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Foreword 

This manual was originally conceived by Dr Conybeare when 
he was an officer of the Bureau of Mineral Resources, as a 
guide to field geologists of the Bureau. Before it was com•
pleted, however, Dr Conybeare accepted a position on the 
staff of the Australian National University. There he 
interested Dr Crook in the project; and between them they 
have written the present volume. 

The interest of the Bureau still lies in the value of the 
volume as a guide, long wanted but not hitherto available, for 
the use of our field geologists. But a definitive text on this 
topic fills a gap in the geological literature also; and by 
publishing it in the Bureau's Bulletin series we hope to make 
it available in a durable form and at a reasonable cost to 
students and others. 

I am grateful to Drs Conybeare and Crook for making their 
work available to the Bureau, and hope and expect that it 
will prove of value to students and teachers of sedimentology. 

J. M. RAYNER 
Director 
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User's Key 

1. For unknown sedimentary structure: 
(a) Locate the class appropriate for the structure in Table 2 

(pp. 8-1 I). Remember, this is a morphological, not a 
genetic, classification. Ask yourself: Is the structure (1) a 
feature of a single grain (Class I); (2) one defined solely 
by relationships between grains (Class II), and if so 
whether there is or is not some kind of orientation relation•
ship (Classes liB, IIA respectively); (3) one defined by 
aggregates of grains alone, or of grains and entities that 
are not grains, such as voids, crystals, or fossils (Class Ill), 
and if so whether the structure is expressed internally 
within a bed (Class IliA), or externally (Class IIIB), 
and if external on which surface (Class IIIB 1-upper, 
IIIB2-lower); ( 4) or is it defined on the relationship 
between beds or sets (Class IV), at their contacts 
(Class IV A) , by their homogeneity of grouping (Class 
IVB), or by their sequential arrangement within groups 
(Class IVC). Then turn to the page(s) and plate(s) 
indicated in Table 2. 

(b) Identify visually from plates, and turn to pages indicated 
in caption. 

(c) If structure is not yet identified, deduce the mechanism 
likely to have been dominant in its formation: hydro•
dynamic modification-construction or erosion; sediment 
rheotropy (mass movement) ; biological activity; or 
diagenesis; and turn to appropriate section of text (see 
Contents). 

2. For known sedimentary structure: 
(a) As 1 (b). 
(b) Look up name or class in Contents or Index and turn to 

pages listed. 
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Introduction 

SCOPE OF THIS WORK 

THis manual of sedimentary structures is not intended to be an exhaustive 
compendium of all that is currently known about sedimentary structures. Rather 
we have conceived of it as an aid, for use in the field and the laboratory, in 
the identification and description of sedimentary structures in both outcrop and 
core, and their application to the problem of reconstructing ancient depositional 
environments. 

Some classes of sedimentary structures-for example cross-stratification and 
sole markings-show a wide variation in form, with subtle gradations between 
types. Because of the orientation of this manual, we have not attempted to 
illustrate the complete range of types. Instead, we have provided schemata to aid 
in recording the features that we believe are diagnostic of the various types, or 
appear to us to be of genetic significance. And, where possible, we have referred 
to specialist monographs and papers that deal in detail with the range of variation 
exhibited to each class of structures. 

Structural geologists are in the habit of recognizing three scales on which 
tectonic structures are developed (Turner & Weiss, 1963)-microscopic, which 
can be discerned only with a hand-lens or microscope; mesoscopic, visible in any•
thing between hand specimen and outcrop size; and macroscopic, which require 
the integration of data from several outcrops by means of maps or aerial photo•
graphs before their features can be properly appreciated. These same three scales 
are equally applicable to sedimentary structures, and in this manual we have 
confined our attention to the mesoscopic scale. Macroscopic sedimentary structures 
such as mud lumps, chaoses, etc., are best dealt with, we believe, in the context 
of regional stratigrap'b;; and microscopic sedimentary structures can most 
appronriately be discussed as part of sedimentary petrography. 

The use of sedimentary structures to indicate ancient depositional environments 
is commonplace to sedimentary geologists. Regrettably, but almost inevitably in the 
present state of Ol!~ knowledge, this application is largely empirical and uniformi•
tarian: the possible range of environments that a structure or association of struc•
tures may indicate is determined by observations made on contemporary sediments, 
the depositional environments of which are known. Some structures or associations 
of structures observed in ancient rocks have not, however, been adequately matched 
in recent sediments. Their significance as environmental indicators is either con•
jectural, or depends on their occasional association with structures that can be 
matched with examples in the Holocene. 

Because of the importance of the empirical basis to this aspect of the study we 
have, where possible, illustrated both modern and ancient examples of each class 
of structure, the depositional environment of the modern example being known. 
The examples, both modern and ancient, have been chosen largely from Australia. 
This is not simply a matter of availability; we expect that this manual will receive 
its most widespread use in Australia. 
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The last decade has seen a notable expansion in the experimental study of the 
hydrodynamic and rheological conditions governing the formation of sedimentary 
structures. As these studies develop, a new dimension to the environmental 
interpretation of structures will appear. Because the limits of various physical 
environmental parameters relating to particular structures will be known, it will 
be possible to rule out certain broad environments from further consideration. On 
the other hand it will become possible to characterize ancient depositional 
environments with a detail not now attainable. In view of its fundamental 
importance, we have mentioned developments in this field of experimental studies 
at appropriate points. 

When working with ancient sedimentary r9cks the techniques required are 
often no more complicated than photography and measurement of structures 
clearly visible in outcrop. Nevertheless, some special techniques have been 
developed for this kind of study, and many exist for the study of structures in 
contemporary, non-cohesive sediments. We have provided a review of the more 
important of these techniques. 

Laboratory analysis of field data has likewise led to the development of a wide 
range of techniques. We have made mention of some of them. They are compre•
hensively treated in works by Krumbein & Sloss ( 1963) and Potter & Pettijohn 
(1963). 

No particular sedimentary structure is necessarily indicative of a particular 
depositional environment; and interpretation must be based on the assemblage and 
sequence of fauna and flora, lithology, and sedimentary structures within the whole 
interval being studied. We have therefore provided a key to indicate the way 
these other features may be used, in conjunction with structures, to arrive at a 
final interpretation. 

Although studies of Recent sediments, such as that of van Andel & Veevers 
(1966), elucidate the principles of sedimentation operative today in particular 
depositional environments, it can only be inferred that the relationships of lithology, 
sedimentary structures, and rates of sedimentation are similar to, or of the same 
magnitude as, those in the past. One can assume that the principles of sedimentation 
have operated throughout the entire geological record of sediments; but one cannot 
assume that the tectonic frameworks in which these principles are operating today 
can be matched precisely, or even approximately, in the Mesozoic or Palaeozoic 
Eras. 

Consideration of the degree of tectonism must take into account not only the 
magnitude of crustal movements, but also the time required to effect them. Very 
few regions can be regarded as tectonically stable except in a relative sense. The 
most stable continental areas today are the Precambrian shields, which have 
probably been relatively stable throughout the Mesozoic and during much of the 
Palaeozoic Eras. 

Many of the great deltas of the world, such as those of the Mississippi, 
Amazon, Niger, Ganges, Lena, Irrawaddy, and Mekong rivers, can be regarded 
as depositional environments in areas that are tectonically stable. That is to say, 
they do not lie in or near regions subject to frequent crustal dislocations and 
consequent earthquake shocks. 

Molasse-type sediments deposited in deltaic environments include: marine 
pro-delta muds deposited on the continental shelf; nearshore muds, silts, and 
sands; bay and lagoon muds; distributary (shoestring) sands formed by branching 
river systems; coastal mud flats and marsh; alluvial point bar deposits of sands and 
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silts; backswamp clay-muds; and oxidized soil zones. Such sediments constitute 
a large proportion of the Recent noncarbonate clastic beds deposited on the 
continental shelves; and it can probably be assumed that they were well represented 
in the past. 

Sedimentation in tectonically unstable areas has resulted in the accumulation 
of great thicknesses of flysch-type sediments characterized by argillaceous rocks 
of the greywacke suite, commonly tuffaceous, and associated with turbidites and 
an open marine fauna. The depositional processes by which these sediments 
formed, and the relationship of the sediments to tectonism, climate, depths of 
water, and configuration of the ocean floor, are not so well understood as those 
of the molasse facies. In consequence, a deep-sea deposit cannot always be 
recognized in outcrop. For example, it has been reasonably assumed that cherts 
containing abundant diatoms represent an abyssal facies; and where such cherts 
are associated with sediments showing graded and disrupted bedding, it can 
reasonably be assumed that the latter are turbidites deposited in deep water. 
But where such graded beds are not associated with diatomaceous cherts, or in 
the absence of diagnostic fauna, the interpretation of depositional environment must 
proceed with caution. Modern methods of submarine investigation will undoubtedly 
contribute to the solution of some of these problems. 

Most carbonate rocks are of marine origin, and in large part have formed on 
continental shelves, probably in very shallow water. In the absence of diagnostic 
fauna or cross-bedding commonly present in calcarenites forming current-rippled 
carbonate shoals, the interpretation of depositional environment may depend 
largely on carbonate petrology. For example, the presence of well rounded frosted 
sand grains may indicate proximity to wind-blown sand dunes; on the other hand, 
an abundance of coccoliths would suggest deep water. The so-called euxinic facies 
was once thought to be indicative of deep water, and in some cases it may be; but 
the black, unoxidized, often stinking muds of the euxinic facies are certainly 
common in lagoons and other shallow bodies of water where organic matter is 
rotting and water circulation is restricted. 

A further complicating factor in assessing the character of ancient depositional 
environments from modern examples is that of climate. Tectonism can influence 
sedimentation only insofar as the processes of erosion move, or· fail to move, 
debris; and these erosive processes are pre-eminently climatically controlled. Little 
attention has so far been paid to the effect of climate on sedimentation, except in 
the case of glacial deposits a1,1d red-beds-and the latter probably represent several 
types of climate. Furthermore, the sediments exposed over much of the contem•
porary continental shelf area of the globe are out of equilibrium with the 
contemporary sea-floor environment (Emery, 1968), owing to the rapidity of the 
Holocene transgression. We must then sound a note of caution, lest invalid 
conclusions be reached through failure to allow for the effects of climate on 
sedimentary deposits. 

Two recent books deal pictorially with sedimentary structures. The Soviet 
'Atlas of textures and structure~ of sedimentary rocks' (Dmitrieva et al., 1962) is 
not readily available to geologists in this part of the world. Furthermore, it is 
not designed for field use. Its scope is rather broader than this present work, 
since microscopic structures and textures are covered. It shares with this work an 
emphasis on description and has a useful glossary. 

The scope of the 'Atlas and glossary of primary sedimentary structures' 
(Pettijohn & Potter, 1964) differs from this present work; only primary structures 
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are treated. Its principal emphasis is on recognition, rather than description, and 
it contains a comprehensive inultilinguaJ glossary. 

A third book, 'Essai de ·nomenclature et characterisation des principales 
structures sedimentaires' (Gubler et al., 1966) is comprehensive and well illus•
trated and has an extensive bibliography. It gives a description, interpretation, and 
applications for each structure. Of large format, it is principally for laboratory use. 

TERMINOLOGY 

The terminology of sedimentary structures currently in use is in many ways unsatis•
factory. Broadly the terms applied to sedimentary structures, and to other entities 
within the scope of sedimentology, can be grouped into three classes: 'purely 
descriptive', 'genetically flavoured', and 'genetic'. 

Purely descriptive terms are those that are based solely on the morphology 
of a structure; they carry no genetic implications. Examples are 'flute mould', 
'armoured mud ball', 'flame structure'. 

Genetically flavoured terms are also based on the morphology of a structure; 
but emphasis is placed on those aspects of the morphology that are believed to be 
of particular significance genetically. In general the word or words forming the 
term do not give a direct clue to either the morphology or the genesis of the par•
ticular structure. For example, the term 'flysch sequence' refers to · a body of strata 
characterized by a certain association of sedimentary structures arranged in general 
in a particular manner. On this association and arrangement the definition rests. 
It is believed, currently, that turbidity currents played an important part in the 
formation of the flyschsequence of structures. This, however, is a matter of inf(fr•
ence: the term 'flysch sequence' stands independently of the mode of. origin of 
the .structures. For this reason the term widely used as an alternative, 'turbidite 
sequence', should not be preferred since it explicitly attributes a mode of genesis 
to th~ structures being described. Kuenen (1957) defined 'turbidite' as 'a deposit 
from ·a turbidity current'. 

Genetic terms, like genetic_ally flavoured terms, do not in general provide 
morphological information, except insofar as they bring to mind .familiar con•
temporary processes. In this class, terms are used that relate ·a structure explicitly 
to some particular mode of origin, e.g.: 'rain prints', 'worm burrows', 'sand vol•
canoes', 'prod· moulds'. 

In the ·terminology of sedimentary structures, genetic , terms predominate and 
genetically flavoured terms are rare. This situation seems to have arisen from the 
largely unsystematic study that sedimentary structures have received in the past. 
The essentially empirical and uniformitarian character of this study has inhibited 
the growth of a comprehensive system of purely descriptive terminology; for, wh_en 
an ancient structure can seemingly be matched in contemporary deposits, there has 
seemed little point in using any but genetic terms to categorize it. 

As closer attention is paid to details of environmental reconstruction, the dis•
advantages of an unsystematic terminology become obvious. Where only genetic 
terms aie available, .the description of the structures present in a sequence must have 
genesis written into it. An important element of cycli~ argument is then introduced 
when environmentql interpretation is attempted, in that the environment as recon•
structed is . made compatible with . the occurrence of the genetic types of struc•
tures that have been observed. At no stage in this process of analysis is any 
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encouragement given to the question: 'is the genesis of a given structure in fact 
that implied by the genetic term used to categorize it?' 

Another consequence of unsystematic terminology is that the precise connota•
tion of certain terms is in doubt. For example the terms 'cross-stratification' and 
'ripple mark' can be interpreted as purely descriptive terms referring respectively 
to 'any stratification oblique to the principal bedding' and to 'any regular pattern of 
undulosity on a bedding surface'. Commonly, however, a genetic interpretation is 
read into them: most geologists feel that for these terms to be used the stratification 
or undulosity should be formed by current action; aberrant types believe to be 
formed in other ways are therefore termed 'pseudo-cross-stratification' and 'pseudo•
ripple marks'. To complete the semantic maze one has only to make the customary 
equation: pseudo-ripple marks = tectonic ripples. 

In this work a start will be made towards developing a systematic terminology 
by giving prominence to purely descriptive terms where possible, and particularly 
in the captions to illustrations. Genetic terms in common use will also be given. 
A comprehensive terminology can best be developed by evolution rather than 
special creation, and must in any case await further descriptive studies of various 
classes of structures. Glossaries of existing terminology have already been provided 
by Dmitri eva et a!. ( 1962), Pettijohn & Potter ( 1964), and Gubler et a!. ( 1966) 
and will not be repeated here. 



Classification of Sedimentary Structures 

ALMOST every textbook on sedimentary geology includes a classification or part 
classification of sedimentary structures. A typical example is that of Pettijohn 
(1957), which is shown in Table 1. As might be expected from the discussion of 
terminology in the previous chapter, Pettijohn's classification makes use of both 
purely descriptive and genetic terminology, and arranges structures into categories, 
some of which are based solely on morphology whereas others depend on genetic 
ascriptions. 

TABLE 1. CLASSIFICATION OF STRUCTURES OF SEDIMENTARY ROCKS 
(after Pettijohn, 1957) 

Inorganic Structures 

Mechanical ('Primary') 

A. Planar bedding structures•
!. Laminations 
2. Cross-bedding 
3. Graded bedding 

B. Linear bedding structures•
!. Striations 
2. Sand lineation 
3. Spatulate casts 

4. Ripple marks 

C. Bedding-plane irregularities 
and markings-
!. Wave and swash marks 
2. Pits and prints (rain, etc.) 
3. Cut-outs, scoops, etc. 

D. Deformed and disrupted 
bedding-
!. Soft-sediment folding 
2. Soft-sediment boudinage 
3. Disrupted bedding 

(brecciation, pull-aparts, 
mud cracks, clay galls, 
etc.) 

4. Sedimentary sills and 
dykes 

Chemical ('Secondary') 

A. Solution structures•
!. Stylolites 
2. Corrosion zones 
3. Vugs, oolicasts, etc. 

B. Accretionary structures•
!. Nodules 
2. Concretions 
3. Crystal aggregates 

(spherulites and rosettes) 
4. Veinlets 
5. Colour banding 

C. Composite structures-

1. Geodes 
2. Septaria 
3. Cone-in-cone 

Organic Structures 

A. Petrifactions 

B. Bedding ('weedia' and other 
stromatolites) 

C. Miscellaneous-

1. Borings 
2. Tracks and trails 
3. Casts and moulds 
4. Faecal pellets and 

coprolites 

Classifications of this sort represent a considerable advance over the mere 
listing of sedimentary structures found in earlier texts such as that of Twenhofel 
(1932). Despite the limitations imposed by inadequacies in terminology, the 

6 
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newer classifications are valuable in that they draw attention to features of sedimen•
tary rocks that might otherwise pass unnoticed Moreover, they emphasize 
similarities and contrasts in the genesis of structures. Finally, by arranging different 
categories of structures within an ordered framework, they make it easier to com•
municate information both in research and in teaching. 

A still more fruitful approach to the study of sedimentary structures would seem 
to lie in the adoption of a dual system of classification. Such a system would con•
sist of a comprehensive scheme of categories based purely on morphology, without 
regard to genesis, together with one or more schemes in which morphologically 
defined categories of sedimentary structures were fitted into a framework that was 
based on the kinds of processes by which the structures were formed. The first part 
of the dual system would be appropriate to the descriptive stage of study of struc•
tures and would emphasize the need for accurate morphological description at the 
expense of possibly spurious genetic interpretation. The second part would be 
applicable during the analysis and interpretation of the structures and would 
emphasize those morphological differences between structures that were of 
particular genetic significance. 

A morphological classification appropriate to the first part of the dual scheme 
will be found in Table 2. This classification, which owes much to the approach of 
Brewer (1964), recognizes four levels of structure defined by the degree of com•
plexity of the entity in which the structure occurs. The first and simplest level 
comprises those mesoscopic structures or features that are related to single grains 
in a sediment. The fourth and most complex level comprises structures that are 
generally developed on a large mesoscopic scale and which depend for their 
recognition on interrelationships between a number of different sets of sedimentary 
strata. The term 'set' here is used in the sense of McKee & Weir (1953) . Structures 
that faU within this fourth level are familiar to geologists as the classic cycles or 
sequences that are characteristic of particular broad environments of deposition, 
for example, the 'point bar sequence' of Bernard & Major (1963), which is the 
'fining upwards cycle' of Allen ( 1965a). Clearly, some of the structures 
(sequences) that constitute this fourth level require such a thickness of sediment 
for their complete representation that they can be developed only on a megascopic 
scale. As such they are not discussed here. 

As might be expected, higher-level structures may contain, as part of their 
constituents, structures of lower level. Thus, a point bar sequence (level four) may 
contain cosets (level three) of trough cross-strata (level two) that contain pebbles 
with percussion marks (level one). 

