinct differences in the end members, it has 

been considered worth the effort to identify the major cement and name 

the horizon accordingly. Since small amounts of opal are obscured
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Fig. 25. Skew-plane chalcedan with 
strong continuous orien
tation. Thin section of 
Nadurargid Csim horizon 
(S66Nev) under crossed 
polarizers. The white 
area across the centre 
is the chalcedan. The 
dark vertical lines are 
extinction brushes. Other 
white areas are also 
chalcedans. The dark areas 
are flocs of opal. Carb
onate was removed from the 
slide. The marker is 0.1 
mm. 40X.

Fig. 26. Crystic plasmic fabric. 
Thin section of a Typlc 
Natrixeralf B3ca (calcic) 
horizon (S64Calif-48-4) 
in plain light. Calcium 
carbonate (light colored, 
textured area) displaces 
and surrounds the s-matrix 
of the soil. The marker 
is 0.1 mm. 40X.

Fig. 27. Crystic plasmic fabric 
of a petrocalcic horizon. 
Thin section of a Pale- 
orthid IIC3cam horizon 
(S66Nev-9-24) under light 
15° off crossed polarizers. 
The part to the right of 
the line had the carbonate 
removed, the part to the 
left did not. A thin 
framework of silica 
remained after carbonate 
removal. The large 
skeleton grain in the 
upper left part is a 
fragment of marble.
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by CaCO3, the carbonate has to be removed before microfabric studies 

are made. To do this, half of a section that has been ground to approxi

mately 0.03 μm is immersed in 1 N HC1 and left to react until all of 

the CaCO3 has dissolved. The acid treated and the untreated parts of 

the slide may then be studied to find if the carbonate or the silica 

is the major cement. This Paleorthid has both silica and calcium car

bonate, but the CaCO3 makes up the greater part (Fig. 27).

CONCLUSIONS

Microfabric studies are needed to identify argillic or natric 

horizons in stratified parent materials and argillic horizons in kao- 

linitic soils with fine textured surface horizons. They are needed 

to separate argillic and oxic horizons and to find the base of the 

oxic horizon formed in saprolite. There are some soils included in 

Alfisols and Ultisols if they have fragipans and clay skins more than 

1 mm thick even though the soils lack argillic horizons. Microfabric 

studies may substitute for or confirm the conclusions of other kinds 

of studies in Identification of spodic, calcic, petrocalcic, or duri

pan horizons. Microfabric studies have refined the system particularly 

in the definition of argillic, or natric, horizons of soils in fine 

and very fine montmorillonitic families and in the definition of duri

pans and petrocalcic horizons. Microfabric studies have been useful 

for explaining the structure and consistence differences in the ochric 

epipedons of Xeralfs and Argids and would seem equally useful in other 

kinds of epipedons.
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DISCUSSION

Dr. Hathout: What is the difference between grain cutans in a sandy 

spodic horizon and skelsepic plasma fabric?

Dr. Nettleton: Skelsepic plasmic fabric is mostly plasma with a few 

skeleton grains embedded in it. Here the plasma around the grains would 

have good orientation but orientation would decrease away from the grain. 

The cracked coatings in spodic horizons are isotropic and pull away from 

the sand grains upon drying. Apparently this happens in the field before 

the sections are made and if the grains are large enough can be used as 

field property for recognition of the spodic horizon.

Dr, Dumanski: In my experience, I have had trouble distinguishing cutans 

in two kinds of situations. One has been in sandy soils. The coatings 

that appear around the grains there may be formed by weathering or illuvi

ation and seem to be a function of the parent material. The other situation 

is as you mentioned in your soils from fine montmorillonite families, 

particle size indicates a very strong clay bulge in the Bt horizon but the 

clay skins are not particularly evident. How do you handle situations like 

th i s?

Dr, Nettleton: In most soils we don't have a pure sand-clay system. 

Instead silt is mixed in with the sand and clay. As long as there is a 

fair amount of silt, as Dr. Brewer has shown you don’t get the good 

orientation by mixing the materials into a slurry and letting them dry, 

whereas if only sand and clay are present good clay skins can form in 

sedimentary deposits just by drying. So if I found features like clay skins 

in materials without silt I don’t think I would consider the features to be 

clay skins.
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Dr. Dumanoki: The coarse loamy families you showed are much the same 

thing that I was talking about. If one makes sections down a profile 

and you go through an Ae into Bt you will have the coatings around the 

grains in Ae and Bt but they will be thicker in the Bt and this is the 

only apparent difference that I can see in the Bt and the ones in the Ae.

Dr. Nettleton: I have seen this in Argids. The surface horizon for some 

reason has these oriented clays on sand grains. I really don't know why 

they are there but as you say they increase in number and thickness as you 

go into the argillic horizon. In the desert a rain could disperse the clay 

but the clay might not move very far and as the water evaporated the clay 

could move between sand grains or on grain surfaces. The second situation, 

the fine-textured montmorillonite soils in the west and in other drier 

regions is a real problem. We don't find clay skins in the upper parts 

of argillic and matric horizons where the best structure and coatings on 

ped faces occur. In thin sections of these, the orientation of the coatings 

is poor and the layering which clay skins should have is lacking, so we 

concluded that these were not clay skins, though possibly at one time 

clay skins may have been present.

Dr. Dumanski: Do you suppose part of the orientation is particularly 

strong because of the montmorillonite clay in a soil which is high in clay 

and bases?

Dr. Nettleton: The soils are high in clay and bases. Many have salt, 

but I think the big thing is the amount of swelling type clay. We found 

that argillic horizons with a linear extensibility of or less have 

ciay skins. In those with linear extensibilities of more than clay skins 

are absent, but in the lower part of the profile there are good clay skins.
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Here the linear extensibility again is less, and there is some silica 

moving down into these areas too, which in soils tends to stabilize the 

structure instead of breaking it up, as we were talking about this 

morning in the session with Dr. Gillott.

Dr. Brewer: There seems to be a little confusion between genesis and 

morphology. Argillans are purely morphological features requiring 

interpretation in genetic terms. They can occur at any depth in various 

profiles and have been observed in lower B and C horizons even in non

montmorillonite soils. What's involved in this isn't a matter of root 

growth but involves several other things besides just shrinking and swelling. 

When clay gets into suspension then it moves as far as the suspension moves. 

It doesn't have to be deposited at the top of the B horizon.

Dr, Nettleton: No, it doesn't but you would think many of the clay skins 

would be formed at the top of the B horizon because here is a major part 

of the clay.

Dr. Brewer: No, I don't see the connection because the suspension does 

not move through the clay; it moves through the larger, conducting voids 

such as channels and vertical planes.

Dr. Nettleton: We found that in the upper part of some toposequences the 

soils have no argillic horizons, just cambic horizons. On the middle 

backs lope where there is more water for weathering and more clay formed 

there are soils with good argillic horizons with clay skins throughout, but 

more in the B3 horizon. In the footslope position soils have natric horizons 

and much the same mineralogy as the other soils except that they have 

montmorillonite too. Montmorillonite is dominant in the soils with natric 
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horizons. These also have strong structure and each clay skin in the 

upper part where the texture is a clay. Only in the B3 horizon where 

there is less clay are there clay skins. So it seems to me in putting 

that together than there might have been a period of time that soils 

had clay skins in the upper part though clay skins aren’t there now.

Dr. Brewer: Another thing that interests me is the use of micro fabrics 

in classification. You seem to use them where they support a preconceived 

idea and forget about them when they don't. It seems to me that the B2t 

horizons in montmorillonite soils that have columnar structure show no 

really good evidence of clay skins or if there are clay skins they are 

quite different than in other argillic horizons; in other words, there 

is no microscopic evidence of illuviation. I wonder why they are still 

called Bt horizons?

Dr. Nettleton: That's the genetic bias again.

Dr. Raad: In the Maritimes some podzol soils have bisequal profiles. 

Evidence of clay translocation if you look at it from the depth distribution 

of clay, is not that much because of, I would say, unstable land forms. 

However, thin section studies came out with 1 to 1% oriented clay skins. 

On this evidence they have Btj now in our horizon nomenclature, comparable 

to argillic now. How justified are we in using clay skins as differentia 

for genetic horizons?

Dr. Nettleton: Well this should be alright. We should be permitted to 

recognize the argillic horizons strictly on the basis of the clay skins. 

Many things can happen as far as the particle size is concerned but if 

there are clay skins this clay must have been in suspension at one time 

before it was deposited as a clay skin. This is one form of the argillic 

horizons we recognize too.
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Dr. Gillott: I would like to ask a question about these carbonates and 

siliceous deposits that you mentioned as cements. Is the mineralogy of 

these things known? Do you find aragonite or hydrated double salts in 

these carbonate cements or are they calcite. Also, I was wondering about 

the silica ones, in what form is the silica present? Is this known, 

or is this outside your area?

Dr. Nettleton: I haven’t looked at the carbonates very much but we 

have found calcite and magnesite, and I think others have looked for 

other carbonate minerals such as aragonite but haven’t found any. In the 

silica cements, we have identified opal and chalcedony and in duripans 

in Austral ia they have found quartz. To form quartz it would take a very 

old soil. It is something that should happen but we haven’t found it. 

The silica cements have refractive indices that are a little lower than 

the textbooks say they should be but they have the x-ray properties.

Dy*.  Hathout: Do you think using elementary structure is more important 

than using specific types of pedological features such as cutan or plasma 

fabric, to differentiate between horizons on two different types of soil?

Dy*.  Nettleton: We use elementary structure to describe the pedologic 

features and the descriptions to identify the features. We avoid genetic 

bias if we describe things as they are and then try to put the picture 

together and see how they formed. I would start with the basic characteri

zation, and keep genesis out of it until the features are described 

sufficiently to identify.

Dr. Mackinbosh: Me go to a great deal of trouble in our classifications to 

keep on refining to get a bit more of detail. For example, use of thin 

section analysis as an aid rather than to put in some sort of argillic 
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or cambic horizon and so on. I was wondering perhaps in doing this in 

developing these comprehensive systems whether we are loosing site of 

what our objective is in terms of classifying these bodies in the 

beginning. Would you comment on what you see the practicability or 

capability of continuing to split, making finer subdivision of our 

classification, by section analysis.

Dr. Nettleton: As 1 see it in soil survey we must use the ideas of 

genesis as a guide to improve our prediction of what is out there on 

the landscape. Micromorphology and a lot of these other things help in 

taking the soils apart to give a picture of how they form. We use these 

ideas then in our mapping. So we could get too much detail. I like to 

keep some of the overall picture so I don't get lost in all the maize.

Dr. Chesworth: I was interested in one of your thin sections that showed 

an olivine crystal with a skin of clay around it. I suppose you were 

suggesting that that was translocated clay around the olivine grain.

I was wondering how you would dismiss the hypothesis that that clay was 

formed there in situ as a reaction around the olivine.

Dr, Nettleton: As a matter of fact, I think it probably did form in 

place.

Dr, Chesworth: How then do you distinguish between such a rim formed tn 

place and one translocated?

Dr, Nettleton: I use the differences in the degree of orientation.

Dr, Chesworth: That rim of clay seemed to be pretty well oriented.
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Dpt Nettleton: Yes, It did seem to be well oriented. Most of the stress 

cutans or the part of the plasma that lines embedded grains won’t be that 

well oriented. Away from the surface of the grain the orientation 

decreases gradually. There is no sharp break. They are not distinct in 

texture from clay within the matrix whereas clay skins would be and 

illuviated clay would be. Pseudomorphs formed by weathering like this 

olivine one are mostly well oriented and, if shapes are similar, are 

difficult to separate from clay skins.

Dr. Chesworth: Do you know what the clay mineral was in that case, 

around the olivine grain?

Dr. Nettleton: Kao1inite.

Dr. Gillott: These oriented skins you get around these grains, these 

clay skins in soils; what do you attribute them to, why do you think 

they are oriented? What would be the popular explanation for this at 

the present time?

Dr, Nettleton: I would take this as being drying from thin suspensions 

of clay particles. Thicker suspensions in sediments give lower degrees 

of orientation, whereas clay skins are well oriented.

Dr. Gillott: It just occurs to me as you dry suspensions there is going 

to be a rise in the surface tension that is going to be quite considerable. 

Nonetheless, the concentration of the solution should also go up. Has 

this been thought about?
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Dr. Brewer: There have been experiments where clay suspensions have 

been passed through sand columns, clay columns and soil columns, and this, 

in fact, is what happens; they do orient. Presumably it is by a drying 

process although some of the more high powered physical-chemists can show 

that they will orient in "dead" spaces between sand grains while the 

suspension is still moving. By and large I think that it has been shown 

fairly well that drying a suspension on a surface usually produces strong 

parallel orientation.

Dr. Yong: What are the essential requirements?

Dr. Gillott: In a drying situation the situation is really different 

from a sedimentary marine or lacustrine situation where you are getting 

sediments where as other things continue to surround.

Dr. Nettleton: I have looked at fabrics of materials that had been 

equilibrated to given tensions. The ones that worked best were equilibrated 

at 15 bar and then freeze dried. I compared those with others that had been 

oven dried the way we normally make sections. The clay skins had weaker 

orientation in those materials that had been freeze dried, but they are 

more continuous around voids. The orientation after freeze drying is not 

as good as in clay skins that have been oven dried.

Dr. Gillott: So this bears out the contention that it is a surface 

tension drying effect.

Dr. Nettleton: Yes, really drying helps us see the clay skins. Some 

people prefer to look at them in the moist material in the field rather 

than let them dry because the films that form upon drying appear like 

clay skins.
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Another part of this, a soil mechanics property, is the 

failure of shale and weathered rock fragments in the soil to disperse. 

We're interested in this in soil formation. For instance, in some soils 

these clay skins behave like some shales and do not disperse. We're 

pretty sure that the clay skins had to be in suspension at one time in 

order to move, but today some do not disperse well in our normal mechanical 

analysis procedures. What types of bonding are involved; are Fe and Al 

involved in this? Or is it just a matter of packing density? Water just 

can't seem to enter them. Any ideas?

Dr, Brewer: This is where we should get back to collaboration.

Dr. Chesworth: I wonder if you work mainly in your native state; if 

you're working with California soils, or if you're working outside of 

the state?

Dr. Nettleton: Well, in the U.S.D.A. Soils Laboratory at Riverside we 

work with soils from the 13 Western states; those west of the Rockies.

Dr. Chesworth: Well, I wonder if there is any specific texture that we 

can relate to geo-thermal areas; in areas of California where you have 

geo-thermal activity? Do you get specific textures developing in soils 

in those areas?

Dr. Nettleton: Well, the ones I know anything about would be in Nevada. 

I think the materials on the surface are volcanic materials of various 

sorts, volcanic ash, fan deposits from the volcanic rock. I don’t really 

know what the bed rock is like.



- 74 -

Dr. Chesworth: There is no indication then, in the areas where you 

have a high surface heat or from geo-thermal sources that there are 

specific types of clay skins forming in that high temperature zone?

Dr. Nettleton: I don't know anything about this. Do you expect more 

chlorites to form in this kind of a soil?

Dr. Hathout: Yes, I would like to ask Dr. Brewer if the nature of 

wetting and drying will form pressure, compaction or shearing faults in 

the soil? Or both together?

