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4.. DEVELOPMEN T OF MICROSTRUCTURE S IN AN 
ARTIFICIA LL  CLAY DURING UNIAXIA L COMPRESSION: 
TOWARDSS A BETTER UNDERSTANDING OF SOFT 
SEDIMENTT DEFORMATIO N 

Abstractt  - By analysing a series of four thin sections from a ceramic clay that was subjected 

too uniaxial compression, we made an attempt to 'monitor' the development of deformational 

microstructuress in a sediment. We inferred from our micromorphological analyses of 

subsequentt stages in the deformation process (as represented by the thin sections) that the 

responsee of the sediment to (simple) shear involves closely related planar and rotational 

internall  movements. 

Thee observed features, as there are unistrial plasmic fabrics, turbates and grain lineaments, are 

identicall  to the characteristics that have been observed in thin sections of naturally deformed 

sediments.. The specific information on deformational processes - as it is provided by this 

studyy - wil l considerably facilitate future analyses of for example glacigenic sedimentary 

sequences. . 

WithWith Rijsdijk, K.F. In review with Journal of Sedimentary Research. 

INTRODUCTIO N N 

Micromorphologyy may be defined as the study of thin-sectioned samples of e.g. rock, 

icee or soil. Important advantages of micromorphology over other research tools are 1) 

thatt it enables the observer to directly analyse interrelations between material 

constituents,, and 2) that it provides micro-scale, detailed information, which is often 

indispensablee in the investigation of the materials. 

Thee potential of micromorphology as a technique is starting to get recognised in the 

fieldfield of sedimentology as well. It is appreciated to date that microstructures, i.e. structures 

thatt are often not visible with the naked eye, can provide important information 

regardingg past depositional environments. In glacial sedimentology - the topic that we 

aree particularly interested in - the technique has as such recently been applied in studies 

off  core records (e.g. Carr, 1999; Van der Meer and Hiemstra, 1998; Hiemstra, 1999) as 

welll  as in studies of 'on-land' exposures (e.g. Boulton et al.t 1996; Hiemstra and Van der 

Meer,, 1997; Menzies et al., 1997). 
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Thee 'problem' in applying micromorphology in the study of glacigenic sediments - to 

stickk to the example - lies in the fact that in order to use microstructures as a means of 

reconstructingg conditions to which these sediments once were 'subjected' (read: a means 

off  recognising deformation, as this is inextricable from the glacial depositional 

environment),, a thorough validation of interpretations is required. In practice, 

reconstructingg deformational processes from sediment 'snapshots inevitably involves 

conjectures,, which - obviously - need justification. 

AA good way of establishing such validation is through controlled laboratory experiments. 

Referencee tests generally provide good insights in behaviour of artificial and natural 

sedimentss during deformation. Experimental studies that address the development of 

microstructuress under increasing shear stress are most useful when they can act as a 

directt analogue to situations of natural, in this case subglacial deformation. 

Theree are quite a few publications available that report on shear experiments (e.g. 

Morgensternn and Tchalenko, 1967; Maltman, 1977; 1987b; 1988; Van den Berg, 1987; 

Dewhurstt et al., 1996; Schokking, 1998). Most of these studies focus on the development 

off  clay fabrics during deformation. With the exception of a few (e.g. Dewhurst et al., 

1996),, these studies do not address the deformation reflected in arrangements of coarser 

grains,grains, a type of structures that may play - next to clay fabrics - an important role in 

reconstructionss of past glacial conditions. Van der Meer (1993) postulated that such 

structuress are quite common in subglacially deformed sediments. In this respect it is 

alsoo important to note that it may well be that subglacial deformation is merely reflected 

inn such structures, because clay fabrics are somehow masked (see Van der Meer and 

Hiemstra,, 1998). 

InIn this paper, we therefore propose a more 'holistic' approach, in which it is attempted 

too relate clay fabrics to these - also shear-induced - (re)arrangements of coarser grains. 

Wee set up a compression experiment and selected an artificial, silty clay as test material. 

Wee made sure that the material contained sufficient layer-lattice minerals to make 

possiblee the development of birefringence (required for the identification of clay 

fabrics),, but also that it contained silt- and sand-sized grains, which are necessary for the 

'coarser'' structures to develop. 

Byy taking four thin sections that are assumed to represent subsequent, discrete stages in 

thee compression experiment, we created a 'motion picture' of plastic sediment deformation 

enablingg us to qualitatively analyse the genesis and development of occurring 

microstructures.. Our approach should be considered a typical 'black box approach'. As 

glacialglacial sedimentologists we were - because we have to infer processes from sedimentary 

endd products ('snapshots') - mainly interested in how observed microstructures fit in the 

deformationdeformation process, and not so much in numerical stress-strain characteristics. 
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EXPERIMENTA LL  TECHNIQUE S 

Thee test material is a standard potter's clay (K 122), readily available from a supplier of 
ceramicc materials (Vingerling, Haastrecht). Figure 4.1 shows that around 53 % of the 
grainss in its textural spectrum are finer than 2 um; that 40 % are silts, and that 7 % is 
sand-sized.. It also shows that the coarsest particles are in the order of 500 |jm (medium 
sand).. X-ray diffraction revealed that the clay mineralogy is rather diverse: kaolinite (10-
155 %), chlorite (20-30 %), illit e (20-30 %) as well as vermiculite and smectite 
interstratificationss (combined 25-35 %) occur. Note that the indicated percentages are 
estimatess only (De Leeuw, pers. comm. 2000). 