The ordering of structures within each level is based on: the interrelationships 
between the entities making up the next lower level (that is, in level two the 
interrelationships between grains); the position of such entities (that is, in level 
three, entities within, or on the top, or the bottom of a bed); and the geometric 
features of the structure. This kind of ordering results in morphologically similar 
structures being grouped together without regard to their genesis. Suitable morpho•
logical terms are available for each category of structures so produced, and these 
can be used where the genesis of the structure is problematical. Where genetically 
dissimilar structures occur within the same morphological category attention is at 
once drawn to fine morphological differences that are of genetic significance. 

The iiiustrations of sedimentary structures in this work are arranged according 
to the morphological categories listed in Table 2. For convenience, Table 2 has 
been extended by the addition, in brackets, of the commonly used names of 
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structures characteristic of particular morphological categories, even though some 
of these names imply genesis. The numbers of plates in this work that illustrate the 
various categories have also been added to Table 2. 

Because of its broad range the classification presented in Table 2 makes no 
provision for discrimination between morphologically distinct types of structure 
within a single category. Thus all types of cross-stratification fall within one 
category. Special morphological classifications dealing with structures within a 
single category or a small group of categories have been devised by various 
workers. Some of these are discussed later in this work. 

TABLE 2. MORPHOLOGICAL CLASSIFICATION OF SEDIMENTARY STRUCTURES 

A. Surface Markings 
(i) striae (glacial striae) 

(ii) crescents (percussion marks) 
(iii) pits (pitted pebbles) 

B. Characteristic Shapes 
(i) dreikanter 

(ii) subtriangular 
(iii) facets 

I. GRAIN FEATURES 

(iv) hemi-ellipsoidal (broken rounds) 

II. INTER-GRAIN RELATIONSHIPS 

A. Scalar Relation to Neighbours 
(i) neighbours similar (well sorted; open work) 

(ii) neighbours similar and dissimilar (poorly sorted; 
close work) 

(iii) neighbours similar and uniformly dissimilar 
(bimodal fabric) . 

(iv) neighbours dissimilar (unsorted; diamictic) 
(v) scattered grossly dissimilar neighbours (dropped 

blocks) 
(vi) neighbours successively smaller in a given direction 

(graded bedding) . 

B. Directional Relation to Neighbours 
(i) with subparallelism of maximum projection area 

(a) stacked plates (edgewise conglomerate) 
(b) stacked ellipsoids (imbricate structure) 

(ii) with subparallelism of long axes 
(a) of subequant grains (parting lineation) 
(b) of acicular grains (fossil fragment lineation) 
(c) of irregular grains (clast lineation) 

(iii) with long axes at high angle to those of neighbours 
(a) angle near 90° (vertical clasts) 

(vertical grain fabric) 
(iv) with curved long axes, concave up (anomalous clast•

concavity orientation) 

photo 
IA, B 
2A 

2B, C 
3A 

3B 

4A,B 

5A 

5B 
6, 7, 8A, B 

9A,B 

lOA, B 

llA, B 
12A, B 

13A, B 

14A, B 

14C 

15A 
15B 

page 

18 
18 
50 

18 
18 
18 
19 

20 

20 

20 
21 

21 

23 

23 

22 

25 
24 

24 

22 
41 

22 
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TABLE 2-continued 

III. GRAIN AND NoN-GRAIN AGGREGATES 
A. Internal 

I. Discontinuities following grain boundaries 
(i) laminar aggregates of grains (laminae) 

(a) horizontal (laminae, principal bedding, laminites 
I and II) 

(b) inclined (cross-stratification) . 
(c) concave upwards, discontinuous (dish structure) 
(d) approximately sinusoidal (convolute bedding). 

(stromatolites) 
(Monocraterion) 

(e) irregular (slump structures, involutions) 
(ii) irregular aggregates of grains 

(a) prismatic (stromatolites) 
(columnar tufa) 

(b) tubular (Skolithos, cylindrical structures) 
(sinuous worm burrows) 

(c) globular (mottling) 
(faecal pellets, coprolites) 
(armoured mud balls) 
(ball and pillow structures) 
(piled ripples) 
(sandstone whirl balls) 
(shale clasts, clay balls) 

(d) tabular (rectilinear dykes) 
(shale clasts) . 
(pull-apart structure) 
(sills) . 
(sand polygons, ice wedges) 

(e) sinusoidal (sinusoidal dykes) 
(f) turbinate (toroids) . 
(g) wisps (churned bedding) 

2. Grain to grain discontinuities transecting grain 
boundaries 

(i) variously shaped aggregates of grains 
(a) polyhedral (penecontemporaneous faults) 
(b) dentate tabular (stylolites) 
(c) conical (cone-in-cone) 

3. Non-grain to grain discontinuities 
(i) crystal to grain 

(a) simple euhedrons 
(b) composite euhedrons (glendonites) 

(sand crystals) 
(barite rosettes) . 
(pyrite rosettes) . 

(c) anhedrons (pyrite nodules) 
(carbonate concretions) 
(septaria) . 
(geodes) 
(lustre mottling) 

(d) anhedrons with one planar face (geopetal 
structure) 

(ii) organic remains to grain 
(a) carbonaceous (plant roots) 
(b) other (fossils) 

(iii) cavity to grain 
(a) irregular (vugular porosity) 
(b) tubular (pholad borings) 

photo 

98, 107 
16-28 

29- 30 
31- 34 
35A, B 
36-38 

39, 40A 
40B 
41-43A (77B) 
43B-45 
46A, B 
47A, B, C 
48 
49A- C 
49D, (104E, F) 

SOA, B, C 
SOB 
SOB, C 

51-52 
53A, B 
54 
55A, B, C 

56 A 
56B 
57A, B 

58A, B 
59 A 
59B 
59C 
60B 
60A 
61A, B 
62A 
62B 

63A, B 

64-65 
66A, B 

page 

26 
32 
26 
39 
46 
47 

37, 38, 41 

46 

47 
47 
52 
46 
19 
39 
39 
39 
19 
38 
19 
42 
38 

42, 41 
38 
34 
48 

42 
50 
49 

51 

49 

49 
49 

49 

51 

46 

50 
43 

9 
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B. Externally Expressed 
1. On upper surfaces 

(i) essentially depressions only 

TABLE 2-continued 

(a) furrows (U-shaped cross-section) (animal trails) 
(b) rills (V-shaped cross-section) (rill marks) 
(c) cuneate reticulate (mud cracks) 
(d) cuneate radiating (mud cracks) 
(e) hemispherical (rain prints) 

(gas pits) 
(bubble prints) . 
(burrows) 

(/)crescentic (current crescents) 
(g) solid geometric forms (crystal moulds) 
(h) repeated, in pairs or alternating, with bilateral 

symmetry (tracks) 
(i) complex, with bilateral or higher symmetry 

(cubichnia) 
(ii) essentially elevations only 

(a) ovate, with apical depression (sand volcanoes) 
(b) :solid geometric forms (crystal casts) 
(c) radially symmetrical (trace fossils) 
(d) linear, tapering (sand shadows) 
(e) steps (fault scarps) 

(iii) sets of elevations and depressions 
(a) parallel (streaming lineation) (ripple marks) 
(b) branching (ripple marks) 
(c) anastomosing (ripple marks) 
(d) U-shaped (ripple marks) 

2. On lower surfaces 
(i) depressions only 

(a) rills (V-shaped) (ridge moulds) 
(ii) elevations only 

(a) rectilinear (groove moulds) 
(chevron moulds) 
(slide moulds) 
(brush moulds) 

(b) sinuous (trail moulds) 
(c) spatulate (flute moulds) 

(torose load casts) 
(d) frondescent (frondescent structure) 
(e) elongate-triangular (pseudo-flute moulds) 
(f) crescentic (crescent moulds) 
(g) acicular (prod moulds) 
(h) repeating; arcuate, circular or geometric (skip 

moulds) 
(i) random geometric (crystal moulds) 
(j) repeating, in pairs or alternate with bilateral 

symmetry (track moulds) 
(k) asteriform (taonurus) 
(/) complex, with bilateral or higher symmetry 

(trace fossils) . 
(iii) sets of elevations and depressions 

(a) subparallel asymmetric ridges (scour moulds) . 
(b) sinuous anastomosing ridges (rill moulds) 
(c) symmetrical subparallel lobate ridges (ripple 

moulds) 
(longitudinal ridges, T-scour moulds). 

(d) parallel spatulate elevations (packed flute 
moulds) 

photo 

67, 68, 698, c 
69A 
70A-C 
71A 
718 
72A, B 
73A, B 
89A, B 

74 

75-77 

78A-D 
73A, B 
79A, B 

80A-C 
I 
)--81 - 82 
j 

83A-E 

84A-C 

92C 
85-86 
87A-C 

88A-B 

89C, D- 91 

92- 95 

96A, B 
97A, B 

page 
48 
25 
42 
42 
42 
41 
43 
47 
34 
51 

43, 48 

43,48 

37 
51 
47 
34 
42 

25, 26 
26 
29 
26 

35 

35 
35 
35 
35 
43 
35 
36 
35 
35 
35 
35 

35 
51 

43 
43 

43 

35 
35 

32 
35 

35 
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TABLE 2--continued 
(e) frondescent spatulate elevations (fleur-de-lys 

structure) . . . 
(f) irregular protuberances and narrow depressions 

(scaly structure) 

photo 
97C 

IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES (BEDS OR SETS) 

A. Contacts between sets 
(i) concordant 

(a) planar (parallel bedding, Laminites I) 
(b) undular (flaser bedding) 

(ii) discordant 
(a) trough-shaped (scour and fill) 
(b) flammate (flame structures, pull-overs) 
(c) botryoid (inverted .Q-shaped) (load casts: 

pseudonodules) 
(d) planar (bevelled bedding) 
(e) irregular 

B. Grouping of sets 
(i) of similar character (cosets) 

(ii) of different character (composite sets) 

C. Sequences of groups of sets 
(i) fining upwards 

(a) with small-scale cross-stratification only (flysch 

98A 
98A, B 

99A-C 
100-103D 

103E, F. 104A 

104B 

105A 
105-106 

page 
35 

35 

26 

38 

40 

32 
32 

or turbidite sequence) . 107 63 
(b) with medium-scale cross-stratification (point 

bar sequence) 108 64 

11 

For the second, genetic, part of the dual system of classification, no scheme 
embraces all sedimentary structures. Incomplete coverage has been provided by at 
least three independent classifications. Some classifications are based on process 
and response, for example that of Dzulynski & Walton (1965) dealing with cur•
rent structures that occur as sole markings in sedimentary strata (see Table 8). 
Such classifications are based on the relationship between structures and the quali•
tative differences in the processes by which they were formed. 

N agtegaal ( 1965) has proposed a classification of non-organic sedimentary 
structures based on the time and site of their formation. The time of deposition of 
grains and their relation to the depositional interface are taken as reference 
standards. Three groups of structures are recognized (Table 3) : syndepositional•
fon:p.ed by grain-by-grain deposition at the interface; metadepositional-formed by 
disturbance of deposited grains at the interface; and postdepositional-disturbance 
of deposited grains, or growth of new structures, within the sediment beneath the 
depositional interface. 

TABLE 3: CLASSIFICATION OF NON-ORGANIC SEDIMENTARY STRUCTURES 

(quoted from Nagtegaal, 1965) 
] . SYNDEPOSITIONAL STRUCTURES 

l . I Current-oriented components 
elongate components parallel to current; elongate components perpendicular to 
current; imbricate structures; random orientation. 
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TABLE 3-continued 
1.2 CUITent-oriented morpho-units 

1 . 2. 1 inclined stratification 
cross-bedding, cross-lamination, cross-stratification, all types; lee-side concentration 
(1.2.2); rib-and-furrow. 

1. 2. 2 lens-shaped morpho-units, ripples 
antidune; anti-ripples, beach cusps, flaser structure; lee-side concentration ( 1.2.1); 
lenticular bedding; progressive sand waves; ripple marks, all types; ripple marks 
deformed by loadcasting (3.2); ripple scour ( 1.2.3.); sand shadow, sand streak; 
sand wave; shale crescents; swash mark; trashline; window ridges. 

1 . 2 . 3 structures directly due to erosion and scour 
channel; current crescent; current mark; cut-and-fill; diagonal scour marks; eddy 
markings; erosion grooves; flute casts, all types; flute casts deformed by load•
casting (3.); rill-cast; ripple scour (1.2.2); scour lineation; scour marks, all types; 
shooting flow cast. 

1 . 2. 4 current-induced deformation of lamination 
convolute bedding (Kuenen) (2.1 and 3.2); convolute current-ripple lamination; 
loadcast lineation. 

1 . 3 Essentially horizontal stratification 
bed, bedding, all types; lamination; stratification; stratum. 

1 . 4 Structures due to redeposition en masse 
armoured mud balls; brecciated structure (2.1 and 3.2); clay galls; coal pebbles; 
intraclasts. 

1 . 5 Structures due to chemical processes 
1 . 5. 1 structures due to chemical accretion 

crystal casts (3.1); nodules (1.5.2 and 3.1.1). 
1 . 5 . 2 residue structures 

corrosion surface; nodular bedding; nodules (1.5.1 and 3.1.1). 

2. METADEPOSITIONAL STRUCTURES 

2. 1 Clino-structures 

2.2 Marks 

boudinage; brecciated structure ( 1.4 and 3.2); convolute lamination (Nagtegaal) 
( 1.2.4 and 3.2); creep wrinkles; crescentic fracture; crinkle marks; decollement 
structure; edgewise structure; flowage cast (3.2); olistostrome; parting cast; 
pseudo-ripple marks; pull-apart structure; sand volcanoes, slide; slip block; slump; 
slump bedding; slump mark; slump overfold; slump sheet; slurry slump; spiral 
balls; whirl balls; whirl-zone. 

bubble impressions; crumpled mud-crack casts (3.2); desiccation cracks; fulgurite; 
groove cast deformed by loadcasting (3.2); hail imprints; ice crystal marks; 
impact cast; mud cracks; mud-crack diapyrism; rain prints; toolmarks, all types. 

3. POSTDEPOSITIONAL STRUCTURES 

3 . 1 Structures due to diagenetic differentiation 
cone-in-cone; crystal casts (1.5.1); concretions; geodes; loess-kindchen; melikaria; 
nodules, nodular bedding ( 1.5 .1, 1.5 .2); oolicasts; rosettes; septaria; spherulites; 
stylolites; veins (calcite, quartz, etc. filled). 

3 . 2 Structures due to deformation and dislocations 
air-heave structures; ball-and-pillow structure; brecciated structure ( 1.4 and 2.1); 
clastic dykes, some types; compaction structures; convolute bedding (Einsele, 
Williams) (1.2.4 and 2.1); crumpled mud crack casts (2.2); cylindrical structures; 
flame structure; flowage cast (2.1); flute cast deformed by loadcasting (1.2.3); 
gas pits; groove cast deformed by loadcasting (2.2); intraformational corrugation; 
loadcast; load fold; load wave; mud lumps; mud volcanoes; ripple marks deformed 
by loadcasting ( 1.2.2); sand pipes; synaeresis cracks. 



~ 
EXOKINEMATIC ENDOKINEMA TIC BIOKINEMATIC 

NATURE OF 
OPERATION Tranquil Low-flow High-flow Translation Transposition 

flow Slumps Horizontal Vertical 

""'"'"' ~hpl"'" .L.J . .J 
........ .............. . ... ... ... .. .. ····· Simple, short, 