Dr. Brewer: Well, I don't really know that either. It's hard for me 

to visualize that drying will do very much. Wetting should in some soils 

because of expansion exerting pressure against any solid surfaces in the 

soil. However, once a soil is wet, dried and then re-wet, it doesn’t 

normally return to its original volume so perhaps you couldn't expect much 

in the way of shearing forces developed in a secondary wetting. On the 

other hand, it is in swelling and shrinking, due to wetting and drying, 

that produces these shear features, but you can’t really follow the argument 

to its finality. An important factor probably is the irregular manner in 

which soils wet from a dry state so that part of the soil becomes saturated 

and swells while other parts are still relatively dry, and so present stable 

units against which the wetter material can be deformed. In nature there 

are other things that might make you expect that perhaps this shouldn't 

happen even though this is absurd. What do you think of that for an answer?
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MICROMORPHOLOGICAL FEATURES OF SOILS IN RELATION TO PLANT GROWTH

INTRODUCTION

The most extensive use that is made of soil is as a medium 

for plant growth, either in a natural ecosystem or for cultivated 

plants, The soil, in addition to providing physical support, provides 

almost all the water and mineral nutrients essential for plant growth. 

These necessary elements of plant growth must be transported from 

their position in the soil across the soil-root interface and into 

the root. The physical and chemical properties of this interface are 

therefore of very great importance to plant growth. We have a 

relatively good understanding of the effect of soil properties on 

root growth and nutrient and water absorption on a macroscale. Very 

little attention has been paid to the effect of these properties on 

a microscale. Thus there will be relatively little factual information 

on the effect of soil micromorphology on root growth and nutrient 

absorption presented in this paper. We hope however that we can indicate 

those micromorphological features that may be of most significance and 

postulate some of the effects they may have.

In addition to being influenced by the micromorphology, a 

root, in growing through a soil may modify the soil-root interface, 

Some of these modifications may be beneficial while others may reduce 

the ability of the root to absorb water or nutrients. We will attempt 

to show some of the modifications that may occur and postulate their 

significance.

MECHANISMS OF ROOT GROWTH AND NUTRIENT ABSORPTION

Before discussing the effects of specific micromorphological 
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features on root growth and nutrient absorption, it is important that 

we have an understanding of how roots grow and how they absorb water, 

and nutrients. With apologies to those for whom this is a review, we 

want to present a brief description of a root, its growth and nutrient 

absorption.

A longitudinal and cross-sectional view of a typical root is 

shown in Figure 1. Of particular significance is (a) the root cap, a 

group of cells which are produced from and serve as a protection for the 

meristem (b) the meristem which is the site of formation of new cells, 

(c) the region of elongation just behind the meristem and (d) the 

region of maturation where root hair and lateral root development occur. 

The significant features of the cross-sectional diagram are the 

epidermal layer from which the root hairs develop and the pericycle 

from which lateral roots develop.

The dimensions and abundance of roots vary with species and 

with growth conditions. Table 1 indicates the typical values for roots 

of cereals. Of particular significance is the number and size of root 

hairs, 

TABLE 1. Dimensions and abundance of roots of cereals. (From Barley, 1970.)

Order of Root
Diameter 

(cm)
No./cm of root 

of next high order
Length (cm) per 

cc of soil

Main -2 5x10 — — — 1

1st.order 
lateral -2 2x10 2 5

2nd. order 
lateral -2 1x10 1 2

3rd, order 
lateral 5x10-3 5x10-1 5x10-1

Root Hair -3 1x10
3 

1x10 1x103
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Fig. 1. Longitudinal and X-sectional diagram of root. (From: 
Kramer, P.J. 1969. Plant and Soil Water Relationships, 
p. 107 and p. 109, McGraw-Hill Inc.).
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Dicotyledonous roots are much more variable in diameter due 

to the secondary thickening they undergo. This secondary thickening 

develops from the vascular cambium and usually destroys the epidermis 

and root hairs. The increase in diameter is of course greatest in 

perennial species, particularly trees.

Roots increase in length due to production of new cells in 

the meristematic region and their subsequent elongation due to turgor 

pressure developed by water absorption in response to a high osmotic 

value of the cell sap*  This turgor pressure is eventually balanced 

by resistance of the cell wall to further expansion as the cell matures. 

Although the main increase in cell size is in the longitudinal direction 

there is some increase in the radial direction as well. When a root 

grows in a nutrient culture, the only resistance to cell elongation is 

thecell wall pressure. In a soil, however, there is the resistance of 

the soil as well.

A root will not grow into a rigid pore that is smaller

in diameter than the root (Wiersum, 1957). Thus the root must either

find a pore that is as large as, or larger, than the root or It must

enlarge a smaller pore by pushing aside soil particles. The ability 

of a root to penetrate a particular region of the soil therefore depends 

upon the pore size distribution and on the resistance of the soil to 

rearrangement of particles.

A root can exert surprisingly large pressures both axially 

and radially as demonstrated by Pfeffer in a classic study conducted 

in 1893 (Gill and Bolt, 1955). Pfeffer measured axial pressures ranging 

from 7 to over 20 atm, and radial pressures of from 3 to 6 atm. More 

recent studies have confirmed these values.
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There is a diurnal variation in root diameter and hence in 

the radial pressure exerted. McDougal (1924) found that a 4-cm tree root 

expanded from mid-day to midnight, contracted slightly from midnight to 

sunrise and then more abruptly until mid-day. This latter contraction was 

coincident with contraction of the trunk. Huck et al. (1970) found diurnal 

fluctuations in diameter of cotton roots with the diameter at noon of a dry, 

sunny day being about 60% of that at 2 a.m. at which time the diameter reache 

a maximum. This fluctuation was related to the water status of the plant.

The extension of a root in soil will depend on the ability of the 

root pressure to overcome the resistance of the soil. The soil resistance is 

a function of many factors. For a given soil, bulk density and moisture cont 

are the main factors. That these factors combine to determine soil resistant 

and hence root growth has been clearly shown by Taylor and Gardner (1963). 

Figure 2, 3 and 4 show the inter relationships of root penetration, bulk 

density and soil strength of an Amarillo fine sandy loam. Increasing bulk 

density and soil moisture tension increased soil strength as measured by a 

penetrometer and decreased root penetration. Root penetration was directly 

related to soil strength (Figure 4).

Edwards et al. (1964) found that corn roots did not penetrate peds 

whose bulk density was 1.80 g/cm3 or higher. They found a significant 

difference between the average intraped porosity of peds which many corn 

roots had penetrated and those which roots were not able to penetrate. Thus 

the porosity and bulk density of individual peds within a horizon determine 

the degree to which roots will penetrate the ped.

Nutrient absorption by a root from soil is predominantly an 

active process requiring expenditure of metabolic energy. The ions are 

removed from the soil solution at the root surface, the rate of absorption 

being dependent in part on the concentration of the nutrient. Because the



Fig. 2. Relationship of root penetration to soil water potential and bulk 
density. (From: Taylor and Gardner, 1963).
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Fig. 3. Relationship of soil strength to soil water potential and bulk density. 
(From: Taylor and Gardner, 19&3)■
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Fig.4 Relationship of root penetration to soil strength. (From: Taylor 
and Gardner , 1963).
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quantity of nutrient in solution at the root surface is negligible compared 

to the plant requirements, adequate nutrition is dependent on the rate at 

which the nutrient supply to the root surface is replenished. The three 

principal mechanisms by which plant nutrients reach the surface of a root are 

(a) diffusion due to concentration or activity gradients (b) mass transport 

in the soil solution moving to the root due to transpiration and (c) inter

ception due to root extension into new soil volumes.

For steady state conditions, the diffusion of ions can be 

represented by a modification of Fick’s Law (Olsen and Kemper, 1968).

∂q/∂t = -D(L/Le)2 θ ∞γ ∂c/∂x

where q = flux per unit of root surface area 

t = time

D = diffusion coefficient or diffusivity

L = macroscopic distance between two points

Le = actual distance through which ions diffuse

θ = volumetric moisture content

 ∞ γ = factors accounting for reactivity of water and nutrients in soil 

This equation is usually represented by

∂q/∂t = -dp ∂c/∂x

where Dp = D(l/Le)2

The factors L/Le, 0, γ will all be influenced by the porosity and/or 

chemical composition of the soil through which diffusion is occurring.

The rate at which ions move to the root by mass flow will depend 

upon the volume of solution moving to the root and the concentration of the 

nutrient in the solution (Barber, 1962). If the rate at which ions move to 

root surface by mass flow is greater than the rate of absorption by the root, 

the ion will accumulate at the root surface and diffuse away from the root. 

If the rate of movement by mass flow is less than the rate of absorption,
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the concentration at the root surface will be lower than that in the bulk 

solution and diffusion to the root surface will occur. Both the rate of 

solution movement to the root and the concentration of ions in the solution 

may be affected by the micromorphological characteristics of the soil.

The distance from which ions will move to the root surface is

determined by the mobility of the ion in the soil. Ions such as NO3 which 

are very mobile will move either by mass flow or diffusion from considerable 

distances, i.e. a few centimeters. Immobile ions such as phosphate, however, 

will move only very short distances, i.e. a millimeter or so. Bray (1954) 

has discussed the significance of nutrient mobility and has defined two root 

sorption zones. The root system sorption zone includes the total volume of 

soil occupied by the root system and from which the plant will absorb 

essentially all the mobile nutrients. The root surface sorption zones 

includes only a thin layer of soil immediately adjacent to the root surface 

from which the plant absorbs the immobile nutrients. Thus the nature of the 

soil medium immediately adjacent to the root is extremely significant in 

the absorption of immobile nutrients such as phosphate and to a lesser 

extent potassium. The ability of root hairs to penetrate the soil at the 

root surface greatly increases the volume of soil from which immobile 

nutrients such as phosphorus can be absorbed. Champion and Barley (1969) 

have demonstrated that root hairs of Pisum sativum (Pea) can penetrate a 

core of saturated remoulded clay to a depth of 200μ or more when the water 

void ration (ew = Volumetric moisture content x particle 
density/bulk density) was 1.0 

or greater. Penetration was sharply reduced by compaction of the clay and 

hence reduction in the water void ratio.
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Influence of Micromorphology on Root Growth and Absorption of Water 

and Nutrients

Any aspect of the soil fabric which either directly or 

indirectly influences the air-water-solid interfaces in a soil system 

and thus the transport of substances in the system will have an effect 

on root growth and nutrient absorption. Under this broad concept, all 

micromorphological elements of the soil fabric should be considered. 

The influence of gross features, such as fragipans, claypans, sesquioxide 

pans and caliche zones on root growth has been reviewed by Soileau (1966). 

We will restrict our discussion to those micromorphological features 

which we think are most likely to influence root growth and nutrient 

absorption.

Although cutans may comprise less than 1 to 2% of the total 

soil volume, they may have a disproportionately large influence on the 

soil as a medium for plant growth. The characteristics of cutans are a 

function of genetic history of the soil position in the profile and 

composition of the parent material. Cutanic or subcutanic features 

that are most likely to have a significant influence on plants are 

(a) argillans and ferri-argillans (b) sesquans and (c) soluans, 

Argillans are composed dominantly of clay minerals (Brewer, 

1964, p. 212), and commonly contain up to 2 to 3 times as much fine 

and total clay as ped interiors (Buol and Hole, 1959; Khalifa and 

Buol, 1968; and Miller et al., 1971). Miller et al, (1971) also 

found that the total clay fraction of the cutan contained up to twice 

as much fine clay as the S-matrix. Most evidence suggests that clay 

minerals in an argillan are oriented with their basal plane parallel 

to the ped surface. Orientation is often sufficiently perfect to 

yield weak pleochroism, sharp band extinction and laminar flow 
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structures (McCaleb, 1954; Grossman et al., 1959; Stephen, 1960; and 

Miller et al., 1971). This suggests that the primary voids associated 

with argillans are ultra-fine packing voids and possibly more strongly 

interconnected planar voids parallel to laminar flow structures.

These features of argillans and ferri-argillans could be 

expected to influence root penetration and movement of water and 

nutrients. The pore sizes would likely be too small for penetration 

of even a root hair without displacement of clay particles. Under 

field moisture conditions it is highly likely that the resistance of 

the clay particles to reorganization would be greater than the pressure 

that could be exerted by a root hair. Although Champion and Barly (1969) 

found root hairs could penetrate 200 to 300μ into a plastic clay layer, 

the clay particles were not oriented as in an argillan and the moisture 

content was higher than normally found in the field. Both of these 

would tend to reduce the resistance of the clay to deformation. Hence 

penetration of a ped through an argillan by fine roots or root hairs will 

liekly depend on the existence of discontinuities in the argillan.

Khalifa and Buol (1969) separated natural soil peds from the 

B22t horizon of a Typic Hapludult in North Caroline into completely coated 

and uncoated aggregates. These aggregates were mixed with acid washed 

sand and used as the growth media for wheat plants in a greenhouse experi

ment, Marked differences in total root growth and pattern of root growth 

were observed at harvest. Main roots as well as fine roots penetrated all 

the way through the uncoated aggregates. In the coated peds the roots were 

concentrated in the sand around the peds. The fine roots were adhering to 

the surface of the peds without any observable penetration. The fact that 

the fine roots were adhering possibly indicates that there was some pene

tration by the root hairs.

The diffusion of nutrients from within the ped to a root on 
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the ped surface would be reduced by an arglllan due to an increase 

in tortuosity. Lai and Mortland (1968) found that the apparent 

diffusion coefficient in the direction perpendicular to the basal 

plane was only 1/5 that along the basal plane. Thus diffusion 

across an argillan would be much slower than diffusion along the sur

face. Khalifa and Buol (1969) and Soileua et al. (1964) have observed 

a reduction in absorption of nutrients from peds with clay coatings. 

Khalifa and Buol (1969) found essentially equal absorption of nitrogen 

but a much lower absorption of phosphorus and potassium from coated 

than from uncoated aggregates. Whether this was due to the influence 

of the lay coating on diffusion or on root penetration could not be 

determined. This differential effect on nitrogen and phosphorus may 

indicate that the effect was due to a reduced penetration by roots. 

Nitrogen being more mobile would diffuse to the surface whereas phos

phorus would not.

Soileau et al, (1964) prepared peds of Commercial New 

York Green Shale (85% illite) with and without Fe-kaolinite coatings. 

Coated and uncoated aggregates were uniformly distributed throughout 

washed sand and wheat plants were grown in a greenhouse experiment. 

Although there was some penetration of the coated aggregates by roots, 

the absorption of potassium was reduced by the clay coating (Table 2). 

This reduction could not however be unequivocally attributed to an 

effect of the clay skin on diffusion of potassium.

TABLE 2. Potassium content of wheat grown in culture containing clay- 
coated and uncoated aggregates.

Treatment

K content (me/pot) 

17 days 30 days

Uncoated aggregates 0.64 1.32
Coated aggregates 0.47 0.99
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Argillans have a wide range in chemical properties depending 

on clay mineralogy but some characteristics warrant comment. Total C 

and N tend to be 2 to 4 fold more concentrated In argillans than ped 

interiors, base saturation is often higher, and the C.E.C. is dis

proportionately higher than would be expected from increased clay 

content which reflects differences in clay mineralogy (Miller et al. 1971). 

Some exchangeable cations (ex K and Sr, (Heil and Buntly, 1965; Miller 

et al., 1971)) are 2 to 5 fold higher in cutans than in ped interiors 

One might expect these higher nutrient concentrations to result in 

increased absorption by roots growing on the surface of a coated ped 

compared to an uncoated one. These ions however must diffuse through 

the coating to the root (assuming there is little or no penetration by 

root hairs). The reduced rate of diffusion could well more than 

eliminate the effect of the higher nutrient concentration.