Initiall  water content of the sediment was reported to be in the order of 26-30 % 
(Richter:: Vingerling Laboratory, pers. comm. 2000). The factory also reports an average 
waterr uptake of around 13 °/o after baking (950-1000° C). Although this piece of 
informationn may seem redundant, it helps to get an idea of the possible changes in 
porosityy in the course of the experiment. 

Withh respect to the to-be-expected behaviour during the experiment it is noted that the 
statee of consolidation of the sediment is such that both contraction and dilation as 
responsess to imposed stresses are possible. Although the sediment was 'pre-modified' in 
thee factory (moulding in a twine-press guarantees a uniform quality of the industrial 
endd product), it is not 'heavily overconsolidated' {personal communication from Both, 
19999 and Richter, 2000, both Vingerling laboratory), which would exclude contractant 
behaviour. . 
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FIGUREE 4.1. Textural distribution of the K122 clay. 
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Fourr identical specimens (cylindrical, 76 mm in length and 50 mm in diameter) were 

prepared.. Three of them were contained in latex sheaths and were actually subjected to 

thee test. The other was merely used for reference. The specimens were cut from a 'loaf 

off  the described clay, right next to each other and with their long axes parallel in order 

too reduce inter-sample variations to a minimum. 

Thee triaxial compression tests were carried out in the laboratory for Engineering 

Geologyy at Delft University (Wykeham-Farrance™ equipment). The test is standard 

proceduree in soil mechanics and in essence very similar to the tests outlined in e.g. Scott 

(1980)) or Maltman (1987a). In our experiment, the pressure cell did not contain a 

confiningg fluid, so that the cell pressure a'3 was effectively zero (a'i > &2= aN = 0). This 

meanss that strictly speaking we should refer to the test as being uniaxial instead of 

triaxial.triaxial. The stress component ö'i coincided with the long axes of the samples. 

Strainn was generated at a low, uniform rate of 1.32 x 10 s , and was not driven beyond 

peakk strength of the material: plastic deformation without eventual failure. Free drainage 

wass allowed, although the water expulsion during the test was probably rather limited. 

Waterr loss as a result of desiccation (during the test) is estimated to be in the order of a 

feww percents at most. 

Ideall  would have been that the test was performed on one single sample, only to 

'interrupt'' it to take a look at the situation up to that point. However, because thin 

sectioningg of soft sediment, i.e. 'taking the look', requires impregnation, we had to work 

withh four different samples (Table 4.1), hereby assuming that they nevertheless represent 

fourr subsequent stages of the same deformation process in the same material. 

TABLEE 4.1. Specimens in the uniaxial compression test 

Specimenn Cumulative time (h) Shortening (mm) Strain (%) 
I.. 0 0.00 0.00 
II.. 50 1.47 1.93 
III .. 89 3.23 4.24 
IV.. 191 6.92 9.08 

Specimenn I represents the initial, 'undeformed' situation of the series. It will be referred 

too as the 'dummy' sample. Specimen II represents the situation after around 2 % strain 

andd specimen III the development after around 4 °/o strain. Specimen IV is the final 

situation,, showing the stage of just over 9 % bulk strain shortening. 

Afterr the test, the four samples were air-dried, impregnated with synolite (an 
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unsaturatedd polyester resin), and left to cure. The cylindrical specimens were cut in half 

(lengthwise)) to obtain the largest possible 'exposure' in the prepared thin sections. For 

detailss of the thin sectioning procedure see Murphy (1986) or Van der Meer (1996). The 

sectionss were analysed using a Leica™ optical transmission microscope (magnifications 

upp to 35 x) and Leica™ camera equipment. 

MICROMORPHOLOGICA LL  OBSERVATION S 

Observationss are presented in a synthesised form in Table 4.2. The terms used in Table 

4.2,, as well as in the subsequent descriptions are presented in the glossary below. 

GlossaryGlossary of Micromorpbological terms (see also Brewer, 1976) 

SkeletonSkeleton is the generic term used to indicate all grains - both mineral and organic - that are 

coarsercoarser than ca. 30 fjm (= the approximate thickness of a thin section). Skeleton grains can be 

observedobserved individually in thin section. 

LineamentLineament is a structure composed of three or more skeleton grains that have their centres aligned. 

IdeallyIdeally the long axes of the grains are coincident with the imaginary line that runs through their 

centres.centres. Note that this structure is probably planar in 3-D. 

MicrofabricMicrofabric refers to orientations of long axes of elongated skeleton grains (compare: plasmic 

fabric). fabric). 

TurbateTurbate is a circular arrangement of skeleton grains (in a 2-D thin section). It consists of 

systematicallysystematically arranged particles that are often positioned around a relatively coarse core grain. 

LongLong axes of the particles exhibit a parallel or a spiralling imbricate organisation with respect to 

thethe surface of the core grain (compare skelsepic plasmic fabric). 

PlasmaPlasma is the generic term covering all sediment material - mineral (amorphous and crystalline) 

asas well as organic - finer than ca. 30 jum. Plasma is complementary to the skeleton fraction. 

IndividualIndividual plasma particles are too small to be discerned in thin section. 

PlasmicPlasmic fabric is defined as the organisation of the plasma in terms of orientations. Where within 

aa certain area plasma particles (read: micaceous clay minerals) are preferentially oriented parallel 
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toto each other (separations), the plasma obtains optical properties that show up as 

extinction/illuminationextinction/illumination patterns (birefringence) under crossedpolarisers on the microscope. 