;;;:/ BEHAVIOUR -ment 
~~~. 

Varied, complex, statis- ' ' ..... , ~ l tp varied 
vectors tical ........................... . , . ;-:c._ .... .. l orientation 

LIQUID Grain by grain Even Cross-
building laminae stratification 

Clastic Sand Life restricted, 
QUASI- Formation en masse, Remanie sand-waves Graded bedding intru- volcanoes traces cannot 
LIQUID dissolutions of sions be recorded 

previous structures Slurried Auto-
Parting lineation bedding injection Streamers 

Dendritic ridges 
breccias 

Deformation and Cusps Load 
HYDRO- moulding, may be Erosion Frondescent 'Streaked- mark and Surface traces 
PLASTIC teased or drawn ripples marks and out ripples' Slurry-slump Corrugated pouch of small animals 

out; no dislocation longitudinal bedding bedding Small structures 
or dissolution Diastems furrows Convolute diapiric 

Tool marks bedding folds 
Deformed cross-strati-

fication Crumpled Mud-
Dislocation with bedding lumps 

QUASI- concordant fault 
SOLID wall surfaces; 'Floating' slabs Slide-slump Shredded Guilielmites Bioturbates; 

tears apart; bedding bedding contact-annuli 
slight bending 

is possible 
Discordant fault 

SOLID walls, undeformed 'Pot holes' Slide-bedding 'Jumbled block' Clear-cut 
fault blocks, structures traces 

sharp erosion 
---- ----- ----- - ---- -~--------- -

TABLE 4. CLASSIFICATION OF SUBAQUEOUS SEDIMENTARY STRUCTURES (after Elliot, 1965) 
The displacement vectors represent simplified sediment or particle motions operating in connection with the formation of structures. The 
dotted lines adjacent to the vectors represent the sedimentation surface. Style of sediment behaviour is summarized in the second column. 
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The third approach to genetic classification of structures is essentially para•
metric. Classifications of this type, such as that of Elliott (1965), group structures 
together not merely on the kind of process and response involved, but also on 
semiquantitative differences in the magnitude of the various parameters governing 
both operative processes and responses. Elliott's classification (Table 4) uses esti•
mates of sediment rheotropy on the one hand, and the magnitude and direction of 
forces acting on the sediment (displacement vectors) on the other, to construct a 
number of categories embracing a wide range of sedimentary structures. 

Elliott's classification is particularly valuable in that certain morphological 
features of sedimentary structures are related to the manner in which the sediment 
behaved during deformation, whereas others are used to indicate the nature of the 
forces operating on the sediment. The end result is to emphasize morphological 
aspects of structures that are likely to be particularly significant in establishing 
their genesis. 

Analysis of the morphological scheme of classification (Table 2) from the 
viewpoint of the genesis of the structures listed suggests that all sedimentary struc•
tures might be encompassed by four genetic classes of the parametral type, exempli•
fied by the classification of Elliott (1965). These four classes would relate approp•
riate sedimentary structures to the hydrodynamic, rheotropic, biogenic, and diage•
netic conditions under which they were formed. Table 5 shows the relationship 
and extent of overlap between the various categories in the morphological classifi•
cation and the four genetic classes. 

Certain kinds of structures might appropriately be included in two genetic 
classes. This would reflect the importance of two sets of processes in this formation. 
For example, the structures associated with arenites in flysch sequences depend 
on the hydrodynamic properties of the turbidity currents from which the sediments 
were deposited and also on the rheotropic properties of the sediment over which 
the turbidity current was passing. 

Although the classification of Elliott (1965) includes structures formed in 
cohesionless sediments (liquid sediment behaviour), and structures formed by 
biokinematic processes, it is not well adapted for a comprehensive description of 
these types of structure. A suitable classification of biogenic structures has been 
proposed by Seilacher (19 53), and this will be discussed below in the section on 
trace fossils. 

For structures formed hydrodynamically, as the result of interaction between 
the moving fluid and the sedimentary bed, a starting point may be made with the 
forms of bed roughness observed in open channels (Fig. 1), as adduced by Simons 
& Richardson (1961). Allen (1963c, 1964b), Sanders (1963), and Gwinn (1964) 
have discussed the relationships between these bed forms and sedimentary struc•
tures discerned in ancient and contemporary strata. Apart from parallel lamination, 
which is associated with a plane bed form, various kinds of cross-stratification are 
related to ripple forms of various sizes and shapes. The thickness of sets of cross•
strata bears some relation to the size of the ripples which formed the cross-strata, 
and the shape of the set of cross-strata reflects the overall morphology of the ripples 
(Allen, 1963a). 

As far as we know no comprehensive genetic classification of diagenetic sedi•
mentary structures has been proposed. This probably reflects the general lack of 
understanding of the mode of formation of these features. 
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TABLE 5. RELATIONSHIP BETWEEN MORPHOLOGICAL AND GENETIC 
CLASSIFICATION OF SEDIMENTARY STRUCTURES 

'-....,......._ Genetic -~ 

~-~~~ ~ -~ -~ 
~ ~ -~ " ... "' "' <::> 0 "' "' Morphological ~ 
{; "' "" -~ 
~ ""' .:;:: 

R:; ~ Q 
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.~~~ 
~~--~----·----

Grain surface markings 
Grain shapes . 
Intergrain relationships 
Laminar grain aggregates 
Irregular grain aggregates 
Grain to grain discontinuities . 
Non-grain to grain discontinuities 
External upper surface features 
External lower surface features 
Relations between grain aggregates 
Sequences of groups of sets 

LOWER FLOW REGIME 

1. Plane bed without movement 

2. Small ripples 

~ 
3. Large ripples 

~-:?1 
~~ 

4. Large ripples 

5. Bars 

X X X 
X X X 
X X 
X X X 
X X X 

X X 
X X 

X X X X 
X X X X 
X X 
X 

UPPER FLOW REGIME 

·6. Plane bed with movement 

7. Plane bed with movement 

8. Sand waves 

9. Antidunes 

Fig. 1. Forms of bed roughness in open channels (after Simons & Richardson, 1961; Simons 
and others, 1961) 



Description and Interpretation of Sedimentary 
Structures 

MANY geological reports devote space to the recording of sedimentary structures 
observed during the course of field work. Commonly, such records comprise a list 
of the structures observed and perhaps a few photographs. Less commonly, some 
attempt is made to describe the structures observed or at least differentiate them 
into subtypes; thus, the occurrence of different types of cross-stratification may be 
recorded. Although such records are valuable as a preliminary indication of the 
range of structures one may expect to find in a given sequence, they are all too 
often inadequate as a basis for interpretation of environment. This inadequacy is 
due firstly to the fact that environmental interpretation depends on the recognition 
of particular varieties of sedimentary structures-varieties of cross-stratification, 
varieties of graded bedding, etc.-and on the overall association and interrelation•
ship of the sedimentary structures present. Secondly, the process of arriving at a 
list of observed structures is one of pigeon-holing, in which small but significant 
morphological differences are glossed over in the interests of providing a listing 
which is not too complex. 

We believe that for the detailed sedimentary studies which are now increasingly 
being undertaken in Australia and elsewhere, the recognition of these small morpho•
logical differences is important. Furthermore, where unusual structures are en•
countered, comprehensive descriptions and illustrations should be provided in pre•
ference to pigeon-holing the structure in a genetic or quasigenetic category which 
may obscure rather than elucidate its true relationships. We have therefore pro•
vided in Table 6 a schema for the description of sedimentary structures. This 
schema is, as far as possible, oriented towards description rather than interpretation 
of the structures, and aims at providing a framework for the complete morpho•
logical description of any structure. Only use will determine whether there are gaps 
in the schema. Application of the schema will provide a comprehensive list of 
morphological details concerning structures, although much of the detail may 
subsequently prove irrelevant for interpretation. However, it is preferable to pro•
ceed in this manner rather than to make arbitrary, and perhaps erroneous, con•
clusions about the relative significance of morphological features. Not all the 
categories listed in Table 6 will be appropriate for all types of sedimentary struc•
tures; some structures do not have subsidiary internal features, and others occur 
in isolation from other similar or dissimilar structures. For these structures, certain 
sections of the schema can be ignored. For other structures, such as cross-stratifi•
cation, most or all of the schema will be applicable. 

Turning from the consideration of structures in general to the description and 
interpretation of individual types of structures, we will proceed to examine the 
various structures listed in Table 2 and illustrated in the plates, grouping the struc•
tures according to the predominant factor controlling their formation; hydro•
dynamics, sediment rheotropy, biological activity, and diagenesis. 

16 
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TABLE 6. SCHEMA FOR DESCRIPTION OF SEDIMENTARY STRUCTURES 

A . THE STRUCTURE CONSIDERED AS A UNIT 

1. Nature (e.g. grain feature; due to relationships between grains; due to relationships 
between groups of grains-see Table 2) 

2. Shape 
3. Dimension 
4. Nature of surfaces (including details of sculpture, and expression on weathered surface) 
5. Symmetry 
6. Texture 
7. Colour 
8. Mineralogy 

B. THE SUBSIDIARY (INTERNAL) FEATURES OF THE STRUCTURE 

1. Nature (laminae, aggregates, etc.) 
2. Shape 
3. Dimensions 
4. Symmetry 
5. Texture, including textural homogeneity 
6. Colour, including homogeneity of colour 
7. Mineralogy, including homogeneity of mineralogy 
8. Orientation relative to each other, and to structure as a whole 
9. Contact relationships to each other, and with bounding surfaces of the structure 

10. Degree of definition 
11. Degree of continuity 
12. Morphological homogeneity throughout structure as a whole 
13. Density of occurrence 

C. THE STRUCTURE IN RELATION TO ITS IMMEDIATE SURROUNDINGS 

1. Degree of definition, and whether due to textural, colour, mineralogical, or relief 
differences 

2. Orientation with respect to principal bedding (i.e. assumed original depositional surface) 
3. Orientation in space 
4. Position in relation to containing sedimentation unit 
5. Proportion of containing sedimentation unit occupied by structure 

D. THE STRUCTURE IN ITS RELATION TO AssOCIATED STRUCTURES 

1. Nature of association (cosets, composite sets) 
2. Density of occurrence 
3. Nature of contact with associated structures 
4. Orientation 

HYDRODYNAMIC STRUCTURES 
The hydrodynamic characters of the environments of transportation and deposition 
may promote the development of distinctive structures involving single grains. These 
include surface markings such as polish, striae, and percussion marks, and grains 
of special shape. In addition, grains of unusual composition may be formed, such 
as armoured mud balls, clay balls, and shale clasts. 
SURFACE MARKINGS 

Surface markings are part of the surface texture of grains. They are developed 
on a mesoscopic scale only on pebbles and larger grains; the surface features of sand 
grains are best studied with the binocular and electron microscopes (Krinsley & 
Takahashi, 1964). 

Pebbles may show a high polish, which can be the result of abrasion or deposi•
tion. Fine-grained tough materials on beaches often develop polish, as do gastroliths 
-the stomach stones of certain birds, reptiles, and some marine mammals. In 
deserts, the deposition of 'desert varnish' (Engel & Sharp, 1958), which may be 
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precipitated during the evaporation of dew, also imparts a polish. Glacial abrasion 
may also produce a high polish (Dow, 1965). So too may tectonic processes 
(Clifton, 1965). 

Striated cobbles and blocks (Pl. 1A) are commonly taken as indicators of 
glacial transport. They are comparatively scarce, even in contemporary moraines. 
Fine-grained or soft rocks are easily scratched and grooved, and for this reason 
striated cobbles of limestone, fine quartzite, and siltstone are much more common 
than those of granitic rocks. 

Not all striated cobbles are formed by glacial transport. They have been recorded 
from ephemerally frozen streams in boreal regions (Wentworth, 1928), where they 
apparently form by the entrapment of cobbles in ice jams during the first thaws of 
early spring. Faceted and striated cobble pavements can form in this manner 
(Russell, 1890). Also important are striated cobbles found in mudflow deposits 
in semiarid environments (Blackwelder, 1930). Some mudflows move rather 
similarly to glaciers, and the large clasts can rub against each other or against 
the substrate and develop striations. The significance of striated cobbles, then, is 
that they indicate transportation in a medium of high viscosity. 

Percussion marks (Pl. 2A) are found on pebbles and rock outcrops in stream 
beds and also on sand grains, principally of aeolian origin (Campbell, 1963), and 
consist of arcuate to semicircular fractures. They are caused by the high-speed 
impact of objects on a surface, but no one has yet estimated velocities necessary 
for their formation. 

Fluting is commonly the result of localized solution during weathering, as in 
lapies on limestone. It can also form on the surfaces of insoluble rocks as a result 
of sandblasting during high winds (Minard, 1966). 

GRAIN SHAPES 

The shape of a grain comprises three aspects-form, or the geometry of the 
overall appearance of the grain; sphericity, or degree of approximation to spherical 
shape; and roundness, or the degree of blunting and rounding of corners and edges. 
Many schemes for the measurement of these attributes have been proposed (see, e.g., 
Powers, 1953; Sneed & Folk, 1958) and have been discussed by Krumbein & 
Pettijohn (1938) and Pettijohn (1957). Here we will consider only those shapes 
(or forms) that are known to have some special environmental significance. As such, 
they reflect singularities in the modes of abrasion of particular environments. 

Faceted gains may be produced by either glacial or aeolian abrasion. In the 
former case, the surfaces of the facets are commonly polished and striated (Pl. 3B) 
and the grain-usually a cobble-develops a 'flat-iron' form with one large fiat face 
at the base, a steep frontal facet commonly bevelled at its contact with the base, 
and a shallower rear facet. Ventifacts on the other hand show one facet (einkanter) 
or as many as three facets (dreikanter), each of which has appreciable micro•
relief due to the pitting action of the wind-blown sand which acts as the abrasive. 
The facets commonly meet in a sharp ridge (Pl. 2B, C). 

Certain pebbles that have been abraded on beaches, particularly sandy 
beaches, assume a distinctive subtriangular shape (Lenk-Chevitch, 1959). If one 
examines the well rounded flat pebbles in a beach population, many will be seen 
to have a subtriangular outline when their short axis stands vertically (Pl. 3A). The 
apical bisectrix, the line joining the apices in such a way that it is equidistant from 
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the two edges, front and rear, at each point, is boomerang-shaped. This shape is 
apparently due to the pebbles' tending to come to rest on the beach so oriented 
that the sand carried in the back-swash flows around the ends of the grains, 
gradually abrading them so as to shift the apices towards the rear margin and 
produce the subtriangular outline. 

'Broken rounds' are rounded cobbles that have been broken in two or more 
fragments. They are known to form by impact with large objects in high-velocity 
streams (in which case percussion marks should also be present), and by splitting 
due to frost action. 

SPECIAL CLASTS 

The scouring action of sediment-laden water may tear up penecontemporaneous 
cohesive sediment and incorporate fragments of it in a subsequent deposit. The 
special clasts so formed are generally rich in clay. They range from scarcely trans•
ported slabs many feet across (shale megaclasts) to cobbles and pebbles which may 
be angular (shale clasts) or rounded and of high sphericity (clay balls). Some clasts, 
commonly well rounded and of high sphericity, acquire an armour of pebbles, 
shells, and less commonly of sand (armoured mud balls). 

Armoured mud balls (Pl. 48) are formed when clots of sticky mud are rolled 
by a current over a pebbly surface. As the clots are rolled they become rounded 
and by accretion become larger as they pick up pebbles over which they roll. The 
mud clots commonly originate as fragments formed by the collapse and breaking 
up of clay drapes in river point bar deposits, or as fragments of sun-dried mud on 
mud fiats. They are usually found in river or alluvial fan deposits (Bell, 1940), 
but may be present in marine littoral deposits (Hawkes, 1962) where clay balls 
have formed in the vicinity of pebbly sands. Comparable structures, with sand 
armour, are known from submarine channel deposits (Stanley, 1964). In general, 
armoured mud balls are associated with fluvial sediments. 

Clay balls are distinguished from shale clasts by being both highly rounded and 
highly spherical. They are commonly derived from fragments of sun-dried mud in 
streams (Nordin & Curtis, 1962) or on marine mud flats (Nossin, 1961). During 
storms or exceptionally high tides these fragments can be swept into the water and 
rolled by currents until they become clay balls. Clay balls in marine beds can also 
be derived from the erosion of mud islands formed by extrusions of clay from 
underlying compacted beds. A third possible origin, where they are found in 
turbidites, is the erosion of clay beds over which the turbidity current flowed. 

Where clay balls or armoured mud balls occur in marine sands that are not 
turbidites, they indicate an inner neritic environment. Modem examples are most 
commonly recorded from tropical or subtropical regions. 

Shale clasts (Pl. SOA-C) consisting of angular to subrounded inclusions of 
shale and mudstone in siltstone or sandstone are not uncommon in alluvial, beach, 
and turbidity current deposits. In turbidites fragments of hard clay, ripped up from 
the bed over which the turbidity current flowed, are incorporated in the overlying 
sediments, commonly towards the top of a graded bed (Kuenen, 1953). In alluvial 
sediments, hardened and curled mud flakes on the banks of a river can be swept up 
during time of flood and buried with the sands (Williams, 1966). Similarly, on tidal 
mud fiats the sun-dried flakes can be moved around and washed to sea during 
storms or periods of exceptionally high tides, and are buried in the offshore 
deposits. Mudflakes can be floated by air bubbles produced photosynthetically by 
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underlying algal mats. They may then be transported for long distances by gentle 
currents (Fagerstrom, 1967). Some beds with abundant shale clasts are the result 
of mass movement on submarine slopes (Marchant & Black, 1960). 

Unless other criteria indicate turbidites, the presence of shale clasts suggests a 
subaerial nonmarine or nearshore marine environment. 
GRAIN FABRICS 

Hydrodynamics affect not only individual grains, but also the relationships 
between grains as a sediment is being deposited. In so doing it produces grain 
fabrics which are said to be appositional. 

Grain fabrics may be classified on the basis of the size relationships between 
neighbours; that is to say, whether there is near homogeneity, marked heterogeneity, 
or uniform gradation in a certain direction. Such fabrics may be termed 'scalar'. 
Alternatively, the orientation of grains, expressed in terms of their long axes or 
maximum projection areas, may be taken into account. The fabrics so determined 
may be termed 'directional'. 

The size relationships between grains in a sediment are commonly expressed in 
terms of the sorting of a sediment, and various measures which may be calculated 
from grainsize analyses have been proposed (Folk, 1966). Mesoscopically, in the 
absence of size analyses, the sorting of a sediment, particularly of a rudite, is 
expressed as a scalar sorting fabric. Well sorted sediments have a small range of 
sizes, and the interstices of the framework of the sediment are either voids (e.g. 
open-work conglomerate) or filled with cement. 

Open-work conglomerate (Pl. 4) indicates deposition in an environment where 
wave or current action is sufficiently strong to winnow out all the sand. Such an 
environment is commonly found on parts of beaches where wave action is par•
ticularly strong and where the influx of sand is comparatively low. Open-work 
gravels are also formed in rivers, but are comparatively rare (Pettijohn, 1957, p. 
245). They indicate a high-energy environment close to source rock for the pebbles. 
In a marine sequence they suggest a transgressive sea. 

Most conglomerates are less well sorted and are of the closed-work type 
(Pl. 5A). They form as gravel or gravelly sand deposits in a variety of depositional 
environments. The size of the particles, including pebbles and sand, depends on 
the nature of the source of supply, the distance of transport, and the competency 
of the transporting current. 

Certain conglomerates show a marked concentration of two sizes of material, 
for example medium sand and fine gravel (Pl. 5B). Each of the two populations 
of grains may be well sorted, although the overall sorting of the sediment may be 
poor. The resultant fabric is a closed-work, but the sizes are so regularly distributed 
as to warrant a distinctive term. Such sediments have a bimodal fabric. They can 
form by the reworking of older conglomeratic beds, which can release pebbles to 