The knowledge of sesquans and soluans is much less than 

that of argillans and there is very little evidence of the effect 

they may have on root growth and nutrient absorption.

Sesquans, particularly ferrans, are generally more rigid 

than argillans and would therefore offer greater resistance to root 

penetration. The high ion content would be expected to result in 

precipitation of phosphorus as it diffused from within the ped. These 

coatings on a void or ped surface would be expected to greatly restrict 

root penetration and phosphorus absorption.

Calcans (calcium carbonate coatings) would likewise be 

expected to reduce phosphorus movement due to precipitation as calcium 

phosphates.
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Influence o£ Roots on Micromorphology

One of the difficulties in assessing the impact of roots on 

soil micromorphology is to establish that a root found in a given 

environment is directly associated or responsible for modification 

of adjacent soil fabric, or the formation of a given mlcromorpholo- 

gical feature. It's like the question of the "chicken or egg first" 

debate. Is the root a causitive or passive agent adapting to a more 

favorable environment?

Perhaps one of the most obvious ways roots influence 

micromorphology is by their stabilizing effects on soil aggregates 

(Bradfield and Jamieson, 1938), The reasons why fibrous root systems 

tend to promote higher aggregate stability is not clear out presumably 

it is related to an interaction of several factors, namely root exu

dates, microbial by-products, and organic-clay bridging mechanisms. 

Another obvious Influence of roots is the development of channel 

voids and associated undecomposed organic residues that may occur as 

organic matter coatings or undecomposed root tissues.

Several closely controlled laboratory and field studies 

suggest that roots do play an important role in soil fabric modification. 

Barley (1954) found that soil adjacent to corn root channels 1 mm in 

diameter was more compact than several mm away. Sedgley and Barley 

(1958) suggested that at moderate porosities, radial root expansion 

will be accommodated internally by local rearrangement of soil parti

cles. Blevins et al., 1971 have observed that the soil fabric adjacent 

to tree roots of 4 mm to 7 mm in diameter exhibit preferred grain 

orientation (Figs, 5 and 6) decreased particle-size (Figure 7), and 

a greater percentage of finer pores (Figure 8). This affect is 

most prominent within the first 0.5 mm of the soil fabric.

Such fabric rearrangement will likely produce a more dense
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Fig. 5. Percent elongate grains >30μ oriented parallel to 
root surface In relation to distance intervals from 
soil-root interface with root sizes 4 mm and 6-7 mm 
averaged together. Clymer and Miami B22t horizons. 
(DMR- means with same lower case letters are not 
significant at .01 level). Taken from Blevins, e t al., 
1970.



Fig. 6. Percent oriented clay in relation to radial distance intervals from soil-root 
interface with means of both root diameter sizes averaged together for each 
soil. Clymer and Miami B22t horizons. (DMR- means with same lower case letters 
are not significant at .01 level). Taken from Blevins, et al . , 1970).
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Fig. 7, Percent grains >20μ size in relation to distance interval from soil-root interface 
with root diameter sizes averaged together for each soil. Clymer and Miami B22t 
horizons. (DMR- means with same lower case letters are not significant at .01 level). 
Taken from Blevins, et al., 1970.



Fig. 8. Distribution of volume-percentage pores >20p as determined by microscopic 
methods and related to radial distance intervals from soil-root interface 
in Clvmer and Miami B22 horizons. Taken from Blevins, et al., 1970.
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volume of soil near the root surface. This increased bulk density will 

increase the soil strength and hence reduce the penetration of lateral 

roots and root hairs. It will also alter the moisture and nutrient 

transfer from regions further from the root. Whether this transfer is 

increased or decreased will depend upon the initial bulk density and 

moisture content of the soil,

Jenny and Grossenbacher (1963) made electron micrographs of 

plant roots in contact with clay surfaces, and showed the occurrence of 

a mucilaginous gel at the root-soil contact zone. This gel greatly 

increases the contact between the "root" and the soil. Floyd and 

Ohlrogge (1970, 1971) have examined the physical and chemical 

characteristics of gel formed on nodal root surfaces of corn. These 

exudates are comprised of a number of polysaccharides, and are x-ray 

amorphous. They increased the first order basal intensities when 

added to an NH4 - saturated montmorillonite indicating a greater degree 

of orientation. In addition to the exudates having a possible effect on 

ion exchange across the root-soil interface, they may provide a media 

for better dispersal of clay platelets. Such a phenomena would favor 

stress oriented plasma features adjacent to root surfaces under perhaps 

less pressure than would normally be required. The increased organic 

carbon contents associated with argillans, the formation of organo- 

argillans and dark brown cutanic stains either on the root or void 

surface may be related to such exudates.

It is well established that under some soil conditions, the 

rate at which nutrients are carried to the root surface by mass flow 

within the soil solution is greater than the rate of absorption by the 

root (Barber, 1962). Under these conditions, i.e. high transpiration, 
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high nutrient concentration in solution, the ions will accumulate 

at the root surface and may be responsible for modification to the 

soil micromorphology. Tubular carbonate coatings (neocalcans) have 

been observed on tree roots in highly calcareous sandy soils in 

Ontario (Figure 9). These are thought to be a result of precipi

tation of CaCO3 due to the high concentrations of Ca++ at the root 

surface due to mass flow. This process may result in the development 

of such micromorphological features as neocalcans (carbonate coatings), 

or other soluans.

The root has a profound effect on the environment at the 

soil-root interface. When absorption of cations exceeds that of 

anions, the pH at the interface will be reduced due to release of 

ions. When anion exceeds cation absorption the pH will be in

creased (Miller et al., 1970; Blair et al., 1971; Riley and Barber, 

1971). This change in pH will influence the solubility of phosphorus 

(Miller et al., 1970) and other ions at the soil-root interface.

The modification of the oxidation-reduction potential through 

alteration of the O2 partial pressure and the exudation of mucilaginous 

gels which may react directly or through a modification of the microbial 

population will modify the form and hence the solubility of iron, 

manganese and other compounds. Under conditions where the iron solu

bility is increased at the root surface (reduced pH, reduced O2) the 

mobilized iron could be expected to diffuse into peds and be deposited 

as subcutanic (neoferran) features (Miller et al., 1971). Under 

conditions where the solubility is decreased at the root surface (under 

reducing conditions where O2 is transferred through the plant to the 

root surface (Bartlett, 1961; Greenwood, 1968) iron precipitates may 

occur on the root surface and hence would occur as void coatings.
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Fig. 9. Calcans (calcium carbonate coatings) formed around 
tree roots in a calcareous sand parent material in 
Norfolk Co., Ontario.
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Summary

Micromorphological features of soils will have an influence 

on growth and nutrient absorption far greater than their volume would 

suggest. This effect will occur primarily by two mechanisms:

(1) Restriction of root growth to interpedal pores and ped surfaces 

due to cutans on voids and ped surfaces.

(2) Reduction in movement of ions from within peds to ped surfaces 

due to increased tortuosity of the diffusion path and/or increased 

reaction of the diffusing Ions with the cutan

Plant roots exert an influence on the micromorphological 

features of soils through compaction of the soil and by altering the 

concentration and solubility of ions at the soil-root interface.
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DISCUSSION

Dr.. Beauchamp: Would you expand on your comments concerning grain 

orientation about soil-root interfaces.

Dr. Wilding: Two types of orientation were shown. Skeleton grains 

>30p in length with an elongated axis and clay orientation. In case of 

the latter we did not indicate whether the argil Ians were illuvial or 

stress oriented features. Both were found. Immediate to the root 

interface we did not find any evidence of what we would term illuviated 

clay, but rather stress oriented clay occurs. Traversing radially from 

the root interface into the soil you may have noticed a slight increase 

in orientation of clay. That little hump in orientation occurs at the 

same point where we have a maximum in large pores. In this zone we 

attribute the increase in oriented clay to illuvial phenomena along 

these conducting voids. This may be where most of the conduction of water 

and soil suspension occurs rather than right at the root interface. This 

is different than what we anticipated when we initiated the work. We 

thought we would see very pronounced illuvial clay features immediate 

to the root interface. There are stress oriented features there but very 

little evidence of illuviation argillans.

Dr. Gillott: On this same question, would you care to amplify on the 

technique which you used to get a quantitative measure of the degree of 

orientatoon?
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Dr, Wilding:

There are two problems involved here. One is the sampling procedure. 

How do you go about sampling tree roots in the field without artificially 

inducing orientation before you get the samples impregnated and cut 

into thin sections? The second aspect is how do you quantify the 

measurements of grain orientation once the thin sections have been 

prepared? In the former case we used a freezing technique. A pit was 

excavated to the zone of interest, the soil was frozen in situ with 

liquid nitrogen, and a frozen block of soil removed are carefully 

transported to the laboratory in a frozen state. There it was lyophilized 

in a freeze-drier, impregnated with a thermo-plastic, and cut into thin 

sections. On thin sections, we used a point-intersect method counting 

different properties of interest on random radial transects from the 

root-soil interface towards the soil matrix. Counts were grouped over 

given distance intervals along the transect. Quantification came from 

a large number of point counts for each feature observed. Elongated 

skeleton grains (>30u in size) were considered oriented if long axis was 

within ± 30° of tangent to the root-soil interface. For clay we used 

the degree of optical orientation as evidence of preferred orientation 

of clay platelets. Skeleton grains which were equidimensional were 

disregarded since they would not be subject to preferred orientation. 

Transects were radial from the soil - root interface and it should be 

noted that at distances 1 to 2 mm from this interface approximately 33% 

of the skeleton grains were oriented. This implies random orientation 

in this zone because under such conditions one would expect 33% of the 

grains to be within ± 30° of tangent, or 60° of 180°.
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G. Wall:

Some of Dr. Wilding's work at Ohio State indicates that these 

cutanic materials have much higher cation exchange activities than the 

matrix material; you indicated this in your talk. You seem to discount 

the fact that the plant would have any preference to absorb nutrients 

from this material on the basis of the diffusion rates. I wonder 

if there was any indication that plant roots ever show any preference 

for the material in absorbing nutrients particularly the ones that are 

less common in soils.

Dr. Miller:

Even though the cations were more concentrated in this zone, 

cutans had a higher exchange capacity therefore more cations in the 

argillan, except for those right at the very surface. Cations would 

have to be diffused through the argillan to reach the root surface 

and this might more than compensate for the increased concentrat ion. 

As far as the root having a preference for growing on that argillan 

compared to an uncoated surface, as you are inferring, root growth 

is where the environment is most suitable for growth. This is evading 

the question. If there is a deficiency for root growth that the soil 

itself, not a particular nutrient, tends to be concentrated on an 

argillan the root would tend to grow there,

G. Wall:

I am thinking of the experiment where you quoted where you had 

plants growing with heavy cutans on it and the root did not tend to 

move through the cutan.
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Dr, Miller:

You are suggesting the root did not grow through because it liked 

it better on the outside. I do not think that would occur. I think 

the lateral root or the root hair comes in contact with an argillan, 

it continues to extend through the argillan to the ped unless there was 

a physical force preventing it from doing so. I think in argillans 

the pores would not be large enough for a lateral root to penetrate, 

and I do not think the roots stay on the surface because they like it 

better there.

Dr. Mackintosh:

If you look at root distribution, say you take corn, I am not sure 

it may explore to a depth of 4 or 5 feet during the season. Your B or 

Bt horizon may make up 10 inches of this 4 foot depth. About 1% of 

that volume might be occupied by oriented clay skins, so relative to the 

supplying power in terms of the root distribution and supplying power 

of the plant. Do you think that these clay skins or argillans would add 

a great deal of importance to your overall picture?

Dr. Miller:

If you are talking about corn or most other annual cultivated crops, 

85 or 90% of the root system through which nutrients are absorbed will 

be in the cultivated horizon. The main contribution from the subsurface 

horizon will be the soil moisture. If the coatings prevent the roots 

from extracting the moisture from the peds, or decrease the rate which 

the moisture can be extracted from the peds, a 10 inch Bt horizon could 

have a very definite effect during the drought period. As far as nutrients 

are concerned for corn crops I don’t think it is very significant. For
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Dr, Nettleton:

I am interested in your explanation of ferrans in the slide 

illustrations and what relationship they may have to soil drainage. 

One time the ferran was adjacent to a void with a subjacent argillan 

and the next time the other way around. Is there a difference in 

the drainage class of the soil from which these sections were taken? 

What about oxidation state of the iron along the air-soil interfaces 

or root-soi1 interface.

Dr, Wilding:

You can find ferran distribution as illustrated in these slides 

in the same soil profile - even the same horizon. Commonly, as you 

are quite familiar, fragipans have a strong iron enriched subcutanic 

zone behind a more bleeched cutanic surface. Most fragipans in the 

north central and eastern parts of U.S., I think also in south eastern 

U.S., have such a color pattern. Along large prismatic, or polygonal 

structural units - the major structural units in these soils - the ped 

exteriors are gray and contain only 1/4 to 1/2 to as much total or free iron 

oxides as occurs in the subcutanic iron enriched zone to several 

millimeters towards the ped interior. Farther into the S-matrix of the 

ped, the iron content decreases after passing through the stronger brown 

subcutanic zone, but may still be an order of magnitude greater than 

that in the gray cutanic surface zone. It is not simply a matter of 

oxidation state of the iron in this case but a differential loss and 

concentration of iron laterally into the ped. This is the situation 



108 -

ecological situations with natural vegetation and for perennial crops, 

1 think it could significantly affect the natural feeding system and 

the soil volume from which the plant would be able to extract nitrogen, 

but in the corn crop it not very significant in the nutrient standpoint.

Dr, Beauchamp:

If you look at the root system going down through the Bt horizon 

you usually find roots passing through the voids along the faces of 

peds so that I feel that the clay skins would have a very important role 

to play.

Dr, Wilding:

Dr. Miller, I am interested on your comment on plant nutrients. 

I was just thinking that suppose an adequate nutrient supply is not 

present in the cultivated surface horizon, what would you say would be 

the impact of subsoil on plant growth? What about situations where a 

farmer hasn’t been so prudent in fertilizing the surface soil to yield 

an adequate nutrient supply?

Dr, Milter:

Certainly my comments in reply to Dr. Mackintosh’s question were 

assuming an adequately fertilized surface soil, and if the surface is 

deficient there will be a greater proportion of the nutrients that must 

be extracted from the lower horizons. The greater proportion of nutrients 

that come from there, the greater significance the cutans will have on 

plant growth.
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where neoferrans were found subcutanic to root interface. Now in 

these same fragipan horizons we also tend to get a platy structure 

units perpendicular to the long axis of the polygons. Along the 

surfaces of the platy structural units commonly ferrans, neoferrans, 

or neosesquans occur. Thus, the gross drainage aspects of the horizon 

are presumably the same but striking differences in oxidation-reduct ion 

processes apparently occur on a finer scale.

Or, Beauchamp:

There is no difference in the size of the pores involved?

Dr. Wilding:

Well I think almost always the larger pores, would be associated 

with polygonal structural units. Several individuals have proposed, 

and most certainly it must be true, that tremendous differences occur 

in the microhydrological properties within the same horizon. I don’t 

think you can ignore this aspect.