MasepicMasepic plasmic fabric refers to plasma separations that are mainly oriented in (parallel) zones in 

oneone direction. The striated orientation is elongated parallel to the length of the zones (compare 

unistrialunistrial plasmic fabric). 

SkelsepicSkelsepic plasmic fabric refers to plasma separations with striated orientations that occur 

subcutanicallysubcutanically (and parallel) to surfaces of skeleton grains (compare turbate). 

UnistrialUnistrial plasmic fabric refers to striated plasma separations taking the form of thin, distinct lines 

inin one direction. Orientations are necessarily - because of their thinness -parallel to the length of 

thethe zones (compare masepic plasmic fabric). 

VoidVoid is the generic term for all empty spaces in a thin section. 

CrazeCraze plane is an essentially planar void with a highly complex conformation of the walls due to 

thethe interconnection of numerous short, flat and/or curved planes. 

JointJoint plane is a planar void that traverses the sediment in some fairly regular pattern, such as in 

parallelparallel or sub-parallel sets. 

SkewSkew plane is a planar void that traverses the sediment in an irregular manner, having no 

specificspecific orientation pattern between individuals; walls may be smoothed or slickensided. 

TABLEE 4.2. Micromorphological observations. Note:  = abundant;  = common;  = rare; -
absent;; R = random; C = clustered. 

Specimenn Masepic Unistrial Branch-Merge Distribution Turbates Lineaments 
I..  - - R - -
II ..  - R  -/
III ..  R/C
IV..  R/C

Thee thin section of specimen I, the dummy sample, exhibits a random distribution of 

skeleton.skeleton. Grains are not systematically arranged, though long axes of singular, elongate 

grainss are preferentially aligned in an overall subvertical microfabric (Fig. 4.2). The plasma 
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showss pervasive, well-developed, subvertical birefringence that is subparallel to the 

microfabricc and to the long axes of the samples (Fig. 4.2). The birefringence patterns are 

definedd as masepic plasmic fabrics. 

Aroundd skeleton grains there is a tendency for aberrations in the continuity of the 

masepicc plasmic fabrics (Fig. 4.2). This is both reflected in micro-scale pressure shadows 

andd in skelsepic plasmic fabrics. In pressure shadows birefringence is less developed or absent, 

whereass in the latter case the birefringence seems to be 'reinforced1 in the formation of 

striated,, subcutanic separation patterns around individual skeleton grains. 

Planarr cracks with indented or serrated walls - craze planes - form an irregular dendritic 

patternn in specimen I. The overall crack density is relatively high. The finest cracks are 

upp to a few tens of micrometers wide (Figs. 4.3a and 4.3b). Apparent orientations, as 

measuredd from the 2-D thin sections, are variable. None of the occurring directions is 

preferentiallyy developed. 

FIGUREE 4.2. Detail of specimen I in cross-polarised light (annotated version on the right). Top of 
thethe specimen is to the upper left. The longer side of the image represents 2.4 mm. The 
photomicrographh shows subvertical masepic plasmic fabrics in the form of the lighter zones in 
thee plasma. Their orientations are indicated by the fine-lines-overlay in the annotated image. 
Preferredd microfabrics are indicated by the short black lines. Note that the plasma around most of 
thee skeleton grains is birefringent, but that the fine pebble in the upper left corner has non-
birefringentt plasma around it. 

Thee subvertical microfabrics in specimen II , the sample that experienced the least 

compressionn (see Table 4.1), tend to be weaker than those in the dummy. Grains are 

occasionallyy arranged in turbates with diameters that are typically between 150 and 300 
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umm (Fig. 4.4). The turbates are composed of relatively coarse 'core' grains surrounded by 
haloess of finer grains (Van der Meer, 1993; 1997). 

Althoughh only sparsely occurring, alterations in the spatial distribution of grains are 
alsoo suggested in 'grain lineaments (Fig. 4.5). These are defined as 'trains' of particles. 
Thee centres of the grains, as well as their long axes, are usually neatly aligned. It should 
bee noted that both turbates and lineaments are the 2-D representations of 3-D features. 
Thee cracks in specimen II are, except for very fine, short, isolated examples (width 
aroundd 20 um), restricted to the marginal zones (see Figs. 4.3c and 4.3d). The overall 
crackk density is low. Near top and bottom of the sample, cracks - skew planes and craze 

planesplanes - are mainly running subhorizontal (ranging from 090° to 120° from vertical -
clockwise).. Interconnecting finer cracks are mostly oriented between 040° and 055°. 
Onee steeply inclined planar void (020°) curves around at the upper end to 'connect' 
withh subhorizontal planes. 
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FIGUREE 4.3. (previous page) Crack patterns in the thin sections. The circle diagrams below the 
figuress show orientations of plasmic fabrics (grey lines), cracks (black, dashed lines) and long 
grainn axes (grey ellipsoids). Figure A shows the thin section of specimen I, the dummy sample 
(lengthh of the thin section is around 76 mm). Patterns are irregular and dendritic, which is shown 
inn detail in Fig. B (vertical axis represents 18.0 mm). Figure C shows the thin section of specimen 
II .. Note that the cracks are mainly in the marginal zones of the sample. Figure D shows a detail of 
III  (vertical axis represents 18.0 mm). Figure E shows the thin section of specimen III . Cracks are 
rectilinearr and systematic. Both steeply inclined and subhorizontal planes occur. Figures F and G 
showw respectively a detail (cross-polarised light, vertical axis 18.0 mm) and the entire thin section 
off  specimen IV. Note that the systematic, rectilinear pattern has a higher crack density than in 
specimenn III . Also note that the walls of the cracks are smooth. 