an environment in which, normally, only fine sand is transported. 

Commonly, a basal conglomerate lies on a scoured surface and has an un•
conformable or disconformable relationship with the underlying bed. In pebble 
beach deposits this relationship depends on the plane in which the section is viewed. 
A section parallel to the beach shows lenses of gravel filling scoured runoff 
channels in the underlying sands. This relationship is unconformable. A section 
through the beach at right angle to the shoreline shows a sharp but conformable 
contact between the beach gravel and underlying sand. 

Beach deposits of gravel are not associated with cross-bedded sands of the high•
angle type, unless they happen to overlie or underlie sands deposited in a tidal 
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channel. But river gravels commonly underlie cross-bedded sands formed by large 
high-angle ripples of point bar deposits. 

Some rudites, known as diamictites (Flint et al., 1960), are very poorly sorted. 
The coarse materials commonly do not form a continuous framework, and the 
interstices are filled with a mud and sand matrix (Pl. 6, 7). Diamictites are com•
monly the result of deposition from a highly viscose medium, such as a glacier or 
a mudflow. They may also form by submarine slumping (Crowell, 1957). 

Glacial detritus may be in the form of moraines of unsorted material dumped 
on land, alluvial fans of poorly sorted material fringing the melting front of an ice 
sheet, deltas of poorly sorted material deposited in a body of water, sheets of 
unsorted material that form intraformational breccias and originate as rock-mud 
flows into a body of water, and rock fragments of irregular size and shape dumped 
by melting ice in a body of water and scattered throughout the sediment. 

Glacial detritus can form poorly stratified or heterogeneous and unstratified 
diamictites; if unstratified it is called till where unconsolidated and tillite where 
lithified. Where stratified it may be associated with varved clays or claystone 
formed by seasonal and other variations in the rat~ of sedimentation of clay and 
silt in glacial lakes. Glacial detritus forms both nonmarine and marine sediments, 
but with few exceptions indicates freshwater or nearshore marine environments. 
Exceptions include debris dumped by melting icebergs at sea, and turbidites 
originating as glacial detritus in the seaward extensions of fiords. 

Some diamictites have a continuous framework of large clasts, with poorly 
sorted fine material in the interstices. The large clasts are generally angular, and 
such materials are types of sedimentary breccia (Pl. 8). They form as screes or 
solifluxion deposits. Such deposits, where bedding features are obscure, may be 
misinterpreted as tectonic breccia. It may be particularly difficult, for example, to 
determine whether a breccia represents a fault zone or a fossil scree. The inter•
pretation in such a case would be critical. 

The relative volumes of rock fragments and matrix in a scree can vary con•
siderably. Screes may be preserved where they formed, as erosional remnants on 
the flanks of valleys, or they may become mobile and flow into bodies of water. 
Some breccias may represent erosional surfaces such as are seen in arctic or hot 
desert areas. 

A tectonic breccia, representing a bedding-plane dislocation, is commonly 
composed of fragments of the surrounding rock, may show mineralization, and 
probably contains a mylonitized matrix. A fossil scree shows no evidence of crush•
ing, and commonly contains fragments of various rocks. Where the scree has 
become mobile and flowed into a body of water it may show a smooth base and 
an irregular upper surface, and will appear as a bed of breccia in an otherwise 
undisturbed sequence of sediments. 

Yet another type of fabric occurs where a predominantly fine-grained sediment 
such as sandstone or mudstone contains scattered large blocks (megaclasts). 
Commonly these are referred to as dropped blocks or rafted blocks (Pl. 9). 
Various origins for megaclasts have been proposed, including attachments to sea•
weed roots, entanglement in the roots of tree trunks washed into the sea, stomach 
stones ( gastroliths) of aquatic vertebrates (Emery, 1963). transport by mud 
avalanches and turbiditv currents, and glacial or superficial debris from icebergs or 
icefloes. The last origin is most commonly favoured. 

Boulders, cobbles, and pebbles can be transported by floating ice many miles 
from the ice sheet in which they were incorporated, and dumped at sea into deep•
water sediments. There is no maximum depth of water into which such boulders 
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could be dropped, but obviously there is a minimum. About 20 cubic feet of ice 
can carry 1 cubic foot of rock by floating in water 5 feet deep; and 50 cubic feet 
of rock can be similarly carried in water 12 feet deep. The mimimal depths im•
posed by most cobbles-and boulders are still well within the depth range of littoral 
and inner neritic environments. 

Where such erratics are found in sediments of an obviously nearshore origin, 
other evidence may show whether they were dropped by floating ice or derived 
from the erosion of nearby headlands. In general, storm action tends to sweep 
objects inland, and large blocks dropped from cliffs are unlikely to be carried to 
sea, even for short distances. Where erratics are found in sediments deposited in 
deeper water, it should be possible to determine, by a study of the sedimentary 
structures and sequence, whether they were dropped by turbidity currents. 

Some isolated megaclasts, usually pebbles, are oriented with their long axes 
normal, or at a high angle, to the principal bedding. These vertical clasts (Pl. 15) 
may be oriented by post-depositional disturbance, but commonly the bedding is not 
disturbed and the orientation must be hydrodynamically imposed. Some vertical 
clasts are formed by pebbles slipping into scour pits that develop around them. 
Others appear to have been implanted in undisturbed fine sediment with their axes 
subvcrtical from the start. Commonly this is interpreted as certain evidence that 
the pebble was dropped from above. However, in falling through even a few inches 
of water, pebbles rotate to place their maximum projection area (which is parallel 
to the long axes) approximately normal to the direction of fall. It is difficult there•
fore to envisage how such vertical clasts in undisturbed fine sediment are implanted. 
If, in glacial and periglacial environments, the shape of the pebbles were changed 
by the adhesion of small chunks of ice, the composite mass could come to rest on 
the sediment with the pebble axis vertical. 

Concavo-convex platy particles, such as shells and shale clasts, arc readily 
oriented by traction currents with their concave 'urfaces facing downwards. In 
some graded-bedded sandstones, however, anomalous clast-conc~nity orientation 
is observed. The clasts lie horizontally or oblique to the bedding with their concave 
surfaces facing upwards. Middleton ( 1967a) has investigated this phenomenon 
in the laboratory and concludes that it denotes rapid deposition from suspension, 
rather than tractive emplacement. He produced this structure in artificial turbidites 
in a flume. 

Strong currents may produce imbrication in deposits of flat pebbles or cobbles, 
such that their planes of inclination are parallel and dip up-current (Pl. 12). This 
nosition is the most stable. In any other position, except where the pebble is lying 
flat, it can readily be flipped over by a fast current. Piled one against the other in an 
imbricate arrangement, the pebbles cannot readily be moved. 

Imbrication is a common feature in alluvial gravels and on some pebble beaches. 
On beaches the pebbles are inclined toward the sea. Where imbricated pebbles are 
found in marine sandstones interpreted as a littoral facies, they will give a general 
indication of the seaward direction. In deeper-water beds they may indicate sub•
marine channels either normal or parallel to the regional trend of the coastline. 

Imbrication is common in intraformational sharpstone conglomerates, because 
of the platy character of the clasts. These conglomerates are formed by the pene•
contemporaneous erosion or disruption of (a) the underlying stratum, or (b) the 
lateral extension of the stratum in which the conglomerate occurs. Sharpstone 
conglomerate consists of angular to subangular flattish fra?ments of shale. mud•
stone, or micritic limestone in a sandy matrix. These fragments will probably have a 
parallel or subparallel alignment, and may show sufficient imbrication to be called 
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an edgewise conglomerate (Pl. 11). The fragments may have been transported for 
some distance, and could have been derived, during periods of storm or exception•
ally high tide, from cracked mud on noncarbonate or carbonate mud flats. Apart 
from those formed by wave and current action on dried mud flats, some intra•
formational sharpstone may be formed from fragments of thin hard clay or lime•
stone layers disrupted by slumping or turbidity currents. 

Intraformational sedimentary breccias do not represent an hiatus in sedimen•
tation and may be of marine or nonmarine origin. 

GRADED BEDDING 

Graded beds show graduation in grainsize from coarser at the base to finer at 
the top, and vary in thickness from a few inches to several feet (Pl. 10, 107). -They 
commonly occur in sequences of several units of graded beds, with abrupt contacts, 
indicating scouring, at the base of each unit. Graded beds are deposited by currents 
that carry a suspended load of sediment. Where the current velocity is more than 
sufficient to carry the entire load of sediment, it will scour the surface over which 
it flows. In any current there will be a velocity gradient from the base of the flow 
upward. Friction will decrease the velocity of the lower part of the flow until the 
largest or heaviest particles can no longer be carried, and are dropped to form a 
layer of the coarsest fragments from the suspended load. Initially, the up-current 
portion of the deposited load will consist only of a layer of this coarsest material. 
With further decrease in current velocity, finer and finer material is deposited, 
forming a graded bed. As the current dies out the down-current portion of the 
deposit will consist only of the finer material. Consequently, gradation is not only 
from top to bottom in the middle parts of the deposit, but also laterally from the 
upstream to the downstream parts. Commonly, subunits of varying structure can 
be recognized within graded beds (Bouma, 1962). The whole deposit, although 
varying in thickness and in grade size, is a time-rock unit. 

Turbidites, deposited by turbidity currents, commonly show graded bedding. 
Graded beds in places have irregular bases with flame-structures and other features 
associated with hydroplastic contortion and disruption of the underlying bed. They 
are also associated with striations, groove moulds, and other features formed by 
strong scouring currents. Commonly also, the graded beds are separated by layers 
of fine-grained sediment representing the normal sedimentation that was interrupted 
by turbidity currents. 

Turbidity currents may originate in subp1arine canyons on the slopes of the 
continental shelves, and roll down at high velocities on to the floor of submarine 
troughs and plains, where they deposit their load. Turbidity currents can also 
occur in freshwater lakes, where mudflows enter comparatively shallow water, or 
where slumping of sediment triggers off an underwater avalanche. 

Pettijohn (1957) has suggested that graded bedding produced by turbidity 
currents should be distinguishable on the basis of sorting from that produced by 
waning shallow-water currents. Because of the incorporation of large quantities of 
fine-grained debris in the coarse base of a turbidite, the sorting will be poor there, 
and will improve up the bed as modal grainsize diminishes. In waning-current 
graded bedding, sorting should be more or less constant as a result of fine material 
being excluded from the bed, the only variation being that due to the observed 
correlation between sorting and mean size (Folk & Ward, 1957). This theoretical 
distinction between graded bedding of differing origins does not always hold in 
nature (Brush, 1965). 
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Graded bedding may form in a variety of ways (Klein, 1965), including the 
activity of burrowing organisms (Rhoads & Stanley, 1965) and the effects of 
hurricanes (Hayes, 1967). Some graded beds show a reversal of the normal pattern, 
with.fine material at the base and coarse at the top (Lauder, 1962; Knill & Knill, 
1961) . McCall (1962) has ascribed reverse graded bedding in volcanic ash to 
delayed settling of large pumiceous fragments owing to the slowness with which 
they become waterlogged. 

The hydrodynamic conditions within a turbidity current that give rise to graded 
bedding are not well understood. Scheidegger & Potter (1965) have related the 
character of the vertical gradation to the initial size distribution of the load carried 
by the turbidity current. Middleton ( 1967b) has examined the formation of graded 
beds in experimental turbidity currents. On the other hand Klein ( 1967) and 
Hubert ( 1967) ascribe the structure to the action of traction currents on the deep 
ocean floor. 

CURRENT LINEATION 

Lineation is the parallel alignment of objects within a sediment, or of the grains 
composing the sediment itself. The alignment of fossil wood fragments, shells (Pl. 
14A, C) , or elongated pebbles (Pl. 14B) is self-evident; the alignment of the long 
axis of grains in a sandstone is only seen under optical examination, but is in•
directly evident as streaming lineation (Pl. 80), or parting lineation (Pl. 13). Such 
features indicate the local direction of flow of the current that moved the sediment, 
and can be important to the interpretation of provenance and overall directions of 
transport of sediment in a sedimentary basin. Field investigations of lineation 
require that the mean of several measurements be plotted at a number of localities. 
Apparent lineation of flat pebbles is seen in vertical sections of outcrop. True 
lineation can only be observed on bedding planes. 

Interpreting the significance of lineation can be a problem. In the case of sand 
grains, empirical investigations have shown that the long axes of the grains are 
parallel to the direction of current-flow. On a beach subject to the swash of waves 
the grains will be oriented with their long axes normal to the trend of the beach. 
Commonly, the offshore sands, subject to current action along the beach, show an 
alignment parallel to the trend of the beach. The latter feature is probably the only 
one preserved in the geological record. Grain lineation can be determined by 
measuring the dielectric anisotropy of the sand or sandstone, as the maximum 
capacitance of the sample, when placed between the plates of a condenser, coin•
cides with the direction of lineation. This anisotropism is thought to be related, 
not to the piezoelectric properties of the grains, but to their shape. The apparent 
absence of sand-grain lineation normal to the current direction may be explained 
by the fact that sand grains commonly move in suspension or by saltation rather 
than by rolling. 

On the other hand, the direction of lineation of elongate objects, such as 
belemnites, tentaculites, or plant fragments, may be interpreted as being either 
parallel or at right angles to the direction of flow. While being rolled, a belemnite 
or other elongate object will have its long axis normal to the direction of flow. On 
becoming lodged it will swing like a weathercock and take up an alignment more•
or-less parallel to the current direction. However, if there are many belemnites close 
together they may be unable to pivot, and so retain their rolling alignment normal 
to the direction of movement. 

Nagle (1967) and Wobber (1967) have considered the effects of both wave 
swash and unidirectional currents on the orientation of modern shells of various 
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shapes. Nagle (1967) found that elongate shells tend to be oriented parallel to 
wave crests by the swash, with the narrow ends of the shells pointing in either 
direction. Unidirectional currents produced a single direction of pointing, parallel 
to the current, with narrow ends up or down-current, depending on the shape of 
the shell. 

The hydrodynamic interpretation of sand-grain lineation is a matter of dispute. 
Allen (1964a) has shown experimentally that current lineation in sand forms in the 
plane-bed stage of the upper flow regime (see Fig.1). Sorby (1908), on the other 
hand, while noting the occurrence of current lineation in upper regime plane beds, 
considered from field observations that it was more characteristic of the plane-bed 
phase of low regime flow in which movement of grains is slight. It may be that 
there are two morphologically and genetically distinct features formed under 
different conditions of flow. 

We have here recognized streaming lineation (new term) (Pl. 80), which con•
sists of narrow elevations and depressions that are rounded in cross section and 
developed on the surface of beds. This appears to be the lineation made experi•
mentally by Allen (1964a). We also recognize parting lineation (Pl. 13) (Crowell, 
1955), which is expressed by step-like splitting of laminae, and by vague linea•
ments on essentially plane laminae. It reflects a strong preferred orientation of the 
long axes of sand grains (McBride & Yeakel, 1963). Parting lineation does not 
appear to have been formed experimentally. 

A comparable but larger scale structure, termed harrow marks, has been 
described by Karcz (1967) from contemporary stream channels in Israel. It con•
sists of parallel fine-grained ridges of sand, silt, and clay from 1 to 10 em high, 
5-50 em apart, with intervening trough-like strips of coarser sediment. The pattern 
may extend for distances of 100 m. It has been ascribed to the action of regular 
systems of longitudinal helical flow patterns with alternating senses of rotation. 

Rill marks are shallow grooves arranged in a rhomboid pattern on the surface 
of sand laminae. They are incised into the surface by wave swash or backwash, 
or sometimes by simple unidirectional currents, as a result of deflections of flow 
within the thin layer of water moving over the sand. The deflections are caused 
by large grains or more resistant spots in the sand surface ( Otvos, 1965). 

Current lineation is not diagnostic of a particular environment. It. ;s particularly 
abundant in some fluviatile sandstone, is observed on beaches, forn s in neritic 
environments where fossils may be oriented, and has been reported from flysch 
sequences (Crowell, 1955). 

• • • 
Yet another way in which the hydrodynamic characteristics of the environment 

may express itself in sedimentary structures is by the organization of group~ ,Jf 
grains. Such features may be formed directly by deposition, and are said to be 
constructional; they include ripple marks and cross-stratification. Some are formed 
as erosional depressions; these include current crescents and rill marks. Others 
form by a two-stage process of erosion and subsequent infilling; these include 
toroids, scour moulds and many of the varieties of sole markings that are particu•
larly characteristic of flysch sequences. 

PLANE BEDDING 

In descriptions of monotonous bedded fine-grained deposits, or horizontally 
bedded sandstones, the impression is generally conveyed that sedimentary struc-
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tures are absent or rare. In fact, such sequences display strong development of a 
common hydrodynamic sedimentary structure, namely plane bedding. 

The best method of analysing such a sequence is to consider individual sedi•
mentation units (Otto, 1938) (i.e. beds or sets) that are lithologically and struc•
turally homogeneous, have generally parallel and planar bounding surfaces, and 
are distinct from their neighbours. The lithology, thickness, interrelationships~ and 
internal and superficial features of these units can be recorded. 

In flysch successions, in addition to presumed turbidites, there are alternating 
fine sand to silt sedimentation units and shale sedimentation units, most of which 
are extensive with parallel bounding surfaces. Lombard ( 1963) has termed these 
units laminites I (Pl. 98). They may contain internal laminations, plane (Pl. 98, 
107), convolute, or oblique, that constitute laminites ll of Lombard (1963). Some, 
however, lack internal lamination. By convention, where resistant and less resistant 
laminites I are interbedded, the less resistant are termed 'interstrata' (Lombard, 
1965). 

Planar sedimentation units are not confined to flysch sequences, and vary con•
siderably in their gross and internal features. Lombard ( 1965) and Botvinkina 
(1962, 1963) have discussed many varieties. In sandy sediments, plane beds are 
known to be characteristic of the lower stages of both the lower and the upper flow 
regimes (Simons & Richardson, 1961) (Figure 1). Internal plane-parallel lamina•
tion forms under these conditions of flow and is a reflection of the bed form present 
at the water-sediment interface. Plane beds may occur under other conditions of 
flow, but this has not yet been established; they are also typical of fine-grained 
sediments that have settled from suspension on an even surface. 

DISH STRUCTURE 

An unusual type of lamination, known as dish structure (Wentworth, 1967; 
Stauffer, 1967) or discontinuous curved lamination (Crook, 1961) occurs in some 
sandstones of certain flysch-like sequences. The structure appears in cross-section 
as a pattern of successive arcuate dark lines concave up, each up to 50 em in 
length, that represent concentrations of fine-grained material passing upwards into 
sand substantially free from clay. The curvature varies from slight, in which case 
the lines anastomose, to extreme with the formation of U-shapes. The degree of 
curvature increases upwards in a bed and the structure may disappear into massive 
sandstone after the maximum curvature has been reached. Suggested formation 
mechanisms are: deposition in antidunes, dewatering (Wentworth, 1967), and 