Dr. Miller:

I think secondly we know that a root can modify the oxidation

reduction balance at the soil-root interface. It can modify the 

pH and this will have an affect on iron and manganese. What the end 

result may be in terms of micromorphological features, we’re only 

just guessing.
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Dr. Wilding:

It might also be mentioned that similar micromorphological 

properties (discussed above) occur across entire toposequences 

of fragipan soils - soils with quite different gross drainage 

conditions. This would tend to suggest that factors other than 

gross drainage conditions are involved in the formation of observed 

properties.
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SOME ASPECTS OF SOIL FABRIC AND STRUCTURE 

IN SOIL MECHANICS

INTRODUCTION

The arrangement of soil particles, together with the 

bonding forces developed and the interactions due to physico-chemical 

forces, influence the response behaviour of soil. In the typical 

class of soil engineering problems, one is primarily concerned with 

the stability of soil as a supporting material, the overall rheologic 

performance, and the conductivity of the material in its natural or 

altered [compacted] state. Whilst soil technologists in the past have 

intuitively recognized the role of soil fabric and structure - through 

such implications as natural and remoulded strengths, normally consoli

dated and overconsolidated characteristics, it has only been recently 

that the specific arrangement and interaction of the constituents have 

received primary attention [e.g. Barden (1972)].

In the general analysis or evaluation of a soil engineering 

problem, the governing equations describing the problem consist of the 

field relations, the constitutive equation, and the continuity relation

ship. Whilst the field relation provides one with the condition of
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equilibrium or the state of the system,, the constitutive relationship 

provides the material property behaviour in regard to the problem at 

hand. Thus for example, one is generally concerned with the stress- 

deformation- time [rheologic] behaviour of the material. Continuity 

relationships, on the other hand, provide the separate links in terms 

of material performance characteristics - such as no volume change.

Where agreement between the analytical model and the physical 

behaviour of the system is reached, an accurate prediction of the 

behaviour of the soil-water system can be derived. From the 

engineering point of view, since soil is of unknown composition in 

that the constituents and their interactions cannot be totally and 

specifically determined [i.e. specific quantification] methods must be 

devised to provide as much information [quantitative or qualitative] 

as possible vis-a-vis fabric unit and particle interaction. Thus, 

from physical testing, results can be more completely interpreted with 

a proper knowledge of the fabric and structure of the material since 

compatibility between the physics of the problem and the analytical 

model is now attained.

STRUCTURE AND FABRIC UNITS

In defining soil fabric and soil structure for use in the 

field of soil mechanics, it is necessary to pay special attention to 

the definitions as they relate to the problem of soil stability, and 

other engineering performance requirements in soil mechanics. Much 

in the same vein as previous investigators, [e.g. Brewer (1964),
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Smart (1971), Barden and Sides (1971), and Yong and Warkentin (1966)], 

we define soil structure as the gradation and arrangement of soil 

particles [including porosity], and the specific interactions developed 

between particles through associated electrical forces and bonding 

agents. In essence, soil structure comprises the interactions of the 

various constituents in the soil-water system which provide for the 

integrity of the system.

Fabric denotes the arrangement of the particles [including 

particle size and porosity distributions] which can be observed 

directly using optical and electron microscopic techniques, or 

indirectly, through other means such as X-ray diffraction. Thus soil 

fabric is an integral and vital component of soil structure, For a 

proper evaluation of soil structure one therefore requires an assess

ment of soil fabric, followed by some form of engineering measurement 

which provides a physical evaluation of the response property of the 

material.

The three levels of first order fabric recognition in the 

hierarchical system may be classified as follows:

(a) macroscopic - the fabric units are recognizable with 

the naked eye. These units are defined as peds, 
Each unit consists of an aggregation of particles 
forming a size which is visually observable. Other 
terms [used by other investigators with corresponding 
meaning] are crumbs, and aggregates. However, as a 
general term, peds is recommended. The analagous 
fabric description of peds is packing of peds.
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(b) mesoscopic - the fabric units are visually observed 

under the light microscope. These units are 

defined as clusters. [Another term used by authors 

is floccs.] The composition of a cluster is some

what similar to that of a ped except in regard to 
size. Clusters can be combined to form a ped.

(c) sub-microscopic - the corresponding fabric units are 
visually observed in the sub-microscopic level 
[electron microscopy]. The fabric unit in this 

case is defined as a domain. Domain units consist 
of two or more particles acting as a unit. Several 
domains could constitute a cluster. Other terms 
used are tactoids and packets.

Single particles can also be observed on the sub-microscopic 

scale. These fall in a separate class by themselves. In general it 

will be seen that single particles grouped in packet form [dispersed 

or stacked] could constitute a domain. The various arrangements of 

particles in domains and other fabric units may be classified according 

to the geometrical arrangements of the particles within the units - 

e.g. dispersed, cardhouse, turbostratic [Smart (1971), Barden and 

Sides (1971)]. These descriptions constitute a second order fabric 

identification pattern, and are necessary for complete visual 

appreciation of micro and macro fabric. We note that when subdomains 

and domains are grouped in some manner, one obtains a cluster. 

Correspondingly, groups of clusters could be the basis for a ped. 

Fig.l shows a view of many of the different kinds of particle arrange

ments within domains and clusters.
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FIGURE 1 - TRANSMISSION E.M. OF KAOLINITE [from Sloane]
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FABRIC CHANGES

When the interparticle forces within a soil-water system are 

in balance with internal constraints and external forces, it may be 

said that the soil structure is at equilibrium. The integrity of the 

system is defined by the interactions occurring between the various 

fabric units and the particles themselves within the fabric units. 

Under any added external force or pressure input, since the soil 

structure must reach a new equilibrium value, fabric alteration and/or 

distortion will occur to provide the necessary changes in internal 

constraints for development of the new sets of internal equilibrating 

forces or stresses - responding to the external counterparts.

For simplicity in description of fabric changes under general 

stressing conditions, we can partition the fabric changes in the same 

manner as the overall description of strain behaviour in the gross 

soil sample. Fabric alteration refers to the changes in fabric that 

occur as a consequence of volume change, whilst fabric distortion 

relates to the strain characterization of the gross sample with no 

volume change. In this manner, the possibility for direct mechanistic 

and analytic compatibility is provided. Thus the corresponding 

associated stress tensor components are the isotropic and deviatoric 

stress tensors, whilst the strain tensor components are the isotropic 

[volumetric] and deviatoric strain tensor components.

Fabric Unit Interaction

In the thin section view [through polarizing light microscopy] 
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shown in Fig.2 the light areas show oriented particle edges within 

clusters and domains. This microscopic view at the mesoscopic level 

gives an appreciation of overall gross fabric for a laboratory prepared 

kaolinitic sample. The view shown in Fig.3 of the same kind of sample 

using transmission electron microscopy [sub-microscopic level] confirms 

the presence of domains and a crystallite in this particular scene. 

In similar examinations, it is clear that group action, through 

domains, clusters and peds, is the more likely form of first order 

interaction in a typical soil-water system.

The pictures for a natural sensitive clay [Figs,4 and 5] show 

the degree of complexity that can be realized. The problem of assess

ment of response behaviour under external exciting forms is further 

complicated in view of the bonded nature of the system. Fig,6 shows 

an idealized schematic which highlights the various constituents, forces 

and bonds defining the integrity of the system. Any distortion of the 

fabric of a bonded clay material must first induce yield or rupture 

of a number of bonds present. Thus when small distortions under 

loading occur, the combination of flexible yielding of the bonds and 

rupture of a very small proportion of the bonds will provoke particle 

and fabric unit interference during relative displacement. Large 

scale distortions will cause a greater degree of bond rupture [i.e, 

greater number of bonds broken].

In unbonded clays, the absence of bond resistance requires 

that response performance of the material under stress would be con

trolled by the forces between particles, and the interference of fabric
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FIGURE 2 - LIGHT MICROGRAPH [CROSSED POLARIZERS]

OF KAOLIN THIN SECTION
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FIGURE 3 - TRANSMISSION E.M. OF COMPACTED KAOLIN [Replica]
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FIGURE 4 - SCANNING E.M. OF UNDISTURBED CHAMPLAIN CLAY

FIGURE 5 SCANNING E.M. OF UNDISTURBED CHAMPLAIN CLAY



FIGURE 6 - FABRIC UNIT SYSTEM INTEGRITY [idealized]
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units and particles. The characteristics of such performances between 

bonded and unbonded clays can be easily demonstrated in a stress-strain 

relationship such as that shown in Fig.7. This aspect of initial 

bonding behaviour will be explored in greater detail when the strength 

characterization of soil-water systems is discussed in view of structure 

and fabric.

It is clear from an examination of the fabric of clays in 

particular, that the presence of single particles by themselves, is 

more of an isolated situation - even for remoulded or laboratory 

prepared samples. The behaviour of this kind of a clay-water system 

therefore appears to be dictated by the interaction of the various 

fabric units, and the bonds that can exist between these fabric units. 

Within the fabric units themselves, individual particles and their bond 

associations would describe the integrity of any single fabric unit. 

The distortional characteristics for any clay-water system takes on two 

kinds of mechanisms. These may be viewed as first and second order 

characteristics of deformation.

In the general stress field application, the first order 

characterization for deformation will occur where orientation of fabric 

units will result in accordance with the macroscopic stress gradients. 

The analagous description for the larger size particles such as those 

in cohesionless soils, would be the repacking of the fabric unit such 

as the peds through to the domains, to seek new positions of equili

brium, The process and degree of particle rearrangement within the 

fabric unit will not occur until direct and other stress transfer 

requirements on the fabric units require that deformation of the fabric
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unit themselves will have to occur to satisfy conditions for develop

ment of minimum potential energy. Thus the second order deformation 

characteristics are generally seen to occur during the later stages of 

response deformation - either under single or multiple loading. These 

kinds of characterization for first and second order deformation can be 

demonstrated in Fig.8 in schematic form. It becomes possible there

fore to measure anisotropic effects, in general related to anisotropy 

of fabric unit packing as opposed to particle orientation. This 

explains in part why researchers resorting solely to scanning techniques 

can often be misled in evaluation of fabric since the sub-microscopic 

scale for representation in electron scanning microscopy will only 

provide for a very limited perspective within the fabric unit. 

Nevertheless, the need for such an examination cannot be denied. In 

essence, therefore, anisotropy in a clay-water system can be due to 

both first order and second order re-orientation phenomena - i.e. 

fabric unit anisotropy, and particle anisotropy,

COMPRESSIBILITY AND CONSOLIDATION

In a fully saturated clay-water system under applied loading, 

volume change can only occur as a result of extrusion of pore-water. 

This is the standard theory of consolidation as shown in detail by 

Terzaghi (1943). The question of prediction of the total amount of 

consolidation and the time rate of consolidation has occupied researchers 

in soil mechanics for a long period of time. By and large, by using 

the diffusion theory as suggested by Terzaghi (1943) [and in general 

* ——————————— 
This can be defined as fabric unit anisotropy [i.e. mesoscopic 

anisotropy] as opposed to particle anisotropy.
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FIGURE 8 - FABRIC UNIT AND PARTICLE REARRANGEMENT IN CONSOLIDATION
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form by Biot (1941)] it is possible to obtain a fair degree of corres

pondence between laboratory behaviour and prediction from the standard 

analysis. However, in trying to apply this predictive tool to actual 

field performance, the degree of correspondence between a projected com

puted value and actual measured field performance of consolidation is 

often very remote. Much of the difficulty appears to lie in the 

inadequate understanding of the mechanisms surrounding volume change 

under load.

Mechanistic Evaluation

In the typical consolidation phenomenon, the end of the con

solidation phenomenon is associated with zero pore-water extrusion, and 

under ordinary circumstances where solid particles interact, one can 

safely assume that no further volume change should occur. However, 

the phenomenon of secondary compression in clay-water systems is well 

known, i.e, further volume change occurs without measurable pore-water 

extrusion. This phenomenon can best be described as the second order 

deformation process involving particle rearrangement within the fabric 

units and fabric unit volume change. This is demonstrated in Fig.8. 

The fact that the miniscule pore-water extruded is not measurable is 

not due to an error in interpretation of the mechanism itself but the 

inability and inadequacy of the measurement technique. In the previous 

section, we considered the integrity of the clay-water system as being 

defined by the soil structure. A useful measure of integrity is pro

vided by the soil-water potential. The application of external work 

to cause compression of the soil has been shown to result in fabric 
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alteration and distortion. The change in fabric and moisture content 

of the soil can be determined in terms of corresponding changes in the 

free energy of the soil-water. In water retention studies on remoulded 

soils, it has been shown that where solute effects are negligible, the 

matric potential constitutes a primary component of the total potential. 

The matric potential is the result of forces originating from within 

soil particles, adsorptive forces and clay-water inter-relationships.

Accepting that fabric alteration is associated with volume 

change under a general stress field, results from pressure plate experi

ments for a remoulded kaolinite soil shows that a unique surface is 

generated between the parameters established as water content, soil

water potential, and dry density - where dry density is a measure of 

the total dry volume of the material [see Fig,9], Thus the hysteretic 

performance observed in wetting and drying from pressure plate experi

ments is accountable in terms of the volume changes and the integrity 

of this system. The state of the material at any one time, which is 

reflected and in turn conditioned by the fabric changes, defines the 

overall integrity of the clay-water system. In experiments using other 

kinds of clays, it was established that the unique surfaces [different 

for different clays] existed so long as the material was initially 

unbonded,

The inference of fabric in the establishment of dry density 

is obvious. One can obtain a dry [bulk] density with an almost 

Infinite combination of fabric patterns. However, a change in dry 

density must obviously be reflected by a change in fabric since one is



FIGURE 9 - SOIL-WATER POTENTIAL SURFACE FOR A TYPICAL CLAY
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concerned primarily with a population density phenomenon. For the 

same volume a different dry density reflects an increase or decrease 

in the population of fabric units within the volume.

Analytic Examination

The diffusion analysis generally used to compute time rate 

of consolidation pays no attention to the micro-interaction of particles 

and fabric units. Consider the experimental consolidation curves 

shown in Fig,10 in terms of the pressure potential ψ and volumetric

water content θ. Defining β as the fabric parameter *, and ∫ ij as 

the microstress tensor acting on a representative microvolume of soil 

consisting of a small number of fabric units -

Fabric unit interaction and contribution to the time rate of 

change in volumetric water content is obvious from equation (3).

A more precise method for quantifying β has yet to be 
established. In the meantime, retardation measurements may be used to 
provide β values.

∫ij = ψ = ∫ij (θ,β) (1)
d∫ij/dt = ∂∫ij/∂θ dθ/dt + ∂∫ij/∂β dβ/dt (2)

 
Thus dθ/dt = 1/H' [d∫ij/dt - ∂∫ij/∂β  dβ/dθ (3)

Where H' = ∂∫ij/∂θ = ∂ψ /∂θ [from Fig. 9]
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FIGURE 10 - POTENTIAL VARIATION WITH VOLUMETRIC WATER CONTENT
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SHEARING RESISTANCE AND STRENGTH

Fabric changes under shearing forces have been studied in 

greater detail in unbonded clays [as opposed to bonded clays] - through 

investigations on remoulded and laboratory prepared soils. It would 

appear however that beyond initial stress-strain performance in the 

preconsolidation range, the characteristics of fabric alteration and/or 

distortion for bonded and unbonded clay tend to be similar. This may 

be inferred from an examination of the results obtained recently by 

La Rochelle and Lefebvre (1970), 

Fabric Performance

Assessment of fabric changes during and as a consequence of 

shear can be made with the aid of polarizing and electron microscopy 

techniques. In the standard typical cylindrical compression tests, it 

has been shown that water contents [initially uniform and constant 

throughout the test samples] varied along the length of failed samples, 

depending on the production of shear planes within the sample.

Fig.11 shows the initial random fabric pattern for typical 

samples tested in a prismatic direct drained shear device. Uniformity 

in fabric was determined from retardation and water content measurements. 