FIGUREE 4.4. Detail of specimen III in plane light (annotated version on the right). The 
horizontall  axis represents 4.0 mm. The image is correctly positioned (the top of the 
specimenn is to the top). It shows a 'clustered' grain distribution, which can in fact be 
consideredd a turbate structure. The circular arrangement of the grains is highlighted on the 
rightt hand side. 
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FIGUREE 4.5. Detail of specimen III in plane light. The horizontal, longer axis represents 
7.55 mm (correctly positioned). An example of a grain lineament, a 'train' of three 
skeletonn grains with their centres aligned (see dashed, black line). Note that the long axes 
off  the grains are parallel to the orientation of the lineament. Also note that the two 
grainss on the left have turbate structures around them: fine sand and silts form a 
circularr pattern with microfabrics subtangential to the outline of the respective core 
grains. . 

Thee locally anisotropic plasma (still) shows the subvertical, masepic fabrics. As in the 

dummy,, the signal is occasionally distorted around coarser skeleton, which subtly 

suggestss differential behaviour of the plasma in the vicinity of grains. However, the 

overalll  uniformity of the signal is no longer apparent: narrow zones of less developed 

birefringencee or even extinction sometimes interrupt the masepic signal (Fig. 4.6). 

Particularlyy in those areas (superimposed) unistrial plasmic fabrics occur, which are, 

unlikee the well-developed examples in Figure 4.7, generally short (  50-100 fJm), 

discontinuouss and closely spaced. It is noted that their conjugate orientations (120° and 

040°)) are compatible with the orientation of planar cracks (see Fig. 4.3c). 

FIGUREE 4.6. Detail of specimen II in cross-polarised light. The vertical, 
longerr axis represents 6.2 mm. The top of specimen is to the upper left. Shaded 
areas,, as indicated by the black, dashed lines are the 'extinction zones' in the 
subvertical,subvertical, bright, masepic signal. 
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FIGUREE 4.7. Detail of specimen III in cross-polarised light. The vertical, longer axis 
representss 7.0 mm (correctly positioned). Distinct, continuous unistrial plasmic 
fabricss as exhibited by the bright signals. Indicated on the right by white, dashed 
lines.. Also note the microfabrics (shorter black or white dashed lines), which are 
generallyy subparallel to the unistrials. 

Duee to some impregnation problems, the thin section of specimen II I could not be 

uniformlyy ground to the required thickness of 30 urn throughout, which restricted the 

samplee area useful for the analyses. Figure 4.3e shows that the left side of the thin 

sectionn is relatively dark, indicating that the sample is too thick. This hinders the 

detectionn of local plasmic fabrics. 

Thee distribution of skeleton is anisotropic. Grains are occasionally clustered and 

lineamentss and turbates with maximum diameters of around 500 jam are common (see 

Figs.. 4.4 and 4.5). Long-axis orientations of grains are mostly associated with such 

structurall  features. In turbates elongate grains tend to describe a circle, whereas in a 

lineamentt elongate grains tend to align in the direction of the particle-train. 

Microfabricss are consequently well developed on a 'feature-scale', but not necessarily 

welll  developed on the 'sample-scale'. 

Crackk density in specimen II I is relatively low. Different from the previous samples, in 

whichh their character was chiefly irregular, the planes here are rectilinear and have 

relativelyy smooth, parallel walls (joint planes, Fig. 4.3e). Patterns they constitute are not 

dendritic,, but more 'systematic' and almost 'rectangular'. Orientations are, in order of 
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dominancee 025°, 140° and 095° (again measured clockwise with respect to the vertical). 

I tt is noted that the identified grain lineaments are generally parallel to the 025° or to 

thee 095° orientations. 

Plasmaa is vaguely anisotropic. The subvertical masepic signal is less uniform than in the 

previouss sample. Unistrial plasmic fabrics are well developed. Closely spaced, 

individuallyy up to several millimetres long and around 40 pm in width, they are 

orientedd consistently in two conjugate directions (Fig. 4.8), of which the one that is best 

developedd matches the joint plane orientation at around 140°. 

FIGUREE 4.8. Detail of specimen III in cross-polarised light. The 
horizontal,, longer axis of the image represents 6.7 mm (correctly 
positioned).. The image shows subtle, conjugate, crosscutting sets of 
unistriall  plasmic fabrics that are indicated by the white, dashed 
liness in the lower, annotated picture. Note that the sets running 
fromm the upper left to lower right are better developed. 
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Specimenn III shows that skeleton grains may influence the propagation of the unistrial 

signals,, analogous to the 'circum-grain' aberrations in the masepic signal (see Fig. 4.2). 

Thee birefringent lines seem to split upon grains, to bifurcate, and to come together in 

thee lee, at the opposite side of the grain. We propose to name this phenomenon 

'branching'branching and merging (Fig. 4.9). 

Thee skeleton distribution in specimen IV shows occasional clustering, which may be 

associatedd with the anisotropic nature of the plasma that was also observed: clusters of 

microscopicallyy discernible grain sizes (skeleton), as well as local silt concentrations 

(grainyy appearance of the plasma) and clay agglomerations occur in close relation. 

Turbatee structures, commonly between 200 and 400 nm in diameter, are abundant. 

Lineamentss are common and parallel to cracks and/or unistrial plasmic fabrics (Fig. 