modification of a lamination produced during mass flow:.(Stauffer, 1967). 

RIPPLE MARKS 

Ripple marks are a common feature in marine and nonmarine sandstones 
and siltstones deposited in shallow water. But they can form, and presumably be 
preserved, at all depths in which ocean bottom-currents are flowing (Kolpack, 
1965). Such ripples are asymmetrical; the symmetrical ripples are commonly 
formed by oscillatory movements produced by waves, and hence restricted to 
comparatively shallow depths. Ripple marks are also found in aeolian deposits 
and in carbonate sediments, particularly in those formed in very shallow coastal 
environments. 

Ripple marks come in a variety of forms (Kindle, 1917; Bucher, 1919; Allen, 
1963a, 1966). The crests, which are generally oriented normal to the local current 
direction, can be rectilinear (Pl. 81, 82C), sinuous (Pl. 96B), or U-shaped in plan 
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with the extremities pointing down-current to form crescentic or bachanoid, lunate 
and cuspate ripples, or up-current to form linguoid ripples (Pl. 82A). 

Some straight ripple marks are oriented parallel to the current direction, e.g. 
longitudinal ripples (Van Straaten, 1951). Other types that have been recorded are 
rhomboid ripples (Hoyt & Henry, 1963; Otvos, 1965) which appear to be a very 
flat form of linguoid ripple; and pararipples and metaripples (Bucher, 1919). Para•
ripples are low-amplitude symmetrical ripples, and metaripples are ripples whose 
shape has been modified since they were formed. Tanner ( 1962) has provided a 
comprehensive list of types of ripple marks formed in shallow water. 

Allen (1963a) makes a distinction between ripples that are form-drag struc•
tures, and those produced by other means. Subsequently ( 1966), he has discussed 
in some detail the flow conditions that give rise to form-drag ripples. The form•
drag ripples are generally of smaller scale than the others, and Allen (1963a) 
shows a break in the height-length characteristics of natural populations of sub•
aqueous ripples at a ripple length of about one metre corresponding to this differ•
ence in origin. Ripples longer than one metre he terms large-scale ripples, or 
megaripples. Tanner ( 1962) has distinguished between ripples due to simple shear 
on the bed, without associated eddies, and those formed by shear plus eddies. Tho 
former are low in relation to their length (vertical form index > 20; see Table 7). 

TABLE 7. MORPHOLOGY AND MORPHOLOGICAL ELEMENTS OF ASYMMETRICAL 
RIPPLE MARKS 

(after Allen, 1963a) (See also Fig. 2) 

J. GENERAL APPEARANCE 

Crest line in plan: straight, linguoid, lunate. 

IJ. DESCRIPTIVE OF SHAPE 

I. Horizontal form-index: B/L. 
2. Vertical form-index: L/H. 
3. Asymmetry index: a/{3, where a is the slope in degrees of the lee-side, and f3 the slope in 

degrees of the stoss-side. 
4. Degree of closure of the crest; forward in the case of linguoid ripple marks. reverse in the 

case of lunate ripple marks. Closure measured as angle in degrees between highest point 
on crest line and extremes of 'wings', with positive (forward closure) or negative (reverse 
closure) sign. 

III. DESCRIPTIVE OF MAGNITUDE 

1. Height of ripple crest, H, above trough. 
2. Length of ripple crest, or width of ripple, B: parallel to crest in straight form, across 

'wings' of ripple in case of linguoid and lunate types. 
3. Length of ripple, L, measured at right angles to crest line, or to crest at highest point in 

the case of linguoid and lunate forms. 
4. Length of stoss-side, s, measured on same line as L. 
5. Length of lee-side, 1, measured on same line as L. 

A variety of measurements can be made on ripple marks. Allen (1963a) has 
proposed several (Fig. 2. Table 7). Tanner (1967) has proposed a number of 
indices. His ripple index (RI) and continuity index (CI) are synonymous with 
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FORWARD CLOSURE 
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D 

Fig. 2. Form types of asymmetrical ripple marks and measures for quantitative description 
(from Allen, 1963a). 

Allen's vertical and horizontal form indices, respectively. His symmetry index 
(RSI) is s/1 as measured on Figure 2. Tanner's other indices are defined as follows: 

Straightness index (SI) 
Bifurcation index (BI) 
Parallelism index No. 1 (PI1) =la/s. 6.s. 

Parallelism index No. 2 (PI2) = Smax - Smin/:.-, 

where = crest spacing (L of Fig. 2) 

6. s = Smax/ Smin 

18 = distance between two bifurcations, along a single crest 
Ia = distance, parallel to the crest, along which curvature can be seen 
a = departure of crest, in distance Ia, from a straight line. 

Using plots of pairs of these indices, Tanner was able to achieve significant 
environmental discrimination. If all seven indices are computed, confidence in the 
interpretation is close to 98 percent. The most useful plots were RI vs PI1, RI vs 
RSI, RSI vs PI2, and RSI vs SI. For most cases, the environmentally significant 
limiting values of the various indices are those shown in Table 7 A. 

Careful note should be taken of the topographic form of ripple crests. Bevelled 
ripples (Tanner, 1960) are good indicators of water only a few inches deep. The 
interrelationship between ripple crests determines the distinction between lunate 
and cuspate ripples, the lunate types being arranged so that the upcurrent 
extremities of each ripple lie opposite the down-current extremity of the next ripple 
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TABLE 7A. COMMON LIMI1ING VALUES OF VARIOUS FORM 
INDICES OF RIPPLE MARKS 

(Adapted from Tanner, 1967) 

Index Origin RI RSI CI SI BI PI, PI2 

Wave <15 1- 3 >10 >3 >6 >2 <0 .2 
Swash >17 1-1. 5 10-15 9- 15 2- 7 >0.4 
Current <15 >2.5 <10 <6 <1 >0.4 
Wind >17 2-4 >10 >9 <1 2- 7 <0.2 

up stream. In cuspate ripples the downstream extremities of successive ripples lie 
approximately in a straight line. 

The grainsize of the material forming ripple marks is also significant. Small•
scale ripples do •• ~t form subaqueously in sand coarser than 0. 7 mm, but aeolian 
ripples with wave kngths from 0.2 to 2 m have been recorded in sandy very fine 
gravel (Sharp, 1963), and in coarse gravel (Smith, 1965). Gravel ripples, as 
distinct from megaripples, may then be indicative of aeolian action. 

The location of coarse-grained material within a set of ripples should also be 
noted. In subaqueous ripples this material is found in the troughs, whereas in 
aeolian ripples it is commonly concentrated in the crests. 

Two or more sets of ripple marks may be observeq on a single surface; and 
where the crests are not parallel, the term interference ripple is used (Pl. 82B, 96A). 
Interference ripples are formed by intersecting patterns of wave motion and have 
a polygonal or rectangular pattern. They are commonly formed in shallow water 
where shallowing of the sea floor, or coastal topography, causes deflections of the 
wave pattern. Tanner (1960) has illustrated a number of different varieties of 
interference ripples. 

The magnitude of the vertical form index has been used to distinguish sub•
aqueous ripples (VFI<18) from aeolian ripples (VFI>18). Sharp (1963) points 
out that there are exceptions, and Tanner ( 1965) records ripples from the swash 
zone of beaches with indices as high as 100. But many aeolian ripples undoubtedly 
have a VFI greater than about 20, whereas small-scale subaqueous ripples with 
high indices are rare. For aeolian ripples, Sharp (1963) concludes that the index 
varies inversely with the grainsize and directly with wind velocity. 

The wavelength of symmetrical ripples can be used as a relative indicator of 
depth. The oscillatory movement produced by waves may be effective at much 
greater depths than has been supposed. But even so, the depth of water and 
amplitude of the wave are limiting factors; and generally it can be inferred that 
symmetrical ripples with wavelengths of a few inches were probably formed at 
depths of considerably less than 100 feet. For asymmetrical large-scale ripples, 
Allen (1963a) has prepared a plot relating ripple height to water depth. 

Symmetrical ripples are generally taken to indicate wave action, and asym•
metrical ripples current action. Diessel (1966) has, however, recorded symmetrical 
ripples that show cross-bedding internally, and are closely associated with normal 
asymmetrical ripples. These may have been formed by current, although McKee 
(1965) has formed similar structures by wave action in a flume. Chenoweth (1955) 
has recorded symmetrical ripples from a stream bed, and ascribes them to erosion. 
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A B 
AI ph a-cross-stratificati on Beta-cross-stratification 

c D 
Gamma-cross-stratification Eps i I on-cross· stratification 

E F 
Zeta-cross-stratification Eta -cross-stratification 

G H 
Theta-cross-stratification Iota-cross-stratification 
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Kappa-cross-stratification Lambda -cross -s Irati fica ti on 

c 
Mu-cross-strati fication 

D E 
Nu-c ross-stratif ication Xi-cross-stratification 

\' 

F G 

Omi kron-cross-stratification Pi-cross stratif ication 

Fig. 3. Classification of cross-stratified units (from Allen, 1963b). 
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On the other hand, Murphy ( 1963) describes asymmetrical ripple marks formed 
by waves in shallow water, and McKee (1965, p. 73) concludes that 'many, 
probably most, wave formed ripples are asymmetrical'. 

Longitudinal ripples, which develop parallel to the current direction probably 
by erosion, are not common, but may be diagnostic of intertidal environments (van 
Straaten, 1965). They generally form in mud, but some occur in sand. 

A form commonly preserved is the mould of ripple marks. In the case of 
symmetrical ripples, which form as ridges separated by broad U-shaped troughs, 
the mould will be rounded ridges separated by narrow V -shaped troughs. As the 
moulds are the impressions of ripples they are seen on the undersurface of beds 
and consequently can be used as indicators of top and bottom. In the case of 
asymmetrical ripples the moulds may not be readily distinguished from the original 
ripples. Where ripples are being plotted for data on direction of currents caution 
must be taken to ensure which are being measured, because the moulds will appear 
to indicate a direction of flow opposite to that of the original ripple. Where sectiom 
of the ripples can be seen it may be possible to determine the identity of the 
ripple. The original ripple may show cross-bedding, the mould will not. 

CROSS-STRATIFICATION 

Cross-stratification consists of packets or sets (McKee & Weir, 1953) of 
laminae inclined to the principal bedding. These sets are generated by the growth 
and movement of bed forms such as ripples (Allen, 1963a). Many varieties of 
cross-stratification have been described, and many have been classified and named 
by Allen (1963b) (Fig. 3). 

The features that should be noted in describing cross-stratification are (Allen, 
1963b;Crook, 1965): 

1. The manner of grouping of the cross-stratified sets. 
2. The physical size (thickness) of each set. 
3. The relation between the lower bounding surface of each set and the 

stratification of the underlying set. 
4. The shape of the lower bounding surface of a set. 
5. The nature of the contact between the cross-strata in a set and its lower 

bounding surface. 
6. The degree of lithological uniformity of the cross-strata in a set. 
7. The three-dimensional shape of the cross-strata in a set, including the 

maximum dip angle. 

The grouping of sets has been discussed by McKee & Weir (1953), who 
recognize cosets, where similar sets are grouped together, and composite sets for 
groupings of dissimilar sets (Pl. 105). 

Various limits have been suggested for size classes of cross-stratified sets. 
We recommend the following as probably reflecting natural subdivisions: 

Small scale . up to 5 em (Pl. 16-17, 18B) 
Medium scale 5 em-2m (Pl. 18A, 19-25) 
Large scale . 2m- 8 m (Pl. 26-27) 
Very large scale > 8 m (Pl. 27) 

Considered as a surface in relation to strata in the set beneath, the lower 
bounding surface of a set may be gradational (Pl. 17B) or sharply defined. Where 
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sharply defined the lower bounding surface may be parallel (Pl. 24), nonparallel 
(Pl. 22), or indeterminate where the underlying set is unstratified. Gradational 
surfaces imply continuity of deposition; parallel surfaces imply either a hiatus in 
deposition or erosion; and nonparallel surfaces imply erosion. 

Allen ( 1963b) recognizes five distinct shapes for the lower bounding surfaces 
of sets: irregular (Pl. 22B), planar, cylindrical, scoop-shaped (Pl. 99C), and 
trough-shaped (Pl. 27). The planar type may be parallel with the upper bounding 
surface, producing a tabular set (Pl. 21), or oblique to it, forming a wedge-shaped 
set (Pl. 26). The various shapes can be related to various forms of ripples (Allen, 
1963a). 

The contact of the cross-strata in a set with the lower bounding surface of the 
set may be concordant (Pl. 23B), or discordant (Pl. 24A), or asymptotic (Pl. 
22C). The first relationship indicates essentially vertical growth, whereas the last 
two are the result of lateral growth (Allen, 1965b) . Jopling ( 1963) has pointed 
out that the change from a discordant to an asymptotic contact is the result of 
increasing velocity of current. 

Lithological heterogeneity within sets has not been studied, although it has been 
reported from an aberrant type, known as backset cross-stratification (Power, 
1961), in which the cross-strata dip up-current (PI. 28). The interlamination of 
sandy and pebbly cross-strata, with a tendency for the coarser strata to wedge out 
upwards, may be diagnostic of this type. Its relation to bed forms remains to be 
determined, but it is probably formed by accretion on the upstream surface of 
antidunes as they migrate upstream. Jopling & Richardson (1966) have produced 
backset cross-stratification experimentally in this manner. 

The shape of cross-strata in a set should be examined in three mutually 
perpendicular sections: parallel to the principal bedding and parallel and normal to 
the strike of the cross-strata. In plan view the strike of cross-strata may swing 
considerably, a fact that complicates analysis of current directions. This is readily 
seen in medium to very large-scale trough-shaped sets, but is also found in small•
scale sets (Dzulynski & Walton, 1965, p. 175) and in medium-scale tabular sets 
(Pl. 25) (Conolly, 1965). 

In dip sections most cross-strata are straight (Pl. 20B), or curved concave 
upwards (Pl. 18A), or less commonly sigmoid (Pl. 17B). Some, however, are 
convex upwards, and in large to very large-scale sets this relationship may be 
restricted to aeolian deposits. Similar small-scale sets have been reported by Fisk 
(1961) from bar-finger sands of the Mississippi Delta. 

The maximum angle of dip of cross-strata is related to current velocity and 
grainsize, decreasing with increasing current velocity (Jopling, 1965). Although the 
angle of repose of most sands in water is about 35°, most large cQliections of 
outcrop measurements show a few readings substantiaily higher than this (up to 
45°-50°). The significance of these high values in unknown; they are found in 
both subaqueous and subaerial deposits. 

Much remains to be learnt about the value of cross-stratification as an environ•
mental indicator. Flume studies (see papers in Middleton, 1965, and papers by 
Allen and Jopling) have increased our understanding of the mode of formation of 
the structure, but no comprehensive review of the environmental distribution of 
various types of cross-stratification has yet been published. 

Small-scale cross-stratification is not diagnostic of environment; it is found in 
deposits ranging from river flat to bathyal. It is rare in aeolian deposits. In flysch 
sequences it occurs associated with graded bedding and to the virtual exclusion of 
medium-scale cross-stratification (Hsu, 1964). 
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Medium-scale cross-stratification is common in both fluviatile and shallow-water 
(marine and lacustrine) sequences, and is absent or rare elsewhere. This reflects its 
origin in megaripples, which are common bed forms in these environments. 

Large-scale cross-stratification is common in aeolian and beach deposits, as 
trough or wedge-shaped sets (Thompson, 1947, 1949; McKee, 1966) and occurs 
sporadically in fluviatile deposits, generally as tabular sets. It has not been reported 
from ancient marine deposits, but data on contemporary megaripples (Allen, 1963a) 
suggest that it may occur. 

Very large-scale cross-stratification in sand is typical of aeolian deposits, where 
it occurs as cosets of trough-shaped sets. Rare submarine megaripples of suitable 
size have been reported (Allen, 1963a), but if they give rise to cross-stratification 
on this scale it should be distinguishable from the aeolian variety by having a low 
angle of dip, and occurring as single sets. 

Wedge-shaped to tabular very large-scale cross-stratification sets of conglome•
rate and pebbly sand have been reported from glacial lake outwash deposits in 
Spain (Hobbs, 1906). Similar deposits occur in the vicinity of Radium, B.C., 
Canada, and the Boyle River, Canterbury, New Zealand. These are fluviatile, being 
formed either by catastrophic floods that followed the collapse of ice dams, or by 
movement of the delta of a bed-load stream outward into a deep ice-dammed lake. 

Cross-stratification formed on beaches (Thompson, 1937, 1949) is commonly 
large to very large in scale, but dip angles are low, commonly less than 10°. Sets 
are essentially wedge-shaped with the cross-strata more-or-less parallel to the lower 
bounding surface of the set (Pis 23B, 24, 26, C, D). 

Herringbone or chevron cross-stratification (Pl. 16) comprises pairs of sets, 
commonly tabular, in which the dip directions of the straight or concave 
upward cross-strata are mutually opposed. Herringbone cross-stratification is 
thought to be diagnostic of tidal channels since only there could one envisage an 
abrupt and complete reversal of current direction. 

STRUCTURES DUE TO SCOUR 

Current crescents (Pl. 73) are narrow semicircular grooves excavated in sand 
by current turbulence in the vicinity of a small object such as a pebble or shell 
resting on the sediment. They are oriented with the extremities of the semicircle 
down-current, and these extremities may be extended as linear grooves down•
current. Commonly the sand forms a ridge (sand shadow) on the down-current 
side of the obstruction. The flow conditions under which these structures form 
have not been specified, but they are often observed in association with flat beds. 

Current crescents can probably form in a variety of environments, both sub•
aerial and subaqueous. They can be observed on modem stream beds and on 
beaches. They may be preserved as originals, or as moulds on the soles of beds 
(Pl. 88), in which case their true nature may easily pass unrecognized. 

Toroids are moulds of circular scour pits made in firm sediments, such as hard 
mud, by an eddy or whirlpool in flowing water. Such eddies are vortices of water 
produced along the boundary between currents flowing in opposite directions, or 
along the fringe of a backwater behind an obstacle such as a large boulder, sand 
bar, or protruding bank in a river. The moulds, or toroids, are commonly of sand 
which has filled the scour. They have a characteristic swirled shape, like a folded 
bun, but unlike slump rolJs they have a homogeneous internal structure and texture. 
They may have a smooth exterior (Pl. 54) or show ripple marks arranged in a 
radial spiral pattern (Dorr & Kauffman, 1963). As far as is known, toroids are 
confined to shaiiow-water deposits, both marine and fluvial . 
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HYDRODYNAMIC SOLE MARKINGS 

Sole markings vary greatly in form, and a complex nomenclature has arisen 
concerning them. Almost all result from scour of a cohesive mud surface with 
subsequent, or on occasion immediate, infilling of the scour with coarser sediment. 
Sole markings are abundant in flysch sequences, which has led to their being 
ascribed to scour by turbidity currents. However, they occur sporadically in normal 
shallow-water sandstones (Glaessner, 1958), which suggests that the hydrodynamic 
conditions for their formation may be attained in ordinary stream flows. Experi•
mental studies (Dzulynski & Walton, 1965) are increasing our understanding of 
the mechanisms involved. 

TABLE 8. CLASSIFICATION OF CURRENT STRUCTURES COMMONLY FOUND 
AS SOLE MARKINGS 

Current marks 

~Scou< m><h 

1 
Tool marks 

(from Dzulynski & Walton, 1965) 
(Flute marks 

·current scours 

Obstacle scours 

Continuous marks 

Discontinuous marks 

Rilled tool marks 

I Transverse and diagonal 
scours 
Rill marks 

j Longitudinal furrows 
l and ridges 

I Triangular marks taper•
ing down-current 
Pillow-like scour marks 

l Channels 

{
Crescent marks. 
Longitudinal obstacle 
scours 

J Groove marks . 
I_ Chevron marks 

(Prod marks 
j Bounce marks 
l Brush marks 
l Skip and roll marks 

Current deformation structures 

Plate 87A-C 

83A-E 
97A-C 

88A-B 

84A-C 

92C 

Dzulynski & Walton (1965) have prepared a comprehensive monograph of 
these structures. Their classification is shown in Table 8, with a key to the plates 
in this work. It will be noted that the structures preserved are moulds, not casts, 
for they will yield the form of the mark originally made in the mud if a latex or 
plaster cast is made of them. 

Table 9 lists the features of sole markings that should be noted if a compre•
hensive description and interpretation is required. 

TABLE 9. SCHEMA FOR DESCRIPTION OF INORGANIC SOLE MARKINGS 
1. Structure predominantly elevations, depressions, or both? 
2. Dimensions-length, breadth, height. 
3. Form in plan, and in longitudinal and transverse profile. 
4. Continuity and sinuosity of crests (or troughs). 
5. External sculpture. 
6. Internal structure. 
7. Are tools or obstacles present? 
8. Is structure single, or recurrent? 
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9. If recurrent, what is density of occurrence? 
10. Is recurrence linear, patchy, or otherwise organized? 
11. Variation in orientation and continuity of crests (troughs) between adjacent features. 