Under shear distortion, since the failure plane is essentially pre

determined, one would expect that the major fabric change would occur 

within this region. This can be confirmed by examining the optical 

retardation of thin sections taken throughout the sample, "fixed” 

immediately after failure, and also from water content distribution 

measurements - see Fig,12. Whilst density increases were expected in



FIGURE 11 - INITIAL FABRIC CONDITIONS FOR DIRECT SHEAR
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the region of the failure plane - in view of the normally consolidated 

condition, the regularity of the dispersed zone [see Fig.12] between 

the undisturbed and denser sections was unforeseen. We note that the 

water content measurements confirm the results from the thin section 

studies, i.e. optical retardation values.

The degree of fabric change in the shearing of clays is 

related to the rate of energy input into the system. At higher rates 

of shear, the densified zone is decreased, but the amount of fabric 

change is greater - as indicated by the regardation measurements 

[see Fig.13]. It is instructive to observe from Fig.14 that there 

appears to be some sensible relationship between the extent of fabric 

change and rate of energy input [i.e. work done]. This would confirm 

the hypothesis of soil integrity as defined in terms of degree of 

change in the overall soil structure. Since fabric changes can be 

assessed through the measurements shown, correlations or additional 

supporting information in regard to intrinsic energy would be most 

useful.

In Fig.9, it is recalled that the energy status of the clay

water system may be identified, at any one time, as a characteristic of 

the system - accounting for fabric [through bulk or dry density] and 

the internal sets of forces. Through other means for assessment of 

shear strength, Yong et al (1971) have shown that a similar energy

strength surface may be defined - see Fig.15, The implications 

derived from Fig.15 support fully the concept of soil stability control 

through soil structure.



FIGURE 12 - FABRIC ALTERATION DURING SLOW SHEAR
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FIGURE 13 - FABRIC ALTERATION DURING RAPID SHEAR
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FIGURE 14 - RETARDATION DISTRIBUTION FOR SHEARED CLAY SOIL
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FIGURE 15 - SOIL-WATER POTENTIAL-SHEAR STRENGTH SURFACE FOR KAOLIN CLAY
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Energy Considerations

Taking similar sets of results - typified by the philoso

phical arguments shown in Figs.9 and 15, and reinforced with test 

data similar to those used to produce Figs.12 through 14, one can set 

forth the energy balance relationship as follows:

Ws = Wi + Wr + Wℓ (4)

Where Ws  = input work required to cause failure of 
soil sample

Wi - intrinsic energy typified by the soil
water energy characteristic

Wℓ energy losses due to test system constraints

Wr = indirectly recoverable work, e.g, work done by 
 dilatent effect.

Energy losses Wℓ and indirectly recoverable work Wr may 

be measured directly through calibration and controlled testing. 

Intrinsic energy may be calculated on the basis of energy require

ment for depletion or increase in water content at any point within the 

test sample. This is consistent with the definition of moisture 

potential.

In associated moisture retention tests on soil samples 

[kaolin] similar to those used for the shear strength study, it was 

established that the moisture potential could be expressed as:
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log ψ = c' + mw (5)

Where c' and m = constants

w = water content by weight

The movement of an infinitesimal quantity of water from a

point in the soil with water content w another point would result 

in a change in moisture content of w +/- dw depending on the point of 

reference. The amount of work required to accomplish the movement 

may be identified as dWi, Thus:

dWi = [ψ - (ψ - dψ)]. M w/γw  (6)

Where ψ  = moisture potential associated with a water 
content

( ψ - dψ) = moisture potential associated with a water
content ( w + dw)

Mw = quantity of water removed

γw = density of water

Thus dWi = dψ Mw/γw (7)

From equation (5), we can rewrite equation (7) as:

[Leitch and Yong (1967)]
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dW1
 = Mw/γw(sιesw)dw (8)

Where s = -m/2.3 constant peculiar to the soil 
under consideration

ι = expC'/2.3, a constant

Thus Wi = Mw/γw s ι∫ℓo eswdw (9)

Equation (4) can now be implemented provided the proper cali

bration and assessment for Wr and Wℓare made. Fig. 16 shows the 

results of computed values for Ws compared to measured values 

obtained for shear tests on kaolin and Attapulgite samples. The 

deviation between measured and computed values is small and can be 

attributed to experimental error and the first order simplification in 

reduction of the moisture potential curve - i.e. the hysteretic perform

ance characteristic of the drying and wetting cycles has been ignored 

by treating both arms of the cycle as one and the same. Undoubtedly, 

if one were to use separate constants S and L for wetting [i.e. +dw] 

and drying [i.e. -dw], a more exact fit between computed and measured 

values would be obtained. Nevertheless, the results shown in Fig.16 

are sufficiently close, vis-a-vis comparisons, and do lend support to 

the thesis of soil structure control on soil strength.

Irreversible Thermodynamic Considerations

If the volume densities of the internal energy are taken,



FIGURE 16 - CORRELATION BETWE-EN MEASURED AND PREDICTED WORK
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together with considerations of free energy and entropy of a volume 

element consisting of a very small number of fabric units, in time dt, 

the heat received by the volume element under the components of the 

stress tensor can be written as:

-Tαdt = du - Tds - σ'ij de'ij = df - σ'ij d e'ij (10)

f = f (s, α2, α3 ...αn) (11)

where other state variables such as physico-chemical interactions etc., 

Where T = temperature

s = entropy

d « entropy production rate

f = free energy density

u = inner energy density 

σ'ij = deviatoric stress tensor=σij - 1/3 σii 

σij
σ'ij = deviatoric strain tensor 

= ei - 1/3eii σij

σij = Kronecker delta

With the assumption of the following equation of state for 

the free energy density:



144 -

equation (10) may be written as:

Tds(i) = df - X(i)i dαi (12)

Where Xi = generalized forces = X(i)i + X(r)i

superscripts i and r = irreversible and reversible.

Thus, by Onsager's theorem, the forces are linear function 

of the fluxes αj and the phenomenological coefficients bij are 

symmetric tensors:

X(r)i =  [∂f/∂di] = αijαj (13)

X(i)i =  T[∂g/∂di]v = const. = bijαj (14)

Where αij is also symmetric

Since Xi = X(r) + X(i) (15)

equation (10) may now be solved.

e'ij (t) = aij α'ij (t) + b-1ij ∫to 
exp[-b-1ij aij (t-τ)σ'ij (τ)dτ(16)

Experiments conducted by Yong and Chen (1970) have demonstrated
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the applicability of equation (16). In essence e'ij (t) for micro-

volumes of fabric units can be determined in respect to the compliance 

contributions to overall deviatoric straining from experimentally 

obtained retardation time distributions. The technique of transforma

tion into probability density functions allows for recognition of the 

mechanical performance and interaction of the various fabric units 

[considered in terms of microvolumes].

Micro-Mechanics Aspects

To examine the interactions between fabric units in response 

to external stimulation, we introduce the following micro quantities:

σij = <∫ij>v (17a)

∫ij = <∫ij>v + ∫*ij (17b)

eij = <ϵij>v (18a)

ϵij = <ϵij>v + ϵ*ij (18b)

Where σij macrostress tensor

∫ij =  microstress tensor acting on a
microvolume

eij = macrostrain tensor

ϵij = microstrain tensor

< > = mathematical expectation

superscript * = fluctuating component

subscript v = microvolume



146 -

From (17b) to (18b), we note that the microstress and micro

strain tensors are composed of a component determined as the mathe

matical expectation value, and a fluctuating component. This latter 

component represents the random tensor field within the microvolume V 

and has a zero mean value. The characterization of yielding is 

immeasurably affected by the fluctuating microstress tensor ∫*ij.

The physical counterpart to this may be thought of in terms of the 

different and variable mechanical characteristics of the variety of 

fabric units interacting with each other.

From statistical theory, it is noted that a random tensor 

field can be represented by its correlation tensor Rijk. Thus:

The separation vector r identifies the positional distance 

between a microvolume positive x and another interacting microvolume. 

The equilibrium equations are seen to be satisfied in that:

Rijk = <∫*ij> (x) ∫k (x + r) > (19)

∂∫ij (x+r)/∂Xi = ∂∫ij(x+r)/∂ri = 0 (20)

∂<∫ij(x)>/∂Xi = ∂<∫ij(x+r)>/∂ri = 0
 (21)

Thus:

∂∫*ij (x+r)/∂xi = 
∂∫*ij (x+r)/∂ri = 0 (22)

By applying ergodicity, the microstresses heretofore considered
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as random variables in the spatial domain may be transposed into the 

time domain. Thus:

∫ij (τ) = <∫ij (τ)>t + ∫*ij (τ)

for t >>τ

If the stability postulate from plasticity theory is applied to each 

microvolume, we note that:

∫to [∫(1)ij] [ϵ(2)ij - 

ϵ(1)ij]dt≥0

Thus, the mechanical interactions and responses between fabric units 

may be accounted for. The variation in soil structure in the micro

scopic sense can be resolved on the macro scale with the preceding 

analytical techniques. However, it is often not possible to obtain 

direct fabric change links to the perturbation values. Thus, perhaps 

until more direct evidence becomes available, the overall structural 

stability analysis concept relying on moisture potential ψ and 

work-energy relationships could provide for an interim solution.

Fabric Failure in Shear

The study by Yong and McKyes (1971) shows that particle and 

fabric unit disturbances are significant at the rupture plane. Recently, 

McKyes and Yong (1972) have demonstrated that for a better appreciation
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FIGURE 17 - LIGHT MICROGRAPH [CROSSED POLARIZERS] OF

SHEARED KAOLIN SAMPLE



FIGURE 18 - MONTAGE OF SCANNING E.M. OF CLEAVAGE SURFACES IN SHEARED KAOLIN SAMPLE
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FIGURE 19 - TRANSMISSION E.M. OF SHEARED KAOLIN SAMPLE [Replica]
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of the response behaviour of fabric to the external stimulus, both 

microscopic and submicroscopic fabric viewing techniques should be 

used. Figs.17 through 19 demonstrate the advantages heretofore 

advocated. The influence of fabric units in the development of the 

failure plane is obvious. It is particularly noteworthy to observe 

that until large straining is obtained [beyond failure], the presence 

of distinct rupture planes as seen in Figs.18 and 19 may not be easily 

detected. The interactions between particles and fabric units would 

suggest that single particle behaviour would not be the norm for 

response behaviour. The polarizing microscopic views will attest to 

the presence of fabric units - as opposed to single particles. Extreme 

distortion under stress can accentuate particle behaviour - as suggested 

earlier in studies on consolidation. It is thus likely that under high 

localized microstress conditions, resultant single particle behaviour 

can be produced. Undoubtedly more work remains to be performed to 

verify this.

SUMMARY

In viewing the overall fabric and/or structure contribution 

to the stability of soils [under compression or shear stimuli] we take 

note of the following points:

1] The fabric component of soil structure is indeed a 
most significant part of the overall contribution 
to stability.

2] Because of the existence of fabric units, i.e. peds, 
clusters and domains, first and second order fabric 
identification requirements become necessary to meet 
the associated demands from interpretation of 
mechanical behaviour of soils.
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3] Corresponding first and second order deformation 
patterns exist in view of fabric units.

4] Fabric unit anisotropy and particle anisotropy can 
co-exist or for that matter be individually absent 
in ’’anisotropic" soils. Thus one could obtain 
fabric unit anisotropy only where the demonstrated 
anisotropic effects are due solely to fabric unit 
ortent At Ion. Individual pAittclaA within the tahri*
units could well be in random array, 

Conversely, one could obtain complete particle 
orientation in individual fabric units, but not 
obtain orientation of fabric units, [see Fig,20 
for examples.]

5] The characterization for first and second order fabric 
in regard to soil mechanics application for stability, 
is as follows:

Total Isotropy - Random array of both fabric units 
and particles in fabric units. System is com
pletely isotropic.

Mesoscopic Isotropy - Fabric units are in random array. 
Particles in fabric units are oriented. System 
behaves as an isotropic system.

Fabric Unit (Mesoscopic) Anisotropy - Fabric units are 
oriented. Particles in units are in random array. 
Gross behaviour of system is anisotropic.

Total Anisotropy - Both fabric units and particles in 
units are oriented in same sense. System is com
pletely anisotropic.

6] Interaction between fabric units and particles can be 
assessed in terms of the integrity of the system. The 
overall demonstration of the energy relationship is the 
moisture potential.

7] A unique surface relating the energy characteristic and 
strength can be defined.

8] The mechanics of interaction of fabric units can be 
formulated using statistical concepts,

9] Direct linking between strain-time and fabric change 
relationships needs to be established - as opposed to 
present available before and after facts.
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Total Isotropy

Fabric unit isotropy and particle 

isotropy within fabric units - i.e. 

random arrangement of both fabric units 

and particles within the units.

Mesoscopic [fabric unit] Anisotropy

Fabric unit anisotropy and particle 

isotropy within fabric units - i.e. 

orientation of fabric units and random 

array of particles within the units.

Mesoscopic Isotropy

Fabric unit isotropy with oriented 

particle arrangement within the fabric 

units. System behaves as an isotropic 

system.

Total Anisotropy

FIGURE 20

Fabric unit anisotropy with oriented 

particles within the units, i.e. both 

fabric units and particles are oriented.

FIRST AND SECOND ORDER DEFORMATION CHARACTERIZATION
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DISCUSSION

Dr, Mackintosh: What happens when you take this system and find that 

you are dealing with bonded clays?

Dr, Yong: One of the problems with bonded clay [and it has been a 

problem for a long time] is in trying to characterize the nature of 

the bond and the strength of the bond. There have been several theories 

that have been formulated which are really very good. In a bonded clay 

one obtains a strength curve with a characteristic peak hump. If you 

remould the clay, the stress strain curve will lose this characteristic 

hump. There is only particle interference left as a resistance mechanism 

to shear displacement. Therefore a measure of the bonded nature of the 

clay is thus defined or given as the magnitude of the hump involved in 

the bonded clay.

Dr, Etrick: I would like to ask a somewhat complicated question. I 

didn't follow your mathematics too well but I think I can see what you 

are driving at. My own interest has to do with the movement of water 

through the soil structure and there is really not as much work done 

looking at the fabric of the soil trying to relate those properties per 

se to how water might flow through the soil, I think what you've been 

doing is about the fabric of the soil and relate that to some of the more 

soil mechanics kinds of properties. The simple theories in soil water 

movement think of the soil as capillaries or bundles of capillaries strung 

together. Can you think of how we might use your approach, looking at 

the fabric of soils and somehow building a model to predict how water 

might move through it.
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/Jr. Yong: We can look at large and small fabric units in connection 

with the method of water movement through the pores spaces. The 

mechanism of water movement into and out of these fabric units is so 

different, i.e. water movement in macro and micro pores does not 

necessarily obey the same laws.

Dr. E tri ok: That's the simplest approach. Taking the whole thing as 

a continum and not looking at the fabric, which is what I think you 

ought to talk about now.

Dr. Yong: Well, you are asking for the simple approach?

Dr. Elrick: No, I am saying that the diffusion theory is the simple 

approach.