4.10). . 

Crackss form a regular and consistent pattern (Fig. 4.3f). The crack density is high. The 

characterr of the cracks is similar to that in the previous sample: walls are parallel and 

relativelyy smooth (Fig 4.3g). Even the finest cracks are mostly rectilinear. Orientations 

rangee between 125° and 150° and between 055° and 070°. A third set of orientations is 

approximatelyy vertical. 

Thee masepic plasmic fabric is (still) present and (still) moderately to well developed. 

However,, the 'deterioration' in the spatial homogeneity of the signal, seemingly 

initiatedd in specimen II at the start of the experiment, 'culminates' in this specimen IV: 

patchess of'underdeveloped' masepic plasmic fabrics are quite extensive. 

Widthss of the well-developed unistrial are of the same order as in specimen III , though 

short,, but thicker zones of unidirectional birefringence do also occur (Fig. 4.11). The 

mostt important differences with respect to the previous samples are the continuity and 

distinctnesss of the unistrial. Orientations are invariably around 125°, just like the 

dominantt direction of the planar cracks. Branching-and-merging events are common to 

abundantt (see Fig. 4.9). 
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FIGUREE 4.9. Detail of specimen III in cross-polarised light. The horizontal, 
longerr axis represents 4.9 mm. The image shows an example of 'branching-and-
merging'' behaviour of unistrials. Unistrials, indicated by the white, dashed lines 
aree 'deflected' by skeleton grains - some are indicated by the black, dashed circles 
-- to form anastomosing patterns. 
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FIGUREE 4.10. Detail of specimen IV in cross-polarised light (with gypsum wedge 
superposition).. The horizontal, longer axis of the image represents 9.5 mm 
(correctlyy positioned). Continuous, unistrial plasmic fabrics (white dashed lines) 
aree subparallel to the planar crack (black dashed outlines). The planar features are 
closelyy related to circular grain arrangement, which are indicated by the white, 
dashedd circles. 
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FIGUREE 4.11. Detail of specimen II I  in cross-polarised light. The vertical, 
longerr axis of the photomicrograph represents 4.5 mm (correctly positioned). 
Developmentt of parallel shear bands (white, dashed lines) from a bundle of 
individuall  unistrials. Note that coarser grains in the vicinity of the shears 
developp turbate structures (white dashed circles) and that within the upper 
shearr grains are arranged in a short lineament (black short lines indicate long 
axiss orientations). 

DISCUSSION N 

Inn this section we relate the observed microstructures to increasing strain. After a brief 

discussionn of the theoretically forecasted behaviour of the sediment, the suggested 'trends' 

inn the thin sections (see Table 4.2) wil l be analysed and evaluated. The assertions are 

continuouslyy tested against the reference situation, which is represented by the dummy 

sample. . 

DeformationalDeformational Behaviour in Theory 

Thee standard Mohr-Coulomb model (e.g. Scott, 1980) can approximate the behaviour of 

thee clay during triaxial or uniaxial compression. It describes how sediments that are 

subjectedd to simple shear, deform: 

Initiall yy the response of an isotropic sediment can be described as elastic, but with 
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increasingg stress, the sediment is said to yield, which means that it starts to deform 

plastically.plastically. The shear strength of the sediment consequently increases, a process that is 

knownn as strain hardening. A critical situation, described in the equation below, is 

reachedd once the sediment is no longer capable of accommodating the induced amount 

off  strain. This results in eventual failure of the sediment along (a) discrete plane(s) at (a) 

theoreticall  angle(s) of 7t/4 - (p/2 to the vertical. 

(Tii  —(73 1 fC7i + CT3 
sin#>-ccos#>> = 0 (4.i) 

J J 

wheree c\ = highest principal stress component, the vertical pressure; a'3 = lowest principal stress 
component,, the cell pressure; c = cohesion and (p = angle of internal friction. 

Thee model implicitly suggests that also the 'accommodation of strain' that occurs prior 

toto failure is 'pre-determined' by cohesion and internal friction. Small-scale planar shear 

displacementss generated during plastic deformation of the material are theoretically 

restrictedd to the aforementioned theoretical angles as well. In a 2-D representation of a 

givenn isotropic material (read: in a thin section) these potential slip planes constitute a 

regularr network of small-scale lozenges. In case of eventual failure, one discrete plane is 

'selected'' out of this network. 

Onee should bear in mind that in practice the Mohr-Coulomb model does not always 

hold.. The geometry of shear planes in a sediment might be very complex as a result of 

concurrentt volumetric changes (Vermijt, 1983), or simply because the sediment is not 

isotropic.. It seems therefore realistic - instead of assuming regularly spaced, singular 

featuress - to talk of a shear zone, which contains a great number of such - either or not 

interconnectedd - shear planes. It should also be noted that with increasing effective 

pressures,, shear planes might develop at angles that differ considerably from the 

theoreticallyy predicted values: the complexity of the geometry for example is influenced 

byy factors like the water content, while the primary fabric of clay minerals plays a role 

inn how and at what angle they are initiated (see Arch et al.t 1988). 
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DeformationalDeformational Behaviour as inferred from the Thin Section Series... 

Thee paradoxical situation arises that in the dummy sample (zero strain reference, 

specimenn I), the material already shows features that should be attributed to soft 

sedimentt deformation: the industrial 'pre-modification' of the sediment (the twine press 

procedure),, which was reported in the 'Experimental techniques' section, obviously 

resultedd in a preferred primary fabric. The vertical, masepic plasmic fabrics (Table 4.2) 

aree 'processing artefacts', which will be referred to as 'pre-existingfabrics' from now on. 