12. Associated markings on the sole, the nature, orientation, and age relationships . 

• • • 
Many sole markings are valuable indicators of direction of current. Most yield 

the sense of current flow as well as the direction. One variety which is rarely 
recorded, the torose load cast (Crowel, 1955), requires careful interpretation since, 
unlike the flute mould which it resembles, the high end of the structure is at the 
down-current end. The distinction between this structure and flute moulds (Pl. 87) 
is that it is narrow ( ca 1 em) and l01ig (1 0-15 em), tending to pitch and swell 
somewhat in plan view, with a bulbous or spiral elevation at one end. 

On many soles, two and sometimes more divergent trends are seen, the angle 
between them commonly being 20°-40° (Pl. 84). Three interpretations have been 
offered: (a) the passage of several turbidity currents from different sources, with 
only the last one depositing (Glennie, 1963, but see also Stanley, 1964); (b) there•
excavation and sculpturing of an already sculptured mud surface by a subsequent 
current (Anderson, 1965) ; (c) expansion of the turbidity current flow as it moves 
past a point (Potter & Pettijohn, 1963). Of these the last seems the simplest. It 
implies that the first-formed marks will diverge more from the general slope 
direction than the later marks. 

In some cases where different markings occur in association it is evident that the 
grooves postdate the flutes. This perhaps suggests a decrease in the turbulence of 
the current with time. Hsu (1959) found in the marginal regions of the Prealpine 
Flysch basin that flute moulds were oriented normal to the long axis of the basin, 
whereas coeval beds in the axial part of the basin had groove moulds oriented 
parallel to the axis. He attributed this pattern to a decrease in turbulence of 
turbidity current as they moved from the marginal to the axial regions of the basin. 
In this case the character of the current changes with both space and time. 

RHEOTROPIC STRUCTURES 
Rheotropic structures result from the deformation of cohesive sediment oi 

varying rheotropy by forces other than those due to the direct influence of currents 
and organisms. They correspond to the endokinematic structures of Elliott (1965). 

Much work on the rheotropy of sediments remains to be done, but Boswell 
( 1961) has provided a valuable review of the field. Elliott (1965 ) has recognized 
five rheotropic classes into which the behaviour of sediments is divided, ranging 
from solid to liquid (Table 4). These are defined in terms of freedom displayed 
by the particles in the sediment at the time when the structure was produced. Where 
the sediment is so strongly cohesive that it is deformed only by fracture, and the 
fracture surfaces are sharp, the sediment is in a solid rheotropic state. Where the 
sediment is not as strongly cohesive, but the grains are sufficiently close-packed 
that it is still deformed by fracture, associated with only a small amount of bending, 
the rheotropic state of the sediment is said to be quasi-solid. In sediments that have 
fractured while in a quasi-solid state, laminae are bent and smeared out in the 
vicinity of fractures. With a still smaller degree of cohesion, such that individual 
particles can rotate and the t_nass as a whole can cha.nge its. shape, the sedi"-!-ent ~s 
in a hydroplastic rheotroptc state. In hydroplastlc sedtments deformation IS 
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continuous, and lamination and other internal features of the sediments are 
preserved, although their shape will change. With very weak cohesion between 
particles there is considerable freedom of movement within the sediment being 
deformed. Deformation is continuous, but particles are free to move away from 
their neighbours and occupy new positions within the mass of sediment. Under 
these conditions internal stratification and other features are destroyed and the mass 
becomes entirely structureless internally. Such sediments are in a quasi-liquid 
rheotropic state. 

With a complete loss of cohesion, so that individual grains are essentially 
unconstrained by their neighbours and are able to move freely into or out of the 
body of sediment, the behaviour of the sediment is determined primarily by the 
hydrodynamics of the transporting medium. The sediment is said to be in a liquid 
rheotropic state. Sediment in this state does not exhibit deformational structures, 
but may exhibit a variety of hydrodynamic structures, which have already been 
discussed. 

Most rheotropic structures consist of grain aggregates, individual structures being 
recognized by variations in shape and internal geometry. Many of the structures 
may be described by the non-genetic term contorted stratification, in which McKee 
et al. (1962a) recognize four principal classes. Irregularly contorted beds are 
highly irregular structures in which the strata appear crumpled and twisted, rather 
than regularly folded. Intraformational recumbent folds are regular folds with 
subhorizontal axial planes. Convolute bedding is applied to strata deformed into 
regular folds with near-vertical axial planes. Intraformational thrust structures 
exhibit repeated miniature thrust-faults with related inclined folds, and commonly 
lie within a single stratified set. The first three classes represent hydroplastic 
behaviour, the last quasi-solid behaviour. 

Four physical processes have been invoked to explain contorted stratification: 
(a) gravity slumping; (b) drag caused by an overriding body of fluid or semi•
solid material; (c) overloading, which may produce both vertical and lateral 
effects; and (d) biogenic or chemical disturbance. The last includes the effects of 
ice. Geometrical variations can be expected between structures formed by different 
processes. McKee et al. (1962b) described examples formed during experimental 
studies. Ramberg's ( 1967) experiments with centrifugal models built of plastic 
materials provide insights into the formation mechanism of rheotropic sedimentary 
structures. 

STRUCTURES FORMED BY QUASI-LIQUID BEHAVIOUR 

Mud and sand volcanoes (Pl. 75-77) are formed by columns of water rising 
through underwater beds of mud or sand. They form springs welling up through 
quicksand, quickmud, or slumped material (Gill & Kuenen, 1958). They may 
originate from bodies of sand that act as aquifers, or from water expelled from 
muds during compaction. The water, moving upwards, tends to form a vortex 
in much the same way as a rising column of warm air. The sand or mud in 
this vortex becomes mobile, some of it rising to the top of the column and 
forming a cone or volcano. Within the columns the sediment is completely 
disturbed and all stratification destroyed. These columns of quicksand or 
quickmud can be as thin as pencils or 2 to 3 feet in diameter, and range in 
length from several inches to more than 20 feet. When the movement of upwelling 
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water ceases and the sediment becomes consolidated, the columns are preserved as 
cylindrical structures. On a small scale the pencil-like columns form pit-and-mound 
structures on bedding planes. 

Such structures can form in both marine and nonmarine environments. Where 
they are present in marine sediments they commonly indicate a neritic environment. 

Clastic dykes of sandstone (Pl. 50B, 51-53) or siltstone are found within shale, 
mudstone, or limestone beds. Some project from underlying, and some from over•
lying, sandstone or siltstone beds. Others project from above but not from any bed 
now present. They have evidently formed either by the the forceful intrusion of 
sand from above or below, or filling of a crevice from above. 

Some clastic dykes underlie erosional surfaces and represent infilled soil 
material. In most places the unconformity is apparent and the origin of the clastic 
dyke is apparent. Other dykes may have formed under submarine conditions by the 
filling-in of cracks in the ocean floor formed during earthquakes. Probably the most 
common cause of clastic dykes is forceful intrusion of unconsolidated sand into 
tension fractures in hard clay undergoing compaction. These fractures may be self•
induced by the hydrostatic pressure of the sand-water mixture injected. In areas 
where the principal pressure is caused by overburden, fractures produced in strata 
by fluid injection in boreholes are more-or-less vertical, and the pressure required 
is less than that of the overburden (Hubbert, 1956). In the case of sandstone dykes 
it is evident that injection can occur before the clay is fully compacted, because 
some dykes have themselves been compacted (Pl. 53B). Hayashi (1966) has 
comprehensively considered the morphology and genesis of Japanese clastic dykes. 

Flame structures (Pl. 100-1030), which have also been called pullover 
structures, are commonly associated with various forms of disrupted bedding gener•
ally referred to as pull-apart structures. Flame structures are interpreted as 
disruptions of the underlying bed by turbidite flows. The mechanism has not been 
satisfactorily explained, but obviously the underlying layer has been deformed after 
burial by turbidite sand, otherwise the sand would lie on a scoured surface. A 
turbidity current that is not slowing down will commonly scour the surface over 
which it flows; a turbidity current that is slowing down will eventually drop its load. 
But if the dropped load is moving it may deform the hydroplastic to quasi-liquid 
mud surface over which it moves by plucking up and streaking out the upper layers 
of mud. 

STRUCTURES FORMED BY HYDROPLASTIC BEHAVIOUR 

Slump structures are not indicative of any particular depositional environment, 
but can form on slopes of the ocean floor (such as in submarine canyons), on 
lake bottoms (such as in the foreset beds of underwater alluvial fans), and in the 
upper parts of point bar deposits along river banks. 

Slumping is a common feature in sediments deposited on slopes with gradients 
as low as 1 o ( 100 feet per mile). Compaction of the sediment, caused by gravity, 
may result in gradual steepening of the gradient, and slumping of the upper layers. 
A critical point is reached at which any shock such as an earthquake, or the load 
imposed by an unusually large influx of sediment, can bring about rapid slumping. 
This may initiate a turbidity current. 

Alluvial sediment slumps by hydroplastic flow. During flood periods sediment 
is deposited on the higher levels of a river bank which forms the upper part of a 
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point bar deposit. When the flood recedes the wet sediment is exposed on the 
slopes of the river banks and slumps under its own weight. Slump structures formed 
in this way are common features in the upper parts of point bar deposits. 

Two distinct types of slump structures are known to occur in medium-scale 
cross-stratified sets on point bars. The first (Pl. 36A) shows as crenulation of the 
inclined laminae, and is probably attributable to simple gravity slumping. The 
second has the upper part of the laminae folded forward to give a recumbent 
syncline with the axis normal to the current and the hinge directed up-current. 
This feature has been produced experimentally by McKee et al. ( 1962b) and is 
caused by drag, such as a heavily laden current, across the surface of the bed. 

In a quasi-solid sediment faults appear during slumping, giving rise to slide•
slump bedding (Eliott, 1965) (Pl. 37A, B). Slurry-slump bedding (Pl. 38), in 
which faults are absent, forms by slumping of hydroplastic sediment. Several 
ellipsoidal structures composed of sandstone (sandstone pillows) have been de•
scribed under such names as 'whirl-balls', 'slump balls', 'ball and pillow structure', 
'flow rolls', 'piled ripples', and 'pseudonodules'. They appear to have formed in a 
variety of ways, but many result from lateral translation of hydroplastic sediment. 
Sandstone pillows may occur within sandstones or, more commonly, within mud•
stones. 

Piled ripples (Dzulynski & Walton, 1965) are lobate sand masses that protrude 
below the base of sandstone units (Pl. 49D) and contain deformed ripple lamina•
tions. They have been reported from flysch sequences only, and are believed to 
form by the sinking of sand ripples into soft mud, successive ripples causing earlier 
ones to pile up and rotate beneath the depositional interface. Pseudonodules are 
similar in external form, but lack ripple cross-stratification, having an originally 
plane lamination, now concave upwards. They are, in fact, load casts which have 
become detached or nearly detached from their source sand bed. Dzulynski & 
Walton (1965) have made pseudonodules experimentally, and ascribe natural 
examples to liquefaction of sand and clay by earthquake shock. 

Whirl-balls consist of ellipsoidal masses with spiral grooves on the outer surface 
(Dzulynski et al., 1957). They occur in flysch mudstones, and have been ascribed 
to vortices of sand moving within a mudflow. 

Ball and pillow structures (Smith, 1916) have a similar gross shape to pseudo•
nodules, although they are much larger and the internal lamination in many is 
completely involuted (Pl. 38). Commonly they are ellipsoidal and stand out on 
weathering. These structures probably form by lateral slip of beds (Ksiazkiewicz, 
1958). Flow rolls and slump balls are synonymous terms. 

Convolute bedding consists of intraformational folds contained within a bed, 
the folds increasing in amplitude upward from flat or almost flat laminations at 
the base to steep-limbed structures which are either truncated or pass upward into 
lower amplitude folds and flat laminations. It occurs in very fine sands and coarse 
to very coarse sjlts. Davies (1965) has reviewed several papers dealing with 
structures of this type, and recognizes three distinct morphological types termed 
convolute lamination, corrugated lamination, and cusp structures. The essential 
features of convolute lamination (Pl. 29, 30B, C) are as follows: 

' ( 1) the basic elements are a series of anticlinal folds separated by broad synclines. 
The anticlines may be sharp, fiat topped, symmetrical or isoclinal. 

'(2) Only one bed or horizon in a bed is affected and shows no external irregularities 
in thickness. The convolutions rarely exceed a dozen centimeters in height, and in any 
one bed the magnitude of the disturbance is constant and often contrasts markedly with 
other beds at the same outcrop. 
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'(3) The deformation increases in intensity upwards and may either be truncated, 
with sediment deposited normally over the decapitated structure, or dies out gradually 
upward until at the top of the bed the laminae show no distortions. 

'( 4) Individual lamination planes can be traced through a number of undulations. 

'(5) Contemporaneous faulting is absent. 

'(6) The deformation is often strong in two perpendicular vertical sections.' (Davies, 
1965) 

Corrugated lamination (Pl. 30A), in a section perpendicular to the bedding, 
shows intricately contorted lamination without regular anticlines and synclines. 
Unlike convolute lamination, which in sections parallel to the bedding shows 
anticlines forming ridges or cones in subparallel arrangement, corrugated lamina•
tion in the same sections generally shows a complex pattern. 

Cusp structures consist of isolated anticlines which do not pass up into parallel 
laminated strata and which have a circular to ellipsoidal form in section parallel to 
the bedding. 

Several hypotheses have been put forward for the origin of convolute bedding, 
and the general term appears to embrace a number of genetically as well as 
morphologically distinct structures. 

Sanders (1960) considers that convolute bedding is a hydrodynamic structure 
formed by the deformation of cohesive sediment during sedimentation in response 
to an increasing current velocity. The anticlines, in his view, are the cohesive 
sediment equivalent of ripples. Dott & Howard ( 1962) consider that convolute 
bedding is the result of gravity-induced deformation within the sedi..."llent shortly 
after deposition. Williams (1960) and Rich (1950) have invoked deformation by 
laterally acting forces. These may cause intrastratal flow which is laminar near 
the margins of the bed and rather more turbulent in the central parts (Williams, 
1960). Alternatively the forces may result from the sliding of an overlapping body 
of sediments (Rich, 1950). Yet another possibility is selective buckling of weakly 
competent layers enclosed by more competent layers, under lateral compression, as 
discussed for tectonic structures by Ramberg ( 1964). Truncated convolute bedding 
is probably caused by post-depositional erosion. 

Although it was long thought that convolute bedding was restricted to flysch 
sequences, it has now been shown to occur in other deposits (Davies, 1965). It 
is, however, rare in sequences deposited in shallow water. 

Load casts (Pl. 1 04A) are formed where a bed of sand overlies a bed of mud. 
The sand, having a lower porosity than the mud, is more dense and consequently 
tends to sink into the mud, which is displaced in a thixotropic manner. The result•
ing contact, particularly where the overlying sands have graded bedding, may 
resemble flame structures. Where the sand is in motion, there may be only a fine 
distinction between flame structures and deformed load casts which have forced up 
irregular wisps of clay. 

Where a limited quantity of sand moves over a hard mud surface it does not 
form a thin sheet, but a series of separate ripples. These ripples may irregularly sink 
into the mud, presenting in section a view resembling a layer of squeezed lenses or 
teardrops, each lens representing a single ripple. The origin of these deformed 
masses of sand can in places be seen from the small-scale cross-bedding within 
them. These features have no environmental significance and are found in both 
marine and nonmarine beds. 
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Involutions are a form of contortion commonly found associated with ice wedge 
traces (Watson, 1965). They may be expressed by predominantly synclinal 
crumpling of beds, or by vertically standing bodies of sediment, commonly with 
the long axes of contained pebbles and cobbles also standing vertically. Some 
exposures lack obvious size or colour banding in the affected zone; the deformation 
is expressed solely by the granular fabric. The term 'vertical stones' has been 
applied to this subtype by Watson (1965), but a more distinctive term is required 
if the structure is to be distinguished from the scattered vertical stones found in 
pebbly mudstones and diamictites. Vertical grain fabric (Pl. 15B) is perhaps a 
better term. 

Involutions and vertical grain fabric apparently form in the active layer of 
permafrost areas, and are probably good indicators of periglacial conditions. 

Gas pits (Pl. 71A) are formed where rising bubbles of gas burst through the 
surface of a layer of sediment. They are probably never preserved as pits, but their 
moulds occur on the undersurface of layers, and can be used to indicate the attitnde 
of beds. The gas may be air trapped in the sediment by rising water-in the upper 
part of river point bar deposits inundated by rising floods, and in beach deposits 
during rising tides-or may be formed by the decomposition of organic matter in 
the sediment. A third possibility is the submarine escape of volcanic gases. 

Where the gas escapes in quantity, as an intermittent stream, it follows channels 
upwards through the sediment, producing some distortion of laminae in fine-layered 
sediments, and opening irregular tubes at the surface. These tubes have not been 
recognized as such, and only the moulds of the surface expressions are preserved. 
If the gas escapes as separate bubbles in fine-grained sediment with the consistency 
of a slurry it will form pits which resemble the surface of bubbling porridge. 

Gas pits were nearly all formed in nonmarine or shallow-water marine environ•
ments, but a few were formed in much deeper water. The moulds of gas pits could 
be mistaken for raindrop imprints. particularly as they both occur on intertidal flats 
and river flood plains. 

Spongy texture in carbonate and noncarbonate sands is caused by entrapment 
of gas bubbles in supratidal and intertidal sediment. This entrapment commonly 
results from the rapid inundation of comparatively dry sand by normal or excep•
tional high tides. The trapped gas forms bubbles which give a spongy or vugular 
texture to the sediment. In the case of carbonates, subsequent desiccation from 
exposure results in shrinkage of these bubble-like vugs to f0rm planar vugs referred 
to by Shinn (1968) as birdseye structures. The significance of birdseye and other 
spongy textures is that they indicate a precise littoral environment. Such textures 
cannot form in sediments in the subtidal zone, and must therefore be characteristic 
of the intertidal zone in beaches and coastal flats. These textures may be associated 
with mud cracks and laminations produced by algae. 

Spongy textures are common in Recent carbonate rocks, but are also known 
in the Ordovician of Pennsylvania (Shinn, 1968). In older rocks the vugs may be 
filled with calcite or anhydrite. 
STRUCTURES FORMED BY QUASI-SOLID BEHAVIOUR 

Ice wedges, which are a feature of periglacial areas (Lachenbruch, 1962), leave 
characteristic ice-wedge traces in sediments (Dvlik & Maarleveld, 1967). These 
traces are wedge-shaped fissure fillings, up to 10 m deep, tapering downwards, of 
younger sediment emplaced into older or of slumped material from the walls of 
upper parts of the fissure. In the vicinity of the fissure, the laminae of the sediment 
are bent upwards. 
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Mud-cracks (Pl. 67 -69) can form in carbonate and noncarbonate muds under 
subaerial and subaqueous conditions. Those formed subaerially are termed 
desiccation cracks. In marine beds the presence of desiccation cracks indicates an 
estuarine, lagoonal, or other type of coastal mudflat environment. In nonmarine 
sediments they indicate a river flood plain, playa, or intermittent lake environment. 

Little is known about the reasons for variations in desiccation crack patterns; 
but they are probably related to the clay content and grainsize of the sediment, 
and to the depth and periodicity of desiccation. Some cracks are reported to be up 