Dr. Yong: Yes, it is the simple approach, i.e. the gross approach. It 

is because there is a different form of water diffusion - water moving 

out of a fabric unit as opposed to water moving through pore spaces 

between fabric units. However, our ability to predict diffusive water 

movement Is not too well defined at times. If we look at the general 

diffusion equation used for unsaturated water movement for example, we 

note that the diffusion coefficient is a function of the volumetric water 

content. What does the volumetric water content relate to? We don’t 

know what it relates to, the micro pore relationship or the water between 

the larger fabric units. We supply a fictitious parameter from a backward 

calculation technique to obtain the answer. Continuity conditions require 

no final volume change. The solution of the diffusion equation relies 

upon the application of an integral transform which forces an artificial 

situation of linearity between X and square root of T.
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What I am suggesting is that one starts out with a preconceived 

idea, a preconceived idea of water moving between large pores, between 

fabric units and from then on builds a trap which confines one to a 

framework which is consistent within the errors of the framework. This 

generally does not allow one to really understand the real problem.

Dr. Mackintosh: If you’re looking at a standard clay, for example 

kaolinite or montmorillonite, and you are looking at their shearing 

properties in terms of viscosity, so that you are really looking at 

differential rates versus the shearing force. Now your shearing plane 

usually takes place on an inter-domain basis between domains. Now, at 

what point, or can you get shearing on an intra domain basis in with the 

domain, or do you get this?

Dr. Yong: Yes, I'm sure you do. The whole point is to get immediate 

visual appreciation of fabric in the undisturbed state, and the 

correspondent fabric of the disturbed state. We've got to be sure they 

are of the same sample. Unfortunately, in trying to get the fabric for 

the first one we've destroyed it already. You can, by a series of 

experiments, perform experiments on replicate samples and then build up 

a consistent probabilistic theory. I am sure it can be done but it 

would take time and this is the whole reason why one talks about strengths 

of any one domain and its characterization. Since one domain strength is 

different from another, when the two interact, a different domain potential 

is obtained.



160 -

Dr, Nettleton: What kind of soil parameters are you interested in; for 

predicting any of this you've got to start some place, with some real 

thing. What are you interested in measuring about the soil? You 

mentioned the fact about clay, but are there some other things as well?

Dr, Yong: Yes, one of the things I am trying to look for is characterization 

of fabric in terms of an orientation parameter. A single parameter which 

tells me that my fabric is partial oriented or fully oriented, which I hope 

can include a distribution in terms of particle size or fabric unit size 

distribution. Whether I can succeed in getting a single value function 

is a problem.

Dr, Krizek: Can you put numbers on that?

Dr, Yong: I am hoping to arrive at a number kind of relationship. You 

can find a unique energy surface that defines, in terms of the soil moisture 

potential, the water content and a dry density of bulk density. For an 

unbonded clay it is consistent with the fundamental principle of minimumi- 

zation of potential energy. Now, you know, all these things are the first 

laws of thermodynamics.

Dr, Mackintosh: I think you aptly demonstrated through your talk how fabric 

analysis, and looking at the types of fabric analysis you have in the types 

of soil systems, fits into your overall objective. I believe it fits in

very nicely with the objectives of this symposium. 1 also think it is very

interesting to get people together from different disciplines and hear the 

types of things that they are doing, in order to get interaction between 

disciplines. I think perhaps the question that Dr. Elrick raised in terms of 

moisture movement is one example of some things that came out of this symposium.
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MICROFABRICS AND SOIL HISTORY

INTRODUCTION

The general hypothesis of soil formation is reorganization of a 

parent material due mainly to weathering, accumulation of organic 

matter, and movement of water, solutes and colloids through and, 

perhaps, out of the profile. So the proposition, which seems 

reasonable, is that many soil-forming processes leave their imprint 

on the various horizons of soil profiles in such a form that they 

can be recognized microscopically and even evaluated, at least semi- 

quantitatively. Of course, some processes leave virtually no trace 

of their operation within the profile, for example, processes that 

remove constituents completely beyond the depth of the profile. 

Thus, the history of a soil profile begins with its parent rock, 

whether this is an igneous rock, a hard sedimentary or methamorphic 

rock, or a young unconsolidated sediment. In this regard, Butler (1959) 

proposed a theory of cyclic soil development which postulates that there 

have been recurring cycles of erosion and sediment deposition followed 

by periods of stability and soil formation on the resulting eroded 

surfaces and young unconsolidated sediments. Repetition of such cycles 

(Butler's K cycles) have resulted in a series of soils of different 

ages; the older soils may still occur at the surface, or be buried 

with or without partial truncation, or be completely eroded. More 

complex situations that this do occur, but the K cycle concept fits 

the data for many regions, and it is suitable for the following discussion 

of the application of micromorphological data to interpretation of soil 

history.
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The objective of this paper is to illustrate the application of 

micromorphological data to these aspects of soil history, and to put 

the role of micromorphology in pedological studies into some sort 

of perspective by illustrating the various bases that are used for 

interpretation, and the different ’’levels of confidence" of these 

interpretations. They range from interpretations based on a sound 

knowledge on the behaviour of constituents which do, in fact, occur 

in predictable patterns, through interpretations based on a correlation 

of observed occurrences, to interpretations based primarily on deduction 

with some observational support. Many features seen in thin sections 

of soil materials are not readily interpretable for a variety of 

reasons; either the properties and behaviour of the constituents 

involved are not understood well enough, or the constituents or the 

kind of feature cannot be indentified with sufficient accuracy or 

confidence. In other words the basic data for interpretation are not 

yet available.

INTERPRETATION OF SPECIFIC FEATURES

There are two distinct levels at which interpretation of specific 

micromorphological features can be attempted. The first is simply 

interpretation of the results of rather broad generalized processes, 

for example, concentration of particular constituents, translocation 

of clay-size material, crystallization of soluble constituents, and 

so on. The second level is the understanding of the details of the 

chemical reactions and physical conditions of operation of the processes 

of concentration, translocation, and crystallization of particular 

constituents. Usually there is nothing inherent in the micromorphological 

data themselves that proves or disproves the operation of particular 
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soil-forming processes. The process cannot be watched "live", so to 

speak; the features observed are historical. Interpretation is purely 

deductive and depends very heavily on experience of one kind or 

another. Some of this experience is of a specific kind, for example, 

data relating to the properties and behaviour of specific constituents 

of soil materials. Some is more general, for example, knowledge of 

general principles and accumulated purely observational data. On the 

other hand, micromorphological data can be most useful as a guide to 

the chemist and physicist as to what lines of research are likely 

to prove most rewarding in relation to pedogenesis if only by 

pointing out the kind of features that are difficult to interpret 

at present.

(a) Clay Minerals

Perhaps the best example of interpretation based on knowledge 

of the behaviour of specific constituents concerns those features 

that are due essentially to the arrangement of clay-mineral grains. 

A number of such features can be interpreted with some confidence in 

terms of processes of soil formation, and also the conditions under 

which the processes operated, because the properties and behaviour of 

the clay-size minerals involved in forming the features are well known. 

Other features composed of clay Minerals cannot be interpreted with the 

same confidence, usually because they occur in a manner not readily 

explained on the basis of the known properties of the clay minerals.

The known characteristics of the layer-lattice minerals 

that are pertinent to such interpretations are:

(1) colloid-size grains are generally plate-shaped;

(2) they can form suspensions under natural conditions 

(Bloomfield, 1953, 1.956; Thorp, et al., 1957);
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(3) they have a predilection to assume parallel 

orientation with their large flat faces parallel 

to the surfaces on which suspensions are dried;

(4) the presence of silt-size material, and rapid 

flocculation before drying both tend to reduce 

the degree of parallel orientation (Brewer and 

Haldane, 1957);

(5) when in a plastic (moist) condition they tend 

to assume a parallel orientation with their 

large flat faces perpendicular to applied 

pressures and parallel to directions of slippage 

or differential movement (Meade, 1960; Green-Kelly 

and Mackney, 1970);

(6) shrinkage due to drying of soil materials has no 

observable effect on the degree of parallel 

orientation as assessed optically in thin section 

(Green-Kelly and Mackney, 1970);

(7) their optical properties are very similar to 

those of the micas

On the basis of these data it is possible to determine 

microscopically the pattern of preferred orientation of the clay 

mineral grains as a whole even though individual grains cannot be 

resolved, and to make some rough assessment of the degree of parallel 

orientation, and so attempt to interpret the processes of formation

of the features.



166 -

Void argillans*

* Micromorphological terminology follows that proposed by Brewer, 1964.

Void argillans (or clay skins on voids) in which the clay 

mineral grains have a strong preferred orientation with their large 

flat faces parallel to the surfaces of the voids can generally be 

interpreted with some confidence as having been deposited from suspension 

by drying, especially if the argillans lack skeleton grains. Since 

it is also generally accepted that suspensions of clay-size mineral 

grains most probably originate near the surface of soil profiles 

(due to the effects of organic extracts or sudden wetting from a dry 

state), and that such suspensions commonly more roughly vertically 

downwards through profiles, especially through the larger voids, 

these argillans are usually interpreted as clay-size material eluviated 

from surface horizons, A similar interpretation of less well oriented 

void argillans is acceptable provided it can be shown that silt-size 

particles occur within the argillan, or that the suspension was heavily 

and rapidly flocculated before final depostition on the surfaces of the 

voids.

As knowledge of soil-forming processes and the micromorphological 

features formed by specific processes increases, such reasonable, 

deductive interpretations of argillans may require modification. Already 

there is one well documented situation where void argillans are 

interpreted quite differently. This situation arises in soils formed 

on bedrock rich in biotite, especially where the biotite grains occur 

in zones with the individual crystals oriented roughly parallel to each 

other. Under these circumstances, the biotite has been observed to 
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weather in situ to layer-lattice clay minerals, cracks develop through 

large weathered biotite grains or along zones of weathered biotite, and 

slight remoulding due to wetting and drying produces a plane argillan 

with strong continuous orientation (Mermut and Pape, 1971). The 

characteristics of such argillans are very similar to those of void 

argillans. Sometimes they can be recognized by their relatively great 

thickness and discontinuity on the void surface, but more dependable 

data are obtained from observing the changes in weathering of biotite 

from the parent rock up into the soil profile.

It seems, therefore, that void argillans can be formed 

by at least two quite different processes that are known at present. 

It is conceivable that other processes are possible, for example, 

some workers question whether strongly oriented argillans always 

represent clay moved from the upper horizons of a profile, or whether 

they may be formed by local movement within a horizon. Others suggest 

that they may be due to crystallization from solution or from a gel, 

This illustrates the importance of developing a purely morphological 

classification of fabric features quite independent of any genetic 

classification.

Interpretation of argillans other than those composed of the 

layer-lattice clay minerals may not be so dependable because of the 

characteristics of the minerals involved. For example, cutans of 

palygorskite (palygorskans) have been observed on the surfaces of planar 

voids in some Australian soils (Beattie and Haldane, 1958; Beattie, 

1970). These cutans consist of pure palygorskite and the grains have 

a moderate degree of preferred orientation with the length of the 

fibrous grains roughly parallel to the surfaces of the voids. The 



168 -

arrangement of the grains suggests deposition from suspension by drying, 

but the purity of composition of the palygorskans in soils that also 

contain illite and kaolinite and also have plane argillans composed of 

illite plus kaolinite suggests that the palygorskite may have 

crystallized from solution.

Plasmic fabrics

Similarly, many plasmic fabrics of soil materials can be interpreted 

from the data that are available on development of preferred orientation 

of clay mineral grains due to pressure and differential movement. Thin 

sections have shown that the degree of parallel orientation achieved 

by pressure and movement is usually observably less than that achieved 

by deposition from suspension. In soil materials, this orientation, 

like the argillans, is often associated with surfaces, for example 

the surfaces of voids and framework members. In most instances, the 

one can be distinguished from the other principally on the degree 

of parallel orientation (as expressed by the extinction pattern under 

crossed polarizers) and whether or not skeleton grains are included 

in the zone of oriented clay material. However, examples do occur 

where thin zones of strongly oriented clay-size material associated 

with surfaces are difficult to classify as depositional or stress 

features.

Papules

Papules are relatively small distinct bodies of strongly 

oriented clay mineral grains that are often interpreted as disrupted 

broken argillans. The only basis for this interpretation really is 

deduction from the similarity in composition and internal fabric 

(the sum of the optical properties) of the papules and argillans. The 
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interpretation is more dependable in soil materials where there are 

elongated zones of subparallel papules that roughly retain the form of 

an argillan. In other materials such data are not available,, and there 

is strong evidence in some soil materials that papules are due to 

in situ weathering of mica grains and/or are pseudomorphs of clay 

minerals after other minerals such as feldspars. Such evidence is 

usually obtained by observing the development of weathering features 

from the parent material up into the soil profile.

Clay laminae and nodules

Clay laminae are elongated zones of strongly oriented clay mineral 

grains embedded in the s-matrix. These are generally difficult 

to interpret because of the lack of specific relationships of the 

laminae with other features in the soil material, and because there 

may be several reasonable explanations for their formation on the basis 

of their form and composition. Some may be engulfed argillans 

especially if their composition and internal fabric are similar to 

those of void argillans that are still present in the soil material; 

that is, they have originated as void argillans and subsequently been 

engulfed by the s-matrix by differential movement in the soil material. 

Others may be sedimentary features laid down during deposition of a 

sedimentary parent material; these are commonly subhorizontal and 

associated with silty laminae. Still others may be weathering features 

due sometimes to the weathering of biotite-rich zones in the parent rock. 

Whatever their origin may be, relatively thick laminae are fairly common 

in weathered rocks and also in deep gleyed horilons.

Concentrations of clay minerals lacking skeleton grains also occur 

as nodules and concretions (concentric plasmic fabric). These have 



170 -

been observed embedded in the s-matrix of dense soil materials and 

also as framework members in so-called sand profiles (Brewer and 

Bettenay, in press). The concretionary types occur commonly in 

mottled and pallid zones of lateritic profiles where they may or may 

not have distinct boundaries in ordinary light in thin section but 

can be recognized under crossed polarizers; they apparently form 

part of the plasmic fabric, but the mechanism of producing concentric 

orientation is not understood. In other soil materials they may have 

distinct, sharp boundaries even in ordinary light, and the most probable 

interpretation in the majority of instances is that they are inherited 

features from the soil parent material.

(b) Other Constituents

Similar considerations apply to the interpretation of features 

composed of other constituents of soil materials such as the carbonates, 

sulphates, oxides and hydroxides of iron, aluminum and manganese, silica, 

and so on. A good deal is known about the chemistry of solution of 

such constituents and the conditions required for deposition and/or 

crystallization. However, all of these constituents can form different 

kinds of features. Micromorphological data show, in fact, there has 

been a concentration of such constituents in particular patterns, but 

inherently they give little indication of the particular processes that 

caused solution, the processes of concentration, or the reason for depositior 

or crystallization.

Just as with the clay minerals, a number of seemingly reliable 

interpretations can be made on the basis of a knowledge of the 

properties and behaviour of the constituents. For example, nodules, 
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cutans and neocutans of soluble constituents, such as calcite, 

can be adequately explained by crystallization around a neucleus or 

at a drying surface of a void, but there are at least two other 

factors to be considered: (1) whether the constituents were leached 

from overlying horizons or originated in the s-matrix adjoining the 

feature and concentrated by diffusion, and (2) what were the precise 

chemical conditions of crystallization?