Thee 'pre-modification' did apparently not affect the arrangement of the skeleton much. 

Onlyy preferred alignments of silt and sand grains (the vertical microfabrics) may be 

associatedd with the operation: some of the grains have apparently been manoeuvred in 

suchh position (see discussion on rotational movements below). 

Beforee turning to the discussion of microstructures in specimens II, III and IV (Table 

4.2),, it is important to first explain how the presence of skeleton grains may influence the 

developmentt of clay orientations in a shearing sediment. Although many of the 

commonlyy observed plasmic fabrics in the vicinity of grains should also be classified as 

artefactss because they are closely related to aforementioned plasmic fabrics and 

microfabrics,, discussing them here helps to put the 'circum-grain clay fabrics' that are 

not,not, into a broader perspective. 

Iff  in the development of a shear plane (reflected in unidirectional birefringence) a 

coarserr grain is 'come across', clay platelets directly adjacent to this grain are subject to 

localisedd stresses, which lead to aberrations in the unidirectional signal. In the example 

depictedd in Figure 4.12a, shear is 'advancing' from left to right, which means that on the 

rightt hand side of the grain a zone is created in which a pressure shadow may develop. 

Birefringencee on lee sides of grains is significantly less developed than in the shear 

planee itself. 

Onn the opposite side (left) the relatively inert grain interferes with the planar clay fabric 

inn that the advancing shear 'forces' the more 'perceptive' clay platelets against the grain. 

Thesee platelets consequently take positions parallel to the surface outline of the grain. 

Onn the stoss side, pressure is relatively higher, which results in a relatively stronger 

birefringencee characteristic. 

Figuree 4.12b shows the development of a halo of skelsepic plasmic fabrics in the case 

wheree a(n elongate) grain is forced to rotate under the influence of shear-generated 

torquess (see below). Due to a 'sweeping' movement of the grain, clay particles in its 

directt vicinity are being reoriented, which results in a zone with a 'circular' plasmic 
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fabricc all around the grain (2-D). If visible, the planar shear that is responsible for the 
torques,, and that consequently runs 'through' or along the rotating grains may -
dependentt on the efficacy of the reorientation process, i.e. dependent on whether the 
clayy particles take parallel or imbricate positions, amplify the unidirectional 
birefringencee signal along the (opposing) side(s) of the grain. 

Onee should keep in mind that only skelsepic zones that are relatively thick, either 
circularr or elliptical in outline, and roughly symmetrical with respect to its axis of 
rotation,, may be associated with rotational movements of grains. The more common 
thinthin type of skelsepic plasmic fabrics that 'follows' all irregularities in the outline of the 
grainn precisely should be ascribed to an isotropic, non-deviatoric stress field in which 
clayy platelets are compressed against the surface of the grain (differential compaction). 
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FIGUREE 4.12. (previous page) Cartoon outlining skeleton-related plasmic fabric developments. A. 
Thee situation of an immobile, i.e. non-rotating grain in deviatoric stress field. Individual clay 
particless are forced against the surface of the relatively inert grain on the stoss side, whereas on the 
leee side the clay is poorly, or not oriented. Note that the dashes represent reoriented clay domains. 
B.. The elongate grain is forced to rotate in the deviatoric stress field. The zone around the grain 
thatt is affected by its rotating movement shows surface-parallel or imbricate patterns in the clay. 

Tablee 4.2 shows that in the course of the experiment the pre-existing fabric gradually 

losess the pronounced, 'all-embracing' nature. Were 'discontinuities' in the masepic 

signall  in the early stages of the experiment (specimen II ) still restricted to small, narrow 

zoness of lower intensity (Fig. 4.6), in specimen IV the decline of the masepic signal is 

actuallyy quite apparent: zones where it is relatively less developed, are much more 

extensivee than in II , and also more extensive than in III . 

Thee explanation we propose is twofold. First: we identified an inverse relationship 

betweenn the strength of the masepic signal and the degree of development of the 

unistriall  plasmic fabrics (see Table 4.2). It seems that the unistrials are most pronounced 

inn zones where the masepic signal is relatively weak, which led us to believe that during 

thee test new clay orientations are developed at the cost of the pre-existing plasmic 

fabrics.. Unistrial plasmic fabrics witness that in thin, discrete zones these pre-existing 

fabricss were 'replaced' by new birefringence models, and that between the unistrials 

'fabricc conversion' erased pre-existing birefringence without causing a new preferred 

orientationn of the clays. 

Thee second part of the explanation concerns changes in the plasma distribution that 

takee place. We envisage a process - less obvious than the previous - where as a result of 

locall  micro-scale volumetric changes during the shearing of the 'slightly consolidated' 

sedimentt fines are preferentially transported to zones of newly created space (dilated 

areas).. Although actual displacements of particles are probably very limited, the 

recurrencee of such a process during the experiment would account for the observed silt 

concentrationss and clayey agglomerations. It seems reasonable to assume that in the 

rearrangementt of the sediment pre-existing orientations of clay minerals were affected: 

transportt of particles within a certain zone inevitably leads to some deformation, i.e. to 

fabricc conversion. 

Thee observed unistrials are likely to reflect the theoretically forecasted network of slip 

planes.. The series of samples show a gradual development in terms of appearance, 

continuityy and strength (Table 4.2). The apparent orientations are largely compatible 
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withh predicted values. 