to 10 feet deep; and where a bedding plane is not exposed, such cracks could be 
misinterpreted as clastic dykes. Desiccation cracks can serve as indicators of the 
tops of beds, the curled polygons between the cracks being concave upward. 

Mud cracks are commonly preserved as moulds of the original cracks. These 
may be seen as polygonal patterns of ridges or indentations. Where cracks are 
superimposed but do not coincide, the moulds may have irregular and ropy, rather 
than polygonal, patterns. 

Cegla et al. (1967) have described fracture patterns, morphologically similar 
to mud cracks, that were produced experimentally by the capillary infiltration of 
liquid into dry powdered materials. The significance of this study for the genesis 
of mud cracks should not be overlooked. 

Mud cracks can also form subaqueously by synaeresis, that is to say by the 
shrinkage of clay that has flocculated rapidly (White, 1961), or by changes in 
salinity causing shrinkage in montmorillonitic clays (Burst, 1965). White (1961) 
has suggested that fossil synaeresis cracks, which are preserved as sand moulds, 
can be distinguished from desiccation cracks by their occurrence in thin shale 
units intercalated between sandstone units, the shale being massive rather than fissile. 
There is no evidence of curling of the cracked shale, and the cracks are parallel•
sided, rather than wedge-shaped. 

There appears to be no depth limit to the formation of synaeresis cracks, and 
care should therefore be exercized in the use of mud cracks as indicators of 
subaerial exposure. 

The mechanics of polygonal crack formation, discussed by Lachenbruch 
(1962) in connexion with ice wedges, apply to mud cracks also. 

Thin beds of quasi-solid sand and mud can break along more or less vertical 
fractures under tension. The tension may be the result of slumping, in which case 
the beds (usually of mud) are broken into separate segments with sand from 
adjoining beds between them. This structure is termed a pull-apart (Kuenen, 1953). 
The tension may also result from the removal of support from the vicinity of a 
bed, as when the water level falls, exposing the foresets of megaripples in a river, 
or the wind pattern that has deposited and supported a steep dune foreset dies 
away. This can lead to extension of the foreset laminae bv slio along microfaults 
that produce fault steps on the surface of the laminae (Plate 79) (Oertel, 1965). 

Rain and hail prints (Pl. 70) can be preserved in estuarine, lagoonal, or other 
types of coastal mud flat, in muds exposed on river flood plains, and on the 
banks of intermittent lakes and playas. They are formed in the same environments 
as desiccation cracks and can be found with them. Rain prints are often difficult 
to recognize, and the origin of features resembling rain drop moulds or casts on a 
bedding plane is commonly problematical. Where mud cracks occur, the recognition 
of rain prints confirms that the origin of the cracks is due to subaerial desiccation. 
But such prints can serve to indicate the tops of beds, the moulds being convex 
downward. 
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Circular depressions, somewhat similar to rain and hail prints, can be formed 
by bubbles on the surface of the sediment. These bubble prints lack the raised rim 
which is characteristic of rain and hail prints. 

BIOGENIC STRUCTURES 
Sedimentary structures formed by organic agencies include petrifactions and trace 
fossils. In petrifactions part or all of the tissue or skeleton of the organisms is 
preserved, and these remains form the subject matter of taxonomic systematic 
palaeontology. Trace fossils are records left by the passage of organisms and do not 
include any preserved portions of the original organisms. Only rarely are petrifac•
tions found associated with trace fossils in a manner which indicates that the 
petrifaction is the remains of the organism responsible for the traces. Trace fossils 
may, however, yield important information on the behaviour of organisms (King, 
1965). 

Because of their organic origin, trace fossils have been included within the 
Linnaean system of nomenclature. A comprehensive review of the various form 
genera which have been recognized is provided by Hantzschel (1962). From the 
sedimentological viewpoint, this nomenclature requires amplification by the addi•
tion of terms denoting the mode of formation and behavioural significance of the 
trace fossil (Seilacher, 1964b). The requisite terminology has been provided in the 
genetic classification of trace fossils of Seilacher (1953, 1964a). Vyalov (1966) 
presents a Linnaean classification of certain trace fossils based on their presumed 
mode of formation. 

Seilacher ( 1953) recognizes five major groups of trace fossils: Domichnia or 
dwelling burrows; Fodinichnia or feeding burrows; Pascichnia or feeding trails; 
Repichnia or crawling trails; and Cubichnia or resting tracks. Dwelling burrows 
are generally single entities, either straight or curved in a simple manner (Pl. 
41-45). Feeding burrows are complex, commonly compound or highly sinusoidal 
(Pl. 93D). Feeding trails are generally strongly sinusoidal and cover a high 
proportion of the area of sediment in the vicinity of the burrow. Crawling trails 
are random or linear, commonly representing the shortest distance between two 
points on the surface of the sediment (Pl. 93A, B). Resting tracks are generally 
discrete impressions which may closely reflect the ventral morphology of the 
organisms (Pl. 94A, E). 

Trace fossils may be expressed in the sediment in a number of ways (Seilacher, 
1964b). Semi-reliefs are expressed as sculptures on sedimentary interfaces. They 
may be convex or concave, and are termed epireliefs if they occur on the top sur•
face of a bed and hyporeliefs if they occur on the sole of a bed. Most feeding trails, 
crawling trails, and resting tracks are preserved in this manner. Full reliefs are 
discrete bodies such as coprolites or open burrows. Features preserved within a 
bed by deformation of original laminae or by packing of sediment are termed bio•
deformational structures. Many dwelling burrows and feeding burrows are pre•
served in this manner. 

The mode of preservation of the trace fossil is also important (Seilacher, 
1964b). Traces may be preserved by (a) covering with a sediment different from 
that in which the burrow occurs (termed exogenic preservation); (b) stuffing of a 
different sediment into the burrow by the organism; (c) the pressing in of sediment 
from above where the burrow is along a sediment interface (endogenic preserva•
tion); or (d) excavation of an original burrow and the formation of a mould of the 
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excavation feature by deposition of a contrasting type of sediment (pseudexogenic 
preservation). In addition, surface traces may be reflected for several laminae 
beneath the sediment surface by indentations (endogenic preservation). Further•
more, burrows stuffed with sediment which is rendered cohesive by the presence 
of organic material may be excavated and the stuffings concentrated on the eroded 
surface of the sediment and subsequently buried (exogenic preservation). Diffe•
rences between the trace fossil and its surroundings may of course be accentuated 
by diagenesis or weathering. 

One type of trace fossil which does not find a place in Seilacher's classification 
is that formed by accretion in place at the water-sediment interface. This type of 
trace fossil, exemplified by stromatolites, is formed by the upward growth of an 
organism which entraps sediments in its interstices and then decays, leaving only 
a characteristic lamination as evidence of its presence. 

Pryor (1967) has shown how crawling trails of molluscs on recent point bars 
are related to the location of the organisms as the water level starts to fall. Those 
trapped in billabongs make random traces, whereas those on the foreshore leave 
long straight traces perpendicular to the shore, as they follow the lowering water 
level. 

Fig. 4 (opposite). Use of trace fossils as indicators of erosion and deposition. 
(after Goldring, 1964). 

The amount of sedimentation or erosion is indicated by the adjustment to depth and mode 
of preservation of various species. Heights of solid arrows show amount of sedimentation or 
ero~ion. 

( 1) Movement pattern of burrowing pelecypod with single siphonal opening, e.g. My a (after 
Reineck, 1958). With rapid sedimentation (b) organism migrates towards surface, leaving 
infilled burrow of same breadth as shell. With degradation of surface (c) organism migrates 
downwards, leaving burrow of same breadth as shell. 
(2) Movement pattern of polychaete worm, e.g. Nereis (after Reineck, 1958) . Older 
colonized surface (a) is rapidly covered by sediment (b and c) and during deposition of 
sediment, paths of escape are directly upwards. New colonization surface (c) with irregular 
burrows. Burrows in (a) and (c) generally mucus lines; in (b) unlined. Similar pattern 
observed by author [Goldring] in sands of Bagshot Beds (Eocene) at Bramshill (SU 756610). 
(3) Movement pattern of organism dwelling in single tube, e.g. Cerianthus (after Schafer, 
1956). With sedimentation, the coral moves upwards leaving an infilled burrow. A similar 
pattern might be expected in traces attributed to Skolithos and Monocraterion. 
( 4) Movement of Asteriacites lumbricalis (after Seilacher, 1953); (a) with sedimentation 
the ophiuroid migrates upwards in stages (i-iii), and (b) combined plan of all impressions. 
(5) Preservation pattern of Chondrites (after Simpson, 1957). The tunnel system (a) is 
infilled (b) following a change in the type of sediment being deposited (bed-junction preser•
vation). Slight degradation of the surface (c) removes the-· proximal shafts before further 
sediment, of a different type, accumulates (concealed bed-junction preservation). Renewed 
degradation of the surface winnows away the sediment, leaving the mucus-lined infilled 
tunnels as burial preservation (d). 
( 6) Preservation pattern of Arenicolites curvatus (after Goldring, 1962). The sedimentary 
surface with the open U-tubes (a) has been degraded (b), the mucus-cemented tube fragments 
accumulating in an intraformational conglomerate; sediment has filled the tubes in (b). 
(7) Movement pattern of Diplocraterion yoyo (after Goldring, 1962). In the Upper Devonian 
Baggy Beds of north Devon, this trace occurs in the various types shown in (F), where all 
have been truncated to a common erosion surface. It is considered that repeated phases of 
erosion and sedimentation led to the development of the various types. Stage (A), develop•
ment of burrow ( 1). With degradation of the surface, this tube migrates downwards, and at 
intervals, new tubes (2 and 3) are constructed (B and C). Sedimentation follows (D and E) 
but some of the tubes are abandoned. Stage (F), all tubes are abandoned and erosion reduces 
them to a common base. 
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In addition to providing evidence of the behaviour of organisms, trace fossils 
may indicate the extent to which upbuilding of the sediment was interrupted by 
erosive phases (Goldring, 1964). Figure 4 shows how trace fossils may be used in 
this way. 

PLANT ROOTS 

Plant roots (Pl. 63) are fairly common in mudstones that originally were 
alluvial flood plain and coastal marsh sediments. They are easily distinguished 
from organism borings by their carbonaceous remains, branching characteristics, 
and lack of disturbed bedding features commonly associated with such borings. 
Plant roots may signify a disconformity, nonmarine hiatus, or interfingering non•
marine sediments in a typical inner-neritic marine sequence. 

The pattern of development of a coastline can change markedly over a period 
of a few thousand years. These changes can result from the accretion or subsidence 
of a delta, or transgression and regression of the sea caused by crustal movements 
and compaction of the sedimentary pile. Such geologically rapid variations can 
be observed geographically only as individual frames in a motion picture; but the 
changes that have gone before are recorded in the vertical sequence and lateral 
distribution of the sedimentary section. Where a marine fauna is vertically separated 
from plant roots by a few feet, the beds may give the impression of being entirely 
marine, and the fact that they were actually deposited as coastline sediments may 
pass unrecorded. The recognition of such sediments is particularly important in 
the interpretation of subsurface data, because coastlines are favourable areas for 
the development of barrier islands, bars, and other sand bodies which may 
subsequently form reservoirs for oil or gas. 

COPROLITES 

Coprolites (Pl. 47) are fossil faeces, and are rarely sufficiently well preserved 
to be recognized. In marine environments an abundance of faecal matter is 
deposited or excreted on the sea floor or in the upper few inches of sediment; but 
much of this is destroyed by scavengers, or is poorly preserved. Some glauconite 
pellets are considered to be of faecal origin, and to have formed by the alteration 
of clay minerals originally in the faeces. Other faecal remains may be phosphatic. 

Coprolites recognized as the fossilized faeces of amphibians and reptiles are 
comparatively common in some beds, particularly those of Tertiary age. These may 
be egg-shaped, mound-shaped, or sinuous, some of the latter showing corrugations 
but rarely striations. Other coprolites found in Tertiary and younger beds may have 
been the faeces of mammals. The preservation of reptilian and mammalian ,faeces 
indicates excretion in an environment where rapid burial by fine-grained sediment 
is possible, such as on coastal, lake, and river mudflats. River mudflats are 
particularly favourable environments as they are periodically flooded and covered 
with new layers of mud and silt. 

ALGAL STRUCTURES 

Algal structures (stromatolites) (Pl. 31-33) commonly appear as laminae, 
columns, or both (Maslov, 1960). The laminae may be more-or-less parallel and 
wavy, or concentric and cabbage-like in structure. The columns may be well 
defined, or barely discernible, and commonly show a polygonal pattern. This 
polygonal pattern can be seen on present-day algal flats (Pl. 34). 
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Such features may indicate the presence of reefs or a depositional environment 
of carbonate or noncarbonate coastal mudflats. Commonly, such mudflats are 
formed where the coastal landmass has very low relief. They are associated with 
lagoons, nearshore bars, and barrier islands. 

Where the algal mudflats are calcareous they may be predominantly dolomitic, 
or show layers of variable dolomitic content. Where alternating thin layers of 
primary dolomite and limestone occur, the limestone is more fossiliferous than the 
dolomite and represents conditions of open circulation of sea water. The dolomite 
represents conditions of restricted circulation, and may contain casts of thin 
gypsum plates. Tracks of reptiles have also been found in this type of dolomite. 

Where the algal mudflats are noncalcareous the beds are commonly finely 
stratified, the laminae being subparallel and wavy. Root structures are common. 
This type of stratification forms on tidal flats bordering tidal marshes. The uneven 
stratification is probably the result of variable deposition of mud trapped by sedges, 
halophytes, and algae. This type of environment is found along the North Sea 
coast of the Netherlands and in many other parts of the world. Between the low•
tide level and the marsh there is usually a zone where only algal mats grow. 
Slightly higher than the normal high-tide level, and in some places extending inland 
for miles, are fiats covered mainly with sedges and halophytes. These areas are 
inundated during periods of exceptionally high tide, and during storms. The 
vegetation traps mud and silt and eventually forms irregular laminations similar 
to those formed in the algal fiat environment, but characterized by abundant 
carbonaceous matter. These deposits may be vertically separated by only a few feet 
from muds containing brackish-water or marine Foraminifera, and may be cut 
by linear bodies of sand deposited by river distributaries. 

BURROWS 

Marine worms, pelecypods, and crabs are well known burrowing organisms. 
These animals tend to live in colonies in particular ecological environments, but 
different species may choose different environments. Certainly such colonies are 
common in littoral environments, but no limiting depth is known. Some ancient 
forms of tubular structures, such as Skolithos (Pl. 41-42), are similar to reef•
forming marine worms living today in intertidal zones. Others that formed U-shaped 
burrows may have lived in similar conditions to those of the present-day lugworm 
found in muddy sand beaches. 

Mounds and depressions on the beach surface mark the burrows of lugworms 
(Pl. 72). At the head end of the burrow, which is depressed, the lugworm ingests 
sand. This is passed through the body of the worm and ejected as a mound of sand 
at the tail end of the U-shaped burrow. Lugworms belong to the genus Arenicola 
and have a world-wide distribution. They commonly inhabit the intertidal zone, 
and different species show preference for sand or mud. As many as 200 individuals 
of smaller species can form burrows in one square yard. Not all species form 
U-shaped burrows, and some curved burrows are 2 feet in length. 

Burrows made by crabs are also common in the intertidal zone (Pl. 44). The 
recognition of ancient crab burrows depends on associated evidence rather than on 
the shape of the burrow itself. The origin of many burrows is unrecognized, and 
one can only surmise that they were formed by crustaceans (Weimer & Hoyt, 
1964). Where such burrows are in a sandstone bed with shell debris of the type 
found in a littoral environment, and particularly where such a bed is underlain or 
overlain by coastal marsh, lagoon, or bay deposits, the evidence can be taken as 
indicating an intertidal beach environment. 
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Pelecypods form burrows which in some cross-sections may present crescent•
shaped structures formed by back-filling during construction of the burrow. Some 
sediment may be so completely worked over in this manner that individual burrows 
are not readily seen and the sediment has a churned appearance devoid of 
stratification. This type of burrowing is common in nearshore environments, and 
in coastal bays, but cannot be confined to the inner neritic zone. 

CHURNED BEDDING 

The term churned bedding (Pl. 55) implies reworking of sediments by boring 
organisms, principally molluscs and worms. Where deposition of sediment is com•
paratively slow or discontinuous, and where there is little or no redistribution of 
sediments by wave and current action, the laminations in a sediment may be 
disturbed in varying degrees by the action of bottom-living organisms. Molluscs 
and some marine worms bore into the sediments and deposit mounds at the tops of 
their burrows. Other marine worms eat their way through the sediment and leave 
behind tubular or pelletoid faecal remains. When seen in cores of unconsolidated 
sediment such mounds may appear as irregular blobs, commonly more sandy than 
the matrix, and associated with recognizable borings. Disturbance of the bedding 
ranges from the local effect of a single bore to swirled, streaked, and irregular 
variations that give a churned appearance to the sediment and finally to homo•
geneous sediment in which the original laminations have been completely destroyed. 
Compaction of the sediment further distorts these structures. 

Churning of the sediment is yery common in bays and lagoons, but occurs at 
all known depths of the ocean floor. Consequently, interpretation of depositional 
environment must be determined on the basis of the fauna contained, and on the 
assemblage of lithology and sedimentary structures with which the churned bedding 
is associated. 

In core, churned bedding may be confused with disturbance caused by 
slumping; but careful examination will show that churned bedding has no folded 
laminae, has a mottled or mixed appearance, and commonly contains visible 
borings. In most examples, churned bedding probably indicates a marine environ•
ment. However, some present-day insects bore holes in river muds and silts; and 
freshwater pelecypods such as Unio have existed in lakes and rivers since early 
Cretaceous time. Interpretation requires caution, and must be based on a considera•
tion of all observable features in a stratigraphic sequence. 

ORGANISM TRAILS 

Present-day organism trails can be found in nonmarine and marine sediments 
deposited at all known depths. The tracks commonly form depressions which may 
be preserved by filling in of the overlying layer of sediment (Pl. 92-94). Where 
currents sweep the ocean floor the original tracks may not be preserved; but if the 
sediment is finely laminated the tracks may be impressed on underlying laminae 
which are preserved. Identification of tracks is often uncertain. Those generally 
referred to as worm tracks may in fact be tracks of gastropods. Tracks 
called Cruziana (PI. 94) are believed to have been made by crustaceans, and those 
called Neonereites (PI. 93A, B) have, it is inferred, been made by arthropods, 
presumably trilobites. Classification of such imprints is based on their morphology 
rather than their origin; and although the identity of some can be recognized with 
a fair degree of certainty as being the tracks of king crabs, or the burrowing 
imprints of crustaceans, the majority are problematical. But even if other tracks 
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could be recognized as those of worms, sea cucumbers, starfish, sea urchins, or 
gastropods, the identity would give no clue to depositional environment as these 
organisms live within a great depth range. 

Many tracks are made by the grazing organisms, and morphological studies of 
the patterns of such tracks, related to those of present-day organisms, may eluci•
date certain environmental details. Reference has been made to the prevalence of 
sinuous tracks in flysch-type sediments, but this does not preclude the possibility that 
they may be found in abundance in deltaic sediments. Insects, particularly those 
with wings, make branching tracks on river and delta distributary mudflats, and 
these may be preserved with those of other organisms in the geological record. 

DIAGENETIC STRUCTURES 
The chief processes operating in the formation of diagenetic structures are solution, 
deposition, and replacement. Solution may take place in association with directed 
pressure forming such structures as cone-in-cone and stylolites. Alternatively, it 
may occur under simple confining pressure, in which case porosity results. Deposi•
tion of material within a sediment may result in mottling, expressed either by colour 
changes or by changes in crystallographic orientation of the precipitated mineral 
(lustre mottling), or it may give rise to well defined anhedral or euhedral concen•
trations of particular minerals. These concentrations may push aside the containing 
sediment or may impregnate and include the containing sediment. Replacement 
may pseudomorph pre-existing structures, or result in new, irregularly shaped, 
structures. 

In the case of structures formed by solution it is important to note the identity 
of the minerals which have been dissolved, as this sets limits on the chemical 
conditions obtaining during this phase of diagenesis. Likewise, the mineralogy of 
structures formed by deposition is important in elucidating the chemical history 
of the depositional phase of diagenesis. Diagrams showing the stability fields of 
certain minerals in terms of the limiting Eh and pH conditions of their formation 
have been constructed (Teodorovich, 1954; Garrels & Christ, 1965). 

Little is known of the reasons underlying the wide variety of forms that 
diagenetic depositional structures may assume. Pettijohn (1957) has discussed the 
matter as it applies to sediments. Baranov (1961) has proposed a comprehensive 
classification of concretions based on their shape. Brewer (1964) provides a com•
prehensive description and nomenclature for depositional structures in soils. The 
soil features are so like the sedimentary structures that they can generally share the 
same nomenclature. 

Structures consisting of mineral euhedra that did not form in open cavities in 
the rock or by pseudomorphism presumably formed soon after the rock was de•
posited, since the confining pressure must have been less than the crystallization 
pressure needed to maintain crystallographic growing faces. In particular, the 
generally low degree of compaction of the sand grains in both sand crystals and 
lustre-mottled sandstone suggests early diagenetic growth of the new phase. 
Lazarenko & Matkovskii (1961) have examined the nature and origin of sand 
crystals in some detail. 

SOLUTION FEATURES 

Cone-in-cone structures (Pl. 57) occur in thin limestone beds, and in calcareous 
concretions in mudstone or shale (Usdowski, 1963). They have also been reported 
in coal (Bartrum, 1941). The cones are commonly of calcite fibres which internally 
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are aligned parallel to the axes of the cones; but cones can also be of siderite and 
gypsum. It is believed that the fibres grew before the cones were formed and are 
responsible for their development (Pettijohn, 1957). Various theories have been 
advanced to explain the development of cone-in-cone structures, and it is generally 
believed that the structures are produced by pressure. Pressure exerted on a fibrous 
peripheral layer surrounding a growing concretion or nodule probably causes solu•
tion along conical shear surfaces. Such solution may be responsible for the annular 
corrugations and clay films separating the concentric cones. Cone-in-cone structures 
may be related in manner of origin to the pressure-solution phenomenon responsible 
for stylolites. Gilman & Metzger (1967), however, suggest an outward growth of 
cone-in-cone concretions related to the inversion of an original syngenetic aragonite•
vaterite concretion. 

Stylolites (Pl. 56B) are considered by some geologists (Shaub, 1939) to be 
primary structures formed in the sediment before consolidation; but most geologists 
(see Park & Schot, 1968, for an excellent resume) consider stylolites to have formed 
after lithification, and therefore to be secondary structures produced by differential 
solution of material along a parting or fracture in the rock. The surface of the 
stylolite is usually marked by a residual deposit, commonly of dark grey 
argillaceous or carbonaceous material. 

A well developed stylolite may appear as a paper-thin irregular argillaceous 
parting. Stylolites are fairly common in hard well cemented sandstones, in hard 
limestones, and in dolomites. 

Certain pebbles in conglomerates, particularly chert pebbles, show shallow 
ovate pits on their surface and are termed pitted pebbles. These pits transect the 
abraded surface of the pebbles and clearly were formed after deposition. They are 
formed by solution at the points where pebbles press against each other during 
compaction of the sediment. The same type of post-depositional pitting is recorded 
for quartz sand grains (Radwanski, 1965). 

Porosity (Pl. 64-65) is expressed as the percentage pore space in a rock. The 
pore space can be defined as intergranular, vugular, or fracture porosity. It can also 
be defined as primary or secondary. A clean beach or river sand composed of 
uncompacted well rounded grains will have a porosity of about 40 percent. 
Compaction, without crushing the grains, will reduce the porosity to about 30 
percent. The closest possible packing of spheres has a rhombohedral arrangement 
and a porosity of 27 percent. Obviously, no natural sand can attain this degree of 
tightness. 

Most sands are not clean; they have variable amounts of silt and clay in the 
interstices, which tend to plug the pore space and reduce the primary porosity. 
Quartz sands are commonly cleaner than lithic sands, and are not as easily com•
pacted. Under stress, the grains of rock, feldspar, and ferromagnesian minerals in 
lithic sand tend to fracture, and subsequently to form alteration products, thus 
reducing the porosity. Quartz grains do not fracture so easily, but part of the 
intergranular space is commonly filled with quartz or calcite. 

Vugular porosity (Pl. 64A, B) is apparent in most dolomites of secondary 
origin. The conversion of limestone to dolomitic limestone and dolomite results 
in a decrease of volume and the formation of vugs of variable size. Porosity of 
this type can be designated as pin-point or vugular porosity, depending on the size 
of the voids. This type of porosity is commonly associated with stylolites. Fracture 
porosity is also secondary. Primary porosity is evident in the spongy texture of 
some limestones 
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Porosity can be designated as total or effective, the latter being only the 
percentage of interconnected porosity. Effective porosity is an important factor 
in the degree of permeability of a rock. Permeability is defined as the ability of a 
fluid to move through the rock. 

Openwork conglomerate and clean highly porous sands indicate a high-energy 
environment such as a beach subject to wave action, or a stream bed scoured by 
a strong current. 

An intermediate position between solution and deposition structures is occupied 
by certain geopetal structures that consist of a cavity, the lower part of which is 
filled with infiltrated 'internal sediment' with a flat upper surface above which is 
chemically precipitated material, commonly sparry calcite. The cavity may be 
primary, e.g. the body cavity of a brachiopod or an intergranular pore, or it may 
result from solution. These geopetal structures are most common in limestones. 
The interface between the two parts of the fill defines the horizontal at the time 
of their formation. Wolf (1965) and Broadhurst & Simpson (1967) have described 
such structures and discussed their origin and use. 

DEPOSITIONAL STRUCTURES 

Crystal casts (Pl. 89-91) most commonly observed were originally of salt, 
gypsum, or pyrite. Casts of glauberite and other minerals are also known, and 
probable casts of ice crystals have been described. Pseudomorphs of siderite after 
glauberite, called glendonites, occur in the Conjola Formation (Permian) of New 
South Wales. Some of these casts have obvious environmental significance. Gypsum 
and salt crystals are formed in intertidal carbonate mudflats such as those of the 
Persian Gulf (Illing, Wells & Taylor, 1965), and clusters of gypsum crystals can 
be dredged from the sea floor in the lagoons behind the barrier islands of the Gulf 
of Mexico. These indicate salinities higher than those of the open sea and show 
that certain minerals, such as gypsum, can form under submarine or subaerial 
conditions. In this respect, glauberite is probably in the same· category as gypsum, 
but is believed to indicate colder water. 

Crystal casts can be found in marine and nonmarine sediments. In marine 
environments, crystals of gypsum are certainly formed in areas of restricted 
circulation such as enclosed bays and lagoons, and also on intertidal mudflats in 
warm climates; but whether they also form in certain parts of the open sea is not 
known. Salt casts are probably restricted to mudflats periodically inundated with 
salt water, as suggested by their common association with mud cracks. In a non•
marine environment, gypsum, salt, and other crystals of soda and potash can form 
in the mudflats of salt lakes subject to periodic desiccation. Where crystals of 
gypsum or glauberite grow in clusters in the mud, their radial orientation upward 
indicates the top of the bed. 

The significance of ice-crystal imprints (Pl. 89) is obvious as they can only be 
formed in sediment exposed to the air. They are commonly formed in the mud•
flats of Jakes and rivers, but can also be formed in the parts of a marine mudflat 
above the zone of wave action. 

Pyrite and marcasite crystals (Pl. 59C) form under reducing conditions, com•
monly during consolidation of the sediment. They are prevalent in black organic•
rich shales that appear to have been deposited under anaerobic conditions in what 
has been referred to as a euxinic environment. In the context of this manual, the 
term euxinic carries no implication of depth of water and could refer to parts 
of an abyssal plain or to a shallow restricted lagoon. Pyrite is so generally present 
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in sediments that it can be regarded as significant only when abundant. Pyrite casts 
can be mistaken for salt casts, but the latte_r form hollow-faced cubes. 

Unconformities may be indicated by claystones and siltstones that show colour 
mottling (Pl. 46A) but are otherwise homogeneous in texture. The mottling 
commonly appears as variations of reddish grey or reddish brown, and is inter•
preted as representing the oxidized zone of an ancient soil or subsoil. The rock 
may also show the remains of plant roots. 

These fossil soils and subsoils, commonly ranging in thickness up to 20 feet , 
were probably formed as floodplain deposits in river valleys or deltas. Where a 
mottled bed lies between sequences of different age, an unconformity is apparent 
and the origin of the mottled beds is in little doubt. But where there is no obvious 
unconformity, the evidence for a hiatus may in large part depend on the presence 
of a bed interpreted as a fossil soil zone. Mottling may be the main mesoscopic 
evidence of an ancient soil, though some fossil soils may not be mottled. 

Mottled or gleyed subsoils (Pl. 46B) are not uncommon in contemporary 
soils, and vary considerably in colour. The most common pattern is probably in 
reds and yellows with minor drab areas. This type reflects a predominance of 
oxidation. Less commonly the subsoil is predominantly grey, green, or blue, with 
orange patches, indicating that a reducing environment predominated. Most gley is 
related to periodic waterlogging. 

Care should be taken in interpreting mottled zones, particularly in surficial 
deposits, as there is a type known as 'pseudo-gley' or 'perched gley', which is related 
to changes in permeability at some depth below the solum in alluvial sediments. 
This does not represent a buried soil. 



Analysis of Depositional Environments 

From what has gone before it will be seen that few sedimentary structures are 
confined to particular environments. If environmental interpretation is to pro•
ceed, reliance must be placed on more than single sedimentary structures, and 
three approaches have been developed. 

ASSOClA TlONAL ANALYSES 

The first approach takes into account such features as gross lithology of the 
sequence, character of the sedimentary structures, mineral content, and fossil 
assemblage (keeping in mind the possibility that fossils may be reworked). We 
have provided in Table 10 a key showing how these ancillary features may be 
used to assist in the determination of depositional environments. 

TABLE 10. KEY TO DEPOSITIONAL ENVIRONMENTS 
GROSS LITHOLOGY OF STRATIGRAPHIC SEQUENCE (several hundred feet) 

PREDOMINANTLY LIMESTONE SECTION 

Fossils (as for sandstone section). 

Massive Beds (entirely limestone, or dolomitic limestone): 
1. Bedding indistinct or not apparent when seen at close hand: 

(a) contains fossil fragments-probably marine; 
(b) hand lens show granular fabric-marine; 
(c) contains abundant smooth-shelled ostracods and spores-Tzo!lmarine. 

Layered Beds (limestone, or dolomitic limestone, and mudstone, siltstone or sandstone): 
1. Limestone layers are massive (see above): 

(a) associated layers are coaly or carbonaceous-probably nonmarine; 
(b) associated layers are fossiliferous-probably marine. 

2. Limestone layers are cross-bedded-marine (shallow-water carbonate shoal). 
3. Alternating limestone and dolomite-probably indicates primary dolomite deposited on 

a marine tidal flat under conditions of restricted circulation (dolomite), alternating 
with unrestricted circulation (limestone). 

PREDOMINANTLY SANDSTONE SECTION 

Fossil assemblage 
1. Marine fauna (ammonites, belemnites, brachiopods, calcareous forams, etc.). 
2. Transitional fauna and flora (acritarch hystrichosphaerids, smooth-shelled ostracods, 

abundant spores, arenaceous forams, etc.). 
3. Nonmarine fauna (some pelecypods and gastropods, etc.). 
4. Flora: 

(a) large, well preserved fragments- nonmarine or nearshore marine; 
(b) comminuted fragments- probably marine, but can be nonmarine. 

53 
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TABLE 10-continued 

Homogeneous Section (entirely sandstone, little apparent variation in grainsize): 
1. Bedding indistinct or not apparent when seen at close hand- probably marine. 
2. Bedding planes intersect at angles of less than 10° -probably marine. 

Heterogeneous Section (sandstone and siltstone, easily discernible variation in grainsize): 
1. Parallel bedding-probably marine, but could be nonmarine (freshwater lake). 
2. Graded bedding- probably marine (oceanic or bathyal) turbidite but could be non•

marine (freshwater lake). 
3. Large-scale cross-bedding (sets exceeding 3m in thickness): 

(a) high angle (up to 45°), trough-shaped (festoons)-aeolian (sand dunes, probably 
barchans); 

(b) high angle (20o -30°), trough-shaped or irregular, pebbly-alluvial (flood-channel 
deposit); 

(c) high angle (up to 35 o), wedge-shaped or tabular, with cross-strata subparallel to 
lower bounding surface of sets-aeolian (probably seif dunes); 

(d) Predominantly low angle (up to 15°), wedge-shaped or tabular, with some large 
troughs; cross-strata subparallel to lower bounding surface of sets-marine 
(beach) . 

4. Medium-scale cross-bedding (sets 5 em to 3m thick): 
(a) high angle (20°-30°), planar type with foreset beds dipping more-or-less in same 

general direction-alluvial (point bar); 
(b) high angle, herringbone type-marine (tidal channel); 
(c) high angle, festoon type, amplitudes of ripples (i.e. thickness of each bed) 2-3 feet 

-alluvial (point bar); 
(d) low angle (less than 10°)- marine (coastal sands) but can be nonmarine (lake 

deposit). 
5. Small-scale cross-bedding (sets up to 5 em thick): 

(a) tabular, chevron type-marine (tidal channel); 
(b) ripple-shaped, or small troughs; often in cosets-nonmarine (fluvial-upper parts 

of point bar), or marine (bathyal-middle part of turbidite). 

Conglomeratic Beds (pebbly sandstone with lenses of conglomerate): 
1. Sandstone layers show high angle (20°-30°) cross-bedding-nonnwrine (alluvial 

point bar or alluvial fan); 
2. Sandstone layers show low angle (less than 10°) cross-bedding--probably marine 

(beach deposit), but can be nonmarine; 
3. Conglomerate visibly lenticular, sandstone layers show graded bedding. no alignment 

of pebbles-probably nonmarine (lake deposit), but can be marine (continental slope 
turbidite); 

4. Conglomerate lenses show cut-and-fill relationship-nonmarine (alluvial point bar 
or fluvial fan deposit in lake); 

5. Conglomerate lenses show imbrication of pebbles- probably nonmarine (alluvial 
point bar or lake beach), but can be marine (beach); 

6. Sandstone layers and conglomerate lenses are poorly defined and poorly sorted, pebbles 
are angular to subrounded- probably nonmarine (fluvial fan) . 

PREDOMINANTLY MUDSTONE SECTION 

Fossils (as for sandstone section). 

Homogeneous Section (entirely mudstone): 
1. No coal seams or carbonaceous layers: 

(a) bedding indistinct or not apparent- probably marine (churned by organisms), but 
can be nonmarine (fossil soils); 

(b) thin-bedded or laminated- probably marine (pro-delta) but can be nonmarine 
(lake deposit); if black, may indicate restricted circulation (shallow bays, lagoons); 

(c) varicoloured layers- probably nonmarine (lake and flood plain deposits) , 
2. Thin coal seams and carbonaceous layers: 

(a) thin-bedded- nonmarine (lake-shore swamp deposits), but may be transitional 
(deltaic coastal swamp) with thin marine beds. 
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TABLE 10-continued 
Heterogeneous Section (mudstone with siltstone layers): 
1. No coal seams or carbonaceous layers: 
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(a) thin-bedded-probably marine (close to a delta), but can be nonmarine (lake 
deposit); 

(b) thin-bedded showing graded bedding-probably marine (deep water turbidite), 
but can be nonmarine (lake deposit); 

(c) varicoloured layers-probably nonmarine (lake and floodplain deposits). 
2. Thin coal seams and carbonaceous layers (as for 2 (a) above). 

PREDOMINANTLY SANDSTONE AND MUDSTONE SECTION (individual beds of sandstone and 
mudstone are several feet thick) 
Fossils (as for sandstone section). 
Individual bed massive: 
1. Massive sandstone: 

(a) mottled, with organism borings marine, probably a coastal sand; 
(b) mottled, silty, with carbonized plant roots-nonmarine (possibly a soil zone); 
(c) fine to medium-grained, grain gradation, where discernible, from finer below to 

coarser above-marine (probably a shoreline fringing sand such as the offshore 
part of a beach, bar or barrier island). 

2. Massive mudstone: 
(a) mottled, with organism borings--marine (probably delta bay or lagoon, but if 

associated sandstones show graded bedding may be abyssal trough deposit); 
(b) mottled, with plant roots-nonmarine (probably alluvial flood plain) or 

transitional (coastal marsh) ; 
(c) indistinct bedding, no colours or textural variations-probably nonmarine (lake 

deposit or wind-blown dust). 
Individual bed layered or laminated (alternative layers of silty sandstone and sandstone, 
or silty mudstone and mudstone): 
1. Parallel Bedding: 

(a) parallel layers and laminae-probably marine (pro-delta, or deepwater trough 
deposits), but can be nonmarine (lake or river floodplain deposits); 

(b) irregular layers and wavy laminae: 
(i) wavy laminae of mudstone and siltstone-probably transitional (algal mud•

fiat exposed at low tide); 
(ii) wavy laminae of mudstone and siltstone with plant roots-probably 

transitional (coastal tidal marsh) ; 
(c) disturbed layers with organism burrows-marine (probably inner neritic). 

2. Graded Bedding: 
(a) in silty sandstone and sandstone, associated with flute moulds, flame structures-•

probably marine turbidite (probably deposited near mouth of submarine canyon), 
but could be nonmarine lake turbidite; 

(b) in silty mudstone and mudstone, as above-marine turbidite (probably deposited 
on floor of submarine trough or plain); 

(c) in silty sandstone and mudstone without flute moulds, groove moulds, or disrupted 
bedding--could be marine, but probably nonmarine turbidite (formed under 
conditions of stron~ an<I1 waning currents, such as periodic dumping of sediments 
into a: lake by a ~boded river, or periodic variations in strength of ocean-floor 
currents in are\ls /of sediment supply). 

3. Cross-bedding (see Predominantly Sandstone Section, above). 
4. Convolute Bedding: 

(a) tops of convolutions truncated, commonly associated with graded bedding, groove 
moulds, and flute moulds-probably marine turbidite, bu~ could be nonmarine 
lake turbidite (see 2 (a) above) ; 

(b) convolutions die out above and below-probably marine, but could be nonmarine 
lake deposit (caused by intraformational deformation in a cohesive slumping sheet 
of sediment). 
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TABLE 10--continued 
5. Contorted Bedding: 

(a) intense local crumpling associated with small-scale cross-bedding-probably non•
marzne (hydroplastic slumping of wet sand in river point bar deposits); 

(b) deformation of a particular layer-probably marine, but could be nonmarine 
la.ke deposit (uneven slumping of non cohesive sheet of sediment). 

LITHOLOGY OF HAND SPECIMENS AND DRILL CUTTINGS 

Limestone (nonargillaceous) 
1. With sparry cement: 

(a) intrasparite, biosparite, and calcirudite equivalents-shallow marine; 
(b) oosparite and pelsparite-sha/low marine carbonate shoal, rarely nonmarine. 

2. With micrite (calcilutite) matrix: 
(i) arenaceous types (e.g. biomicrite, pelmicrite )-predominantly shallow 

marine, quiet water; 
(ii) lutaceous types (micrite, fossiliferous micrite )-marine, rarely nonmarine. 

Limestone (argillaceous) 
1. Dark grey to brown, carbonaceous-nearshore marine (inner neritic) , can be non-

marine. 
2. Light to dark grey, noncarbonaceous-marine (outer neritic). 
Sandstone 
1. Fine to medium-grained (may show upward gradation from finer to coarser), sub•

rounded, moderately sorted, nonargillaceous-marine (inner neritic) coastal sands. 
2. As above but may show graded bedding-marine (outer neritic to bathyal