Concentrations of oxides and hydroxides of iron, aluminum and 

manganese may be more difficult to interpret in terms of processes 

than concentrations of carbonates and sulphates because it is known 

that there are a number of processes that can cause mobilization 

of these constituents (e.g. low pH, reducing environment including 

microbial reduction, complexing with organic constituents) and 

deposition (e.g. oxidation icluding microbial oxidation, flocculation 

of organic complexes by bonding to metals.) However, some 

reasonable interpretations can be made. For example, neoferrans associated 

with the walls of root channels are iron concentrations deposited 

because of better aeration close to the channel or root, or by 

microbial oxidation (Bidwell, et. al., 1968); such features are common 

in zones of fluctuating watertables. Similarly Blume (1968) explained 

the different patterns and forms of concentrations of iron in gley 

horizons on the basis of the patterns and rates of wetting and drying. 

Agalfl, the deposition of organoferrans in podzol B horizons is due to 

illuviation probably caused by organic iron complexing in the surface 

horizons and flocculation (or even simple drying) in the B horizons 

due to saturation of bonds in the complex by metal ions.

A problem that is rather unique to the iron oxides is the wide 
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range of features classified macroscopically as "ferruginous nodules." 

Microscopically these features have an endless variety of internal 

fabrics; Some contain skeleton grains, others do not. Some are 

opaque, others are reddish or Jarownish in transmitted light. Some have 

concentric fabric, others have undifferentiated fabric. Some contain 

large irregular vughs, others are dense. In some the iron oxides are 

essentially isotropic, while in others they are strongly birefringent 

suggesting differences in grainsize and/or mineralogy, and so on. 

Many of these characteristics can occur in any combination. No doubt 

all of them are amendable to interpretation when sufficient is known 

about processes of formation of particular fabrics and the forms of 

iron oxides that are concentrated,

(c) Sequence of Events

Another aspect of interpretation that can sometimes be made from 

micromorphological data is the sequence of events during soil 

formation. This is deduced from the relationships of constituents, 

provided the original interpretation of the kinds of processes involved 

is correct. For example, void argillans (clay coatings on voids) may 

be uniformly red throughout their thickness, suggesting that iron oxides 

moved in suspension with the clay minerals, In other situation, 

there are alternate layers of iron-rich and iron-deficient clay minerals 

suggesting alternating conditions within the profile-,- or alternate 

layers of clay minerals and manganese oxides, or of calcite and clay 

minerals, and so on. The succession of layers from the original wall 

of the void gives the order of deposition of these constituents, provided 

the original interpretation of their origin as illuviated materials is

correct.



- 173 -

Similarly calcite and iron-rich nodules and concretions sometimes 

have roughly radial cracks extending from their outer margins, and 

these cracks may contain mangans (especially in the calcite types) and/ 

or argillans. This suggests that the mangans and argillans post-date 

the formation of the nodules and concretions. In other instances, 

compound nodules suggest subsequent accumulation of fractions of the 

plasma around previously formed enclosed features. Pedotubules sometimes 

have an argillan lining the void in which the tubulic material is packed, 

suggesting that clay illuviation post-dated the formation of the channel. 

In some instances, argillans also occur in the tubulic material suggesting 

that clay illuviation also post-dated the filling of the channel; 

in others there are no argillans in the tubulic material suggesting 

that filling of the channel post-dated clay illuviation.

(d) Inheritance

All the foregoing discussion is based on the assumption that the 

pedological features are orthic, that is formed in situ in the soil 

material by soil-forming processes. In fact, in many soil materials 

one of the most difficult problems of interpretation is the basic 

decision as to whether a particular feature is due to soil formation in 

the present profile, or has been inherited from the parent rock, 

which may be a relatively recent unconsolidated sediment, itself 

derived by the erosion of an older soil.

It is apparent that any pedological feature that is sufficiently 

resistant to survive the processes of erosion and sedimentation can be 

inherited in younger soil profiles from their parent materials. This 

applies not only to relatively hard discrete features such as sesquioxidic 

nodules, but also to fragments of other features that may be fractured 
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during the processes of erosion and sedimentation, for example, void 

argillans in older soils may be the source of inherited papules in a 

younger soil. Even some plasmic fabrics may be inherited (Brewer, 1964, 

p. 340).

It should be emphasized, too, that there seem to be very few, 

if any, processes that are completely unique to soils, as against 

sediments. In other words, the majority of fabric features that occur 

in soil materials can just as well be formed in sediments either during 

deposition or during diagenesis, so the majority of pedological features 

can be inherited from parent sediments. For example, papules can be formed 

as clay flakes during deposition of a dediment; pedotubules can be 

formed by burrowing animals in a depositional environment; sesquioxidic, 

catabonate, and other nodules are known to form in sediments; crystallaria, 

including intercalary crystals, are common in lake sediments; argillans, 

especially free grain argillans, can form in a sedimentary environment 

(Bullock and Mackney, 1970); and so on.

It is possible, of course, that eventually specific characteristics 

of these various features may be found to be diagnostic of the 

environment of their formation so that orthic and inherited features 

may be distinguishable on their micromorphological features. Until 

such interpretations can be made with reasonable certainty, it is 

apparent that a purely morphological classification is necessary and 

that any genetic classification must be tentative.

(e) Depth Functions

Most of what has been said in the preceeding sections applies to 

the interpretation of features observed in a single soil horizon, that 

is,a feature is observed and interpretation is attempted entirely on 
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the micromorphological characteristics of the feature, or a number of 

them, essentially in the one thin section. In some instances, this 

may be the only data available, but in general, much more reliable 

interpretations can be made if a series of sections representing the 

whole soil profile are studied, so that the distribution of features 

with depth (or depth functions of features) is known. Such studies 

are closely related to studies in soil stratigraphy (Brewer, in press), 

and the additional data can only be interpreted within the framework 

of present hypotheses of soil formation and sediment transport, 

deposition and diagenesis.

In soil stratigraphic studies, the objective is to recognize 

and characterise stratigraphic units. The present objective is to 

use the shapes of depth functions of particular features, and the data 

concerning superposed stratigraphic units, to interpret the genesis of 

the features. Numerous examples of this technique could be quoted; 

they all depend on a sequence of observations producting data that fit 

reasonably with an hypothesis for the formation of a feature and/or are 

in general agreement with present hypotheses of soil formation. For 

example, papules formed by weathering of mica grains should increase in 

proportion up a profile as the proportion of mica decreases, and 

successive horizons with decreasing depth should contain successively 

more weathered grains. The approach is somewhat different and perhaps 

less dependable with features such as argillans. Depth functions of 

these can be plotted but interpretation as illuviated clay from these 

functions depends entirely on hypotheses concerning what is a reasonable 

shape for such a depth function if it is due to illuviation.
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SOIL AGE AND STRATIGRAPHY

In studies of soil genesis and interpretation of micro- 

morphological data in terms of soil-forming processes, the first 

problem that must be faced is whether, in fact, the data obtained 

relate to a soil profile on a relatively uniform parent material, 

a series of sedimentary layers, or a profile developed in a series 

of sedimentary layers. So soil-stratigraphic and soil-genetic 

studies become mutually interdependent. The processes and progressive 

development of particular kinds of profiles (and micromorphological 

features) can be studied most confidently in a series of profiles 

formed in successively older, but similar parent materials in similar 

environments. When these are understood the characteristics of the 

profiles in such a sequence can be used to rank soil units strati- 

graphically in situations where stratigraphic relationships are not so 

apparent in the field.

(a) Recognition of Soil Units in a Vertical Section

The technique of recognizing stratigraphic units in a vertical 

section, whether they be rock units or soil units, consists of looking 

for discontinuities or irregularities in the vertical sequence of 

materials and interpreting them in terms of soil formation and 

stratigraphic unconformities. Pedogenesis and sedimentary processes 

can both produce either sharp or gradual boundaries between materials 

that have significantly different characteristics. So, interpretation 

of observed discontinuities and irregularities is based on hypotheses of 

sediment transport and deposition, and hypotheses of soil formation. 

The technique is basically the same whether the data are morphological 



178 -

or analytical.

A number of studies aimed at recognition of superposed soil- 

and rock-stratigraphic units in a single vertical section have been 

made. Some of these have been based primarily on micromorphological 

data, for example:

(1) Sleeman (1964) in a study of two so-called red-brown 

earths (see Stace, et al., 1968) from the Reverine Plain of New South 

Wales (Australia) used the technique of plotting depth functions of 

relative amounts of a number of pedological features and other soil 

characteristics, recording discontinuities and irregularities in the 

functions, and interpreting these in terms of soil formation and 

stratigraphic unconformitites. Interpretation was based on present 

concepts of expected shapes of such depth functions, for example, opal 

phytoliths should be most frequent at a soil surface and decrease to 

nil with increasing depth; depth functions generally should be relatively 

smooth and should taper off gradually with increasing depth or, at 

least, not cut off suddenly; double peaks (two maxima) with increasing 

depth indicate superposed profiles; the larger the number of depth 

functions that show discontinuities or irregularities at the same 

depth, the more dependable is the interpretation that this marks the 

boundary between two stratigraphic units; and so on. Sleeman's (loc. 

cit.) data were dominantly micromorphological. From these data he 

suggested that the Hanwood sandy loam profile examined consists of 

five recognizable sedimentary units (beds?) within which there are two 

superposed soil profiles (soil-stratigraphic units); the soil from the 

Deniboota series consists of three sedimentary units within which 

there are also two superposed profiles.
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(2) Brewer and Sleeman in the Handbook of Australian 

Soils (Stace, et al., 1968) described the micromorphology of about 

one hundred soil profiles, and from these data, in conjunction with 

field macromorphological data, attempted to interpret as far as 

possible the history and processes of formation of the profiles. 

The micromorphological examination was not so exhaustive as that used 

by Sleeman (1964), but, even so, in many of the profiles there was 

evidence of superposition of soil-stratigraphic units, some of which 

had been truncated before burial by a younger sedimentary unit. 

These interpretations were based largely on the occurrence of sudden 

discontinuities in depth functions of micromorphological features, 

double peaks in depth functions, and the presence of specific kinds 

of pedological features that were attributed to inheritance rather 

than formation in situ.

In all these studies, the superposition of the soil profiles 

and sedimentary units defines their relative age relationships.

(b) Void Argillans and Soil Age

Soil formation in relation to relative age has been studied 

on a series of terraces near Kempsey on the Macleay Riber, New South 

Wales (Brewer and Walker, 1969; Walker, 1970) and on a similar series 

of terraces at Gooroomon Ponds, New South Wales (unpub.data). In 

both areas, five distinct terraces have been recognized along the streams. 

The terraces have been formed by alluvial deposition of sediments 

followed by stream incision due to a change in base level. There is 

no evidence of significant erosion of the surfaces of the terraces 

since the stream incisions that isolated them. The sediments on the 

terraces, therefore, represent separate rock-stratigraphic units and 
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the soils formed in the sediments are separate soil-stratigraphic 

units of different age.

The soils formed in these terraces display an increasing 

degree of development, and a parallel kind of development in both 

districts, and a number of profile characteristics (e.g. loss of 

stratification in the parent material, degree of texture differentiation, 

depth of weathering, clay mineralogy, and so on) correlate with the 

relative ages of these profiles. Of these, the proportion and 

distribution of illuviated clay, as assessed from the proportions of 

void argillans, are useful to illustrate the use of depth functions 

to characterize soil-stratigraphic units and soil development with 

increasing age. Whether the proportion of void argillans is accepted 

as a real measure of illuviated clay, or not, is unimportant in this 

context; void argillans can be treated simply as a profile 

characteristic.

The depth functions of illuviated clay for the terrace 

profiles from the Macleay River are shown in Fig, 1. The sequence 

K1-K5 is from youngest to oldest. According to present hypotheses 

of soil formation all the curves are acceptable as resulting from 

clay illuviation. All have somewhat different forms except those 

for the K3 and K4 profiles, so they characterize the KI, K2, K3, and 

K5 profiles; the K3 and K4 profiles are distinguishable by the amounts 

of illuviated clay but not the form of the curves. The study of the 

five terraces at Gooroomon Ponds gave a similar set of curves with similar 

interpretive value (Fig. 2); the bulge in illuviated clay at 85 cm in 

the K2 profile is due to a gravel layer.

It is now apparent that the K3 and K4 profiles cannot be
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Fig. 1

Depth functions of illuviated clay
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Fig. 2

Depth functions of illuviated clay
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distinguished between districts on their illuviated clay profiles 

since both have less illuviated clay at Gooroomon Ponds than on the 

Macleay River. Also, it is not know positively whether the Kl - K5 

sequences correspond in age in both districts.

Other difficulties of correlation become apparent when 

these profiles are compared with others from different regions and 

situations, but also, as data accumulate, it is apparent that this 

kind of information can be used as a basis for pointing up relevant 

questions and necessary investigations to characterise soil-stratigraphic 

units. For example:

(1) The depth function of illuviated clay for a residual 

soil at Queanbeyan, New South Wales (Fig. 3) has a similar form to 

those of the K3 and K4 profiles from the Macleay River and Gooroomon 

Ponds terraces. In fact this soil is considered to be a K3 or K4 

profile on other evidence (unpubl. data). To date, however, this 

profile has not been correlated precisely with the terrace soils at 

Gooroomon Ponds, which is in the same general district, and the 

question of differences in characteristics caused by differences in 

environment (a sedimentary site versus a terrace site) within a soil- 

stratigraphic unit has not been resolved for this region.

(2) The depth function of illuviated clay for a soil on 

a high alluvial terrace at Cowra, New South Wales (Fig. 3), has 

some similarities with that for the K5 profiles from the Macleay 

River and Gooroomon Ponds, but there is a distinct irregularity ( a 

sudden increase in amount of illuviated clay) in the curve in the lower 

part of the B horizon. This irregularity is not immediately predictable 

from hypotheses of soil formation. In fact, the form of this depth
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Depth functions of illuviated clay
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function is very similar to that obtained for a two-storied profile 

from Nowra, New South Wales (Fig. 3), which consists of a shallow 

younger profile overlying a truncated older profile; this interpretation 

was based on field and analytical data (Walker, 1962). Therefore, 

these data suggest that the Cowra soil should be investigated more 

thoroughly to determine whether, in fact, it represents two superposed 

soil-stratigraphic units.

(3) The depth function of illuviated clay for an old 

(29,000 yrs.; see Walker, 1962) solodic soil from Nowra (Fig. 3) is 

similar in form to those of the K3 and K4 profiles from the Macleay 

River and Gooroomon Ponds, but on a much reduced scale. This remarkable 

reduction in amount of illuviated clay may be due to a difference in 

environment.

(c) Podzol Bh Horizons and Soil Age

Franzmeier and his co-workers (1963) studied a chronosequence 

of podzols from Michigan, U.S.A. The ages of the four profiles studied 

were approximately (radiocarbon dates) 2250, 3000, 8000, 10000 years 

respectively. These profiles showed a progressive degree of development 

in a number of characteristics. In particular the proportion of 

organic carbon in the A and B horizons increased with age. Micromor

phological data showed the progressive development of the B horizon; 

in the youngest soil the skeleton grains had thin, discontinuous 

complex cutans of iron, aluminum, organic matter and clay minerals; 

in the next older soil these cutans were thicker and more continuous; 

in the second oldest soil the cutans were thicker again, somewhat 

fractured, and fragments of similar material partially filled the 

Intergranular spaces; in the oldest soil the cutans were he...,, ky 
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fractured and the intergranular spaces were largely filled with fragments 

of similar material. Because this sequence of soils could be dated 

and thus shown to be a chronosequence, the authors could interpret 

the progression of development of podzols in this environment. As a 

corollary, they could characterise the podzol profiles of four soil- 

stratigraphic units.