Onlyy in specimen II were conjugate sets observed. This may be explained by assuming that 

inn the early stages of the experiment, strain is accommodated by the cumulative effect of 

shortt (? in the order of a few microns at the time) displacements along slip planes in 

crosscuttingg directions (the predicted network of small-scale lozenges). At this stage, 

evenn parts of the pre-existing fabric may be used for this purpose (see Arch et al., 1988). 

Withh progressive deformation, one of the two directions in the network is then selected 

forr further development, a development that resembles the behaviour of metamorphic 

rockss in the process of dissipating shearing energy (Ramsay, 1980). 

Thee unistrial plasmic fabrics are similar in appearance to "crenulations" and "creases" 

(Maltman,, 1977). Both the dimensions and the character are comparable. The tendency 

off  individual crenulations to die out, and to being replaced by others of differing 

wavelengthss (Maltman, 1977), is similar to what we defined as branching-and-merging 

behaviourr of unistrials. However, where Maltman considers the thus defined lenticular 

zoness an inherent, steady-state-like characteristic of this type of microstructure, we argue 

thatt the branching-and-merging behaviour is actually intensified and more common in 

thee later stages of deformation, i.e. that it may be related to increasing strain (Table 4.2). 

Thee chiefly discontinuous unistrials of specimen II were observed to grow and to 

partiallyy interlink into anastomosing patterns in specimens III and IV (Fig. 4.9). 

Apparently,, closely spaced unistrials developing in relatively homogeneous material 

havee the ability to coalesce. 

Coarserr skeleton present in the matrix accounts for the opposite effect. When a growing 

unistriall  encounters a silt or sand grain, it is either deflected, or it splits upon the grain 

surfacee to continue as two separate branches. These branches are obviously so close that 

uponn further development, they are prone to grow together again, thus defining a lens-

shapedd area of undisturbed plasma. Likewise, other 'irregularities' in the sediment, e.g. 

plasmaa anisotropy or pre-existing fabrics, may be responsible for identical geometries. 

Ann example scenario for the development of the signals is depicted in Figure 4.13. 

Distinctt shear bands only develop when the sediment approaches peak strength, just 

beforebefore failure (see e.g. Maltman, 1987b). It was shown in the thin sections that specific 

pathss in the sediment are selected for shear displacements. Such paths, which consist of 

bundless of unistrials, may in the later stages of the experiment grow together 

(branching-and-merging:: see above) to eventually form the birefringent shear bands. In 

thesee bands, all material seems to be reoriented, without loss of cohesion. The formation of 

thee bands can be regarded an intermediate stage towards a 'fully developed' ductile shear 

zonee (see cf. Morgenstern and Tchalenko, 1967; Maltman, 1977; 1988). 
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FIGUREE 4.13. Cartoon showing the development of 
branching-and-mergingg characteristics in unistrial plasmic 
fabrics.. Short, discontinuous unistrials (A) grow together 
too form continuous features in situation B. Where they 
'meet'' skeleton grains, they are forced to split or bifurcate. 
Inn the lee side of the grain that was encountered, the 
unistrialss may grow together again. 

Onn a micro-scale unistrials can be regarded as manifestations of brittle deformational 

behaviour.. This helps to understand how cracks become increasingly 'systematic' in the 

coursee of the experiment. Because the development of unistrials involves plasma 

separations,separations, with the birefringence plana of weakness are being created in the sediment. 

Althoughh most cracks probably form due to desiccation (the drying of the samples), 

theyy seem to preferentially orient in directions that coincide with the systematic 

directionss of the unistrials. The observed alignment of planar voids parallel to plasmic 

fabricc patterns ('rectangular' configurations) strongly suggests that the voids form at just 

thesee planes of plasma separation. They may thus well represent the 'c-segments' 

developingg in clays as they were discussed by Wil l and Wilson (1989). 
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Thee micromorphological observations show that not just clay-sized material, but also 

coarserr particles might be subject to reorientations and displacements during 

deformation.. Evidence of the effects of mobilisation of silt and sand grains is exhibited 

inn the occurrence of turbates and grain lineaments. 

Figuree 4.12b showed how skelsepic plasmic fabrics might be generated through the 

rotationn of individual particles. Extrapolating this model, it is a small step to 

appreciatingg that rotating coarser grains are also capable of aligning some of the finer 

skeletonn grains in their direct vicinities (Fig. 4.14; see also Figs. 4.4 and 4.5). Whereas 

Vann der Meer (1993) noted that the diameters of turbates (in tills) are usually in the 

orderr of a few millimetres, we merely observed small-scale examples in our fine-textured 

testt sediment (diameters between 150 and 500 urn). Even so, we noticed an increasing 

numberr of turbates with increasing strain (Table 4.2). This suggests that (aside from in 

planarr displacements) strain is progressively taken up in rotational movements. 

FIGUREE 4.14. Cartoon showing the relation between unidirectional 
plasmicc fabrics, skelsepic plasmic fabrics and turbate grain 
arrangements.. With the development of a planar shear feature, clay 
particless reorient to form unidirectional plasmic fabrics. The coarse 
skeletonn grain in the centre of the image starts to rotate as a result of 
thee displacements along the shear, which leads in turn to the formation 
off  skelsepic plasmic fabrics and circular grain arrangements. 
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Itt is suggested that planar and rotational movements in deforming media are 

proportionallyy related: the more displacement along unidirectional features, the better 

developed,, and the more abundant the circular features. A scenario for their concurrent 

developmentt is depicted in Figure 4.14. The cartoon shows that as a result of torques 

acrosss the grain diameter (inflicted by differential movements along discrete shears), 

skeletonn grains are forced to alter their positions. 

Anotherr expression of the mobility of skeleton grains is the occurrence of grain 

lineaments.. Figure 4.15 depicts a scenario for the development of'grain-trains' (Fig. 4.5; 

seee also Figs. 8 and 9 in Dewhurst et al. 1996). It is argued that both planar and 

rotationall  movements are involved in their production. As the abundance and the 

lengthh of the features do not seem to change significantly in the course of the 

experimentt (see Table 4.2), their development cannot directly be related to increasing 

strain.. For the lineaments to form, an initial situation is required where participating 

grainss are already approximately 'in line', i.e. in the direction of expected shear 

displacementss (Fig. 4.15a). In fact the generation of lineaments is thus much more 

'coincidental'' than the generation of turbates, which only involves one candidate grain 

inn the vicinity of a shear. With the application of stress (Figs. 4.15a and 4.15b), 

unistrialss are formed, which as it were 'connect' the grains. Displacement eventuating 

alongg these unistrials 'accounts' for the preferred long axis orientations by means of 

individuall  rotations. With progressive displacement and propagation of the unistrials, 

thee orientation of all particles, including the clay minerals, will be enhanced as a result 

off  stretching in the direction of shear (extension). At the same time, the sediment will 

shortenn in the direction perpendicular to the plane of shearing (Figs. 4.15b and 4.15c). 

Thiss effect forces the centres of the grains to align, which completes the formation of 

thee lineament. It should be kept in mind that the lineaments are likely to reflect a 3-D 

structure,, and that absolute movements of the individual grains are minimal. Note also 

thatt these are not the grainbridges as conceived by Hooke and Iverson (1995). 
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FIGUREE 4.15. Cartoon showing a scenario for the development of 
grainn lineaments (in combination with unidirectional plasmic 
fabrics).. The dashed line in situation A represents the plane along 
whichh shear-generated displacement occurs. (Elongate) grains at, or in 
thee direct vicinity of the plane tend to alter their positions in 
rotationall  movements when they are initially not aligned parallel to 
thiss shear plane. Concurrent with the rotations, the grains experience 
aa force that moves them closer to the plane (see 'strain boxes' in the 
rightt margin of Figs. A and B: in the direction of shear the sediment 
iss stretched, whereas in the direction normal to this, the sediment 
experiencess contraction or shortening). Situation C shows the 
resultantt grain arrangement, the lineament. 

89 9 



CONCLUSION S S 

Wee have shown that the response of sediment to imposed shear stresses during uniaxial 

compressionn is reflected in both plasma and skeleton arrangements. Adaptations herein 

involvee linear (or planar) displacements as well as rotations, internal movements that 

furthermoree seem to be closely related (see Fig. 4.16). 
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FIGUREE 4.16. Cartoons synthesising the development of observed microstructures. Situation A 
representss the structures in the dummy sample: the dotted lines indicate the pervasive subvertical 
masepicc plasmic fabrics; the long-axis orientation of the grains is preferentially subvertical as well. 
Orientationss of the plasmic fabrics and microfabric are schematically displayed below the 
cartoon(s).. Figures B and C represent situations where shear planes have developed superimposed 
onn the masepic signal. In Figure B one single plane accounts for the reorientation of clays within 
thee narrow shear zone: the masepic plasmic fabric is 'converted' into unistrial plasmic fabrics. The 
dashedd circles around the grains indicate that skeleton within the zone is subject to rotational 
movementss (formation of turbates). In Figure C a second conjugate direction of unistrials 
crosscutss the extended first set. Dependent on which of the sets takes up most strain, the cross-
sectionn area will have the character of the first or the second. Note the lineament in the lower 
rightt quadrant. 
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Wee envisage a time-progressive type of strain that starts with the formation of slip 
planes,, reflected in (conjugate) sets of unistrial plasmic fabrics. Initially, these are short, 
largelyy discontinuous and isolated, but with ongoing shear, the unistrials start to 
developp branching-and-merging behaviour, which accounts for anastomosing 
configurations. . 

Becausee actual displacements become progressively larger with increasing strain, grains 
andd other coherent sediment constituents in areas directly adjacent to (and in between) 
thee displacement planes experience torques that force them to rotate. Evidence of this 
processs was found in the turbate structures and in skelsepic plasmic fabrics. 
Grainn lineaments are regarded exemplary for the suggested relation between planar and 
rotationall  movements within the deforming sediment. These features also suggest that 
skeletonn grains are actually 'mobile' with respect to the matrix in which they are 
containedd even at the low bulk strain accomplished in the experiment. 

Finally,, reverting to the rationale for this paper (which was to better understand the 

developmentt of micro-features that are commonly recognised in fossil glacigenic 

sediments),, we can conclude that rotational movements might be a very important 

phenomenonn in simple shearing of sediments. This conclusion supports the postulation 

byy Van der Meer (1997), which stated that in some cases of subglacial deformation 

turbatess account for the bulk of strain in the sediment. The combination of turbates with 

shearr planes seems to be an important indication of plastic simple shear deformation as 

opposedd to (viscous) flow, which may be a lead to for example the distinction between 

subglaciall  deformation and deformation caused by subaqueous mass movements. 
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Howw does a duck know what direction south is 

Andd how to tell his wife from all the other ducks? 

Bradd Roberts 
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