Although no such detailed studies have been made, it is 

known that age sequences of podzol profiles do occur in Australia, 

for example, at Woy Woy, New South Wales (Burges and Drover, 1953), 

and at Rainbow Beach, Queensland, where there are exposures of four 

super-imposed podzol profiles with successively thicker illuvial 

horizons with increasing depth in the sections. The micromorphology 

of the lowest (and oldest) of these illuvial horizons is very similar 

to that of the oldest podzol in the Michigan sequence (unpublished data). 

Illuvial horizons from other Australian podzols virtually cover the 

range described for the Michigan sequence.

Flach (1960) reported similar micromorphological data for 

the illuvial horizons of some podzol profiles from New England, U.S.A,, 

(soils of the Wallace and Hermon series) to that reported for the 

Michigan profile, the principal difference being that virtually all 

four stages are represented at different depths in the Wallace and 

Hermon soils. Even so, Flach suggests a progressive development of the 

illuvial horizons, (and of the A2 horizon) in a similar sequence as 

that suggested by Franzmeier and his co-workers (1963). The 

difference is that Flach’s work suggests that, at least in some 

situations, depth functions of micromorphological characteristics are 

more dependable criteria for characterizing the profiles of soil-
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stratigraphic units than the micromorphology of single horizons, 

(d) Carbonate Concentrations and Soil Age

Most of the work published on carbonate concentration in 

relation to age consists of macroscopic descriptions, but some of these 

are readily translated to the kind of micromorphological feature that 

is probably present on the basis of the descriptions and other 

unpublished micromorphological observations. For example, carbonate 

in the fine earth usually consists of crystallites of calcite 

scattered randomly through the s-matrix, carbonate coatings consist 

of cutans and /or neocutans, plugging is an extreme development of crystal 

chambers and/or sheets with associated neocutans, concretions and 

nodules are usually fine grained, dense nodules. On this basis the 

following studies suggest a progression in carbonate features with 

increasing age, with several variations according to the environment 

(see Table 1).

(1) Desert piedmont profiles. Gile and his co-workers 

(1966) studied a sequence of soils formed on a chronosequence of geomorphi 

surfaces in New Mexico, U.S.A. They found in particular that the zones 

of carbonate accumulation in this sequence have "characteristic 

morphologies that depend primarily on texture of the parent material, 

age of the soil, and geomorphic history of the soil." They recognized 

four forms of carbonates that represent separate episodes of soil form

ation equivalent to Butler's (1959) K cycles. The authors state: 

"In gravelly sediments the morphogenetic sequence is: (1) carbonate 

forms thin discontinuous pebble coatings, (11) carbonate continuously 

coats pebbles and fills some interstices between pebbles, (111) 

carbonate continuously coats skeleton grains and plugs inters1'ices
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TABLE 1

Carbonate Stages in Relation to Soil Age.

STAGE
Gile et al.(1966)

Churchward
(1963)

Beattie
(1970)Coarse

Material
Fine

Material

.1. Fine Earth 1300 BP (1) \ 0) (2)

(crystal 1i tes)

11. Coatings, Fi1 a- 10000 BP (2) / (3) V(1) Ca 1 ci te

ments (cutans ,
neocutans,crystal
chambers)

III. Nodules \ (3) (A)
I

IV. Crystal sheets, 4600- (2)-thin \

columns, 14000 BP (3)“thick

comentat ion Dolomi te

V. Complete 18000 (5)
cementat i on BP

(pet rocalci c

hori zon)

I'*-  V. Complete leaching (5)
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to cement the soil and form a K horizon, and (IV) carbonate forms a 

laminar horizon on top of an indurated, plugged horizon (a petrocalcic 

horizon). The sequence in nongravelly sediments differs in that 

stage 1 consists of carbonate filaments or faint coatings, stage 11 

consists of few to common carbonate nodules, and stage 111 consists 

of many nodules and internodular fillings;" stage IV is the same 

for the gravelly sediments.

These profiles were polygenetic due to changes in climate; 

more than one characteristic carbonate morphology may occur in a single 

profile, but each distinct carbonate form relates to its age of formation. 

An older soil that has survived successive episodes of erosion and soil 

formation may contain all the carbonate forms characteristic of its 

age and of successively younger profiles. This is illustrated by 

the radiocarbon dates quoted for one of the oldest profiles which is 

formed in gravelly sediments and has all the characteristic 

carbonate forms (Table 1).

(2) Dune profiles. Churchward (1963) studied a succession 

of soils formed in aeolian material around Swan Hill, Victoria (Australia), 

He recognized five soil-stratigraphic units on the basis of field 

relationships. He found then that each of these units could be 

recognized on the basis of a number of characteristics of the soil 

profiles including pedality, degree of leaching and concentration of 

carbonates, degree of clay illuviation and texture differentiation, 

and changes in apparent porosity of the illuvial B horizons when 

studied with a hand lens. In particular the youngest soil (Piangil 

profile) had carbonates in the fine earth; the next older (Kyalite 

profile) had the same form of carbonates but the surface (ID.  J was 

leached; the next (Speewa profile) had carbonates in the fine earth 

*
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and some concretions; the next (Bymue profile) had only concretions 

in deeper horizons; the oldest (Tooleybuc profile) was completely 

leached of carbonates.

(3) Parna soils. Beattie (1970) studied the soil stratigraphy 

on the rolling country of the eastern Riverina in the district around 

Wagga Wagga, New South Wales, and he defined a number of characteristics 

for recognizing particular rock-stratigraphic and soil-stratigraphic 

units. In particular he recognized three aeolian sedimentary units 

that blanket the landscape and often occur superimposed on each other; 

these materials he recognized as parna (Butler, 1956), an aeolian 

clay. The soils formed in these three parnas were shown to have 

characteristic carbonate horizons that distinguish them from each other. 

The upper parna soils (youngest) have calcite occurring as discrete 

nodules and in the fine earth; the middle parna soils have magnesian 

calcite occurring as thin columns, sometimes with a capping of, barytes 

on the columns; the lower parna soils (oldest) have dolomite occurring 

as large columns and sheets.

It is apparent in all these studies that there is an 

increasing concentration of carbonates with increasing age. If the 

morphological descriptions are translated to their probable equivalent 

micromorphological expressions on the basis of experience from other 

profiles, the stages, from youngest to oldest, are (see Table 1):

1 carbonate crystallites randomly scattered in the s-matrix; 

1A an increase in the size and decrease in the proportion by number 

of such crystallites (although not recorded in these studies, this 

stage has been observed in other soil sequences).

11 carbonates as cutans, neocutans and possibly crystal
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chambers

111 carbonates as nodules

IV carbonates as crystal sheets and columns, or cementation 

of a nodular horizon

V petrocalcic horizons, that is, almost complete cementation; 

these horizons have not been characterized micromorphologically. 

More than one of these forms may occur in a single horizon, and the 

soils from any one study may not cover the full range of stages; in 

particular environments the succession may be cut short at any stage 

by complete removal of the carbonates from the older profiles.

The studies by Gile, et al.(1966) and Churchward (1963) 

both suggest a progressive development of soil profiles and carbonate 

forms, that is, the older profiles and carbonate forms may well have 

passed through each of the preceding stages. The study by Beattie (1970),' 

however, suggests that the environment of formation of each profile 

was very different from that of the others in that, even though there 

is an increasing concentration of carbonates with age, there is also 

a radical change in mineralogy of the carbonates.

MICROMORPHOLOGY AS A ROUTINE TOOL

Most of the foregoing discussion concerns specific planned 

research projects involving detailed studies and collection of a mass 

of data. However, micromorphology has a place as a routine tool in 

pedological studies quite apart from such projects. The more micro

morphological data that can be collected the more useful the technique 

the technique is likely to become, so I believe that thin sections of 

soils should be studied as part of virtually every project that 
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involves natural soil materials. It is surprising what dividends 

this past-time can have, and perhaps it is worth quoting a few examples.

(1) Sandplain soils of Western Australia (Brewer and Bettenay, 

unpublished data). These soils are about one metre deep, uniform in 

texture and most other characteristics; by mechanical analysis they have 

approximately 14 percent clay. In thin section it was found that all 

horizons contained about 25 percent kaolinitic nodules as well as a 

small amount of clay adhering to the nodules and skeleton grains. Now, 

these soils originally were considered to be old repeatedly reworked 

sands (Mulcahy and Kingston, 1961). Later kaolinitic nodules were 

noted in some of them and they were then considered to be residual 

soils because of the fragility of the nodules (Prider, 1966). The 

mechanical analysis technique shows, in fact, that the nodules are 

quite resistant, while their presence in such large proportions 

suggests continued reworking is not probable. The origin of the 

nodules could be traced to eroded lateritic scarps and underlying 

indurated lateritic mottled zones. It seems, therefore, that these 

soils represent an alluvial-colluvial material derived from erosion 

of lateritic profiles, probably by a single cycle of erosion.

(2) Red and brown hardpan soils of Western Australia 

(Brewer, Bettenay and Churchward, unpub. data). A similar micromor

phological study of red and brown hardpan soils of western Australia 

indicated that the hardpans and the overlying soils were both formed 

in a colluvium derived from erosion of an older silicified lateritic 

profile. This interpretation was based on the nature of the 

ferruginous and siliceous nodules in the soils and the hardpans as 

compared with the nature of lateritic materials from the same area.
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It was also found that the hardness of the hardpans was due to the 

cementing effects of recurring episodes of clay and silica illuviation.

(3) Alpine humus soil (Brewer and Haldane, unpubl. data). 

The form of the biotites at different depths in an alpine humus soil 

was used as evidence that the upper part of the profile was a 

relatively recent sediment and the lower part an older unit, possibly 

in situ weathered rodk, or at least undisturbed during the weathering 

of the biotite. This conclusion was reached because the biotites in 

the lower horizons were highly exfoliated and such thin laminae would 

not survive sedimentary transport, while the biotites in the upper 

horizons were much smaller, solid grains and, indeed, generally less 

strongly weathered chemically. The lower degree of chemical weathering 

also suggested addition of relatively fresh biotite from the bedrock 

with is exposed as tors generally throughout the landscape.
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DISCUSSION

Dr. Chesworth: What scale are you working at because this dictates 

what gets into your microfabric system?

Dr. Yong: We find that we can reduce it to a physical size description 

befitting that of peds, etc. The reason I have done it this way is that 

my results in strength testing recently where the samples have been loaded 

into what one would think of as a bed oriented system, the strength 

measurements have shown, at least superficially, an orientation either of 

greater or lesser strength; but when the scanning pictures were taken, it 

did show an orientation on a submicroscopic level. So the question is then 

- are there two levels of characterization for what I would call reorientation 

effects. One at the fabric unit level and one at the particle level within 

the fabric unit. I think you’d agree that this is a problem of fracturing 

because when you see a single particle of a particular shape what you've 

done is fractured the whole fabric unit. Single particles surviving by 

themselves in nature are really very rare. See these things as something 

outs ide of nature.

Dr. Wilding: How large is your pedal concept?

Dr. Yong: I’m not sure. I haven't devoted enough attention to size 

limitations for peds. My experience with laterites shows that the clay 

balls down into smaller clay balls, and again into much smaller fragments 

So I don’t know whether I am willing to restrict the size of peds or fabric 

units that accept that kind of a classification for soil mechanics purpose.
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Dr, Brewer: Yes, I think so. I would suggest that your fabric unit is 

the same kind of unit that tectonic geologists have been calling fabric 

elements; but it is only a matter of terminology. Their problems are 

similar to yours.

Pr Chesworth: It would be kind of interesting to hear your definition 

of domain.

Dr, Yong: Well, my first contact with domains was due to Dr. Quirk. I would 

think that my definition of domain would be similar to that of Dr. Quirk.

Dr, Brewer: That is what we have been using as a domain, but the tectonic 

geologists use it in a different sense. They talk about a fabric domain 

being larger than just a unit of oriented clay.

Dr, Yong: 1 cannot restrict this to oriented domain problems. Some of the 

engineers have gone to more complicated systems. These do not lend anything 

more to the characterization of mechanical behaviour. I think the value of 

complex definitions is offset by the increased difficulty in arriving at the 

long cumbersome definition.

Dr, Wilding: Are you talking about orientation of individual units of 

clay? Would this be one kind of orientation?

Dr, Yong: Yes, one kind.

Dr, Wilding: In your second order concept, which is of a larger size, 

may it be an assemblage of particles? What’s the term that you use there? 

Are you using particles?
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Dr. Yong: An assemblage of units basically. My whole point is this. 

Suppose you have two large clay balls. When a clay ball is fractured, 

it will disintegrate into smaller lumps. The whole point is that within 

those lumps there is really no significant deformation until the stress 

in the soil lump reaches that point of fracture. It is a stress transfer 

mechanism. In the same way that one has a first order and a second order 

kind of a problem in water movement, we will also have first order or 

second order deformation characteristics.

Dr. Brewer: I think this is identical with the original concept of a 

fabric element in tectonics, which was defined as a unit which wasn't itself 

distorted by pressure but behaved as a unit, and rearranged itself in 

answer to the pressure. These units can be any size, and of any type from 

a single mineral grain to a very complex ped.

Dr. Chesworth: Was there any restriction on your use of the term domain 

to volumes that have preferred orientation? Did you have a random 

distribution of fabric elements within a domain and still be a domain?

Dr, Yong: I would say yes for the simple reason that I’ve chosen to 

generalize it a little more in terms of visual classification. You can 

call it an oriented domain as opposed to an non-ortented domain, which I 

think is what I would prefer.

Dr, Brewer: Well, we have used domain in the same sense as Quirk; so 

if you just say fabric units at the beginning it would be alright.

Dr, Wi'Lding: We talked this morning mostly about unbonded clay systems. 

Do they really exist in nature? How do you define an unbonded clay system?
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Dr. Yong: That's a good point. I think that the separation in terms 

of bonded and unbonded clay has come solely on the basis of two criteria. 

One is sensitivity to remoulding, [which is what Dr. Gillott showed in 

the Leda clay] and the other is related to the characterization of stress

strain curve. We have a peak hump in the bonded clay stress-strain curve, 

whereas in unbonded clay the hump is by and large absent. There has been 

a lot of work done in trying to distinguish what creates this so-called 

difference between bonded and unbonded clays. In Eastern Canadian provinces, 

the clays are classified as bonded clays due to the fact that they do have 

tremendously strong bonds.

Dr, Gtllott: I think probably, in the case of the Canadian clays, the 

cement junctions, which, as I mentioned in the talk are thought to be 

fractured by moulding or deformation. I think that it is thought to be 

more likely than just a change in the number of, or type of bonds/unit 

volume. There are cemented junctions in the physical sense, at least this 

is speculated on the actual deposits of some kinds of cemented material, 

whether it was silica, aluminum, an aluminum-siIica complex, iron, or 

calcite. I think, at least this is what we speculate may exist.

Dr, Protz: Are soils mechanics researchers thinking of working on criteria 

for the characterization of the top three feet of the earth's surface?

Dr. Yong: We should be concerned about trying to preserve the vegetative 

cover up north as this provides us with a thermal blanket. Thus from the 

soil mechanics viewpoint I must be able to predict basic quantities effecting 

a hot pipe burial in soil. The changes in thermal budget and moisture budget 

for example, are necessary pieces of information for decisions we need for 

heat and mass in regard to problems associated with transfer in frozen and 

thawing soils.
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Soil mechanics people have addressed themselves primarily to 

problems in engineering and thus sometimes overlook the requirements from 

very closely associated fields. Environment problems [eco-system] together 

with concerns of soil pollution and salt pollution contribute specific 

examples where soil mechanics researchers can interact with other disciplines.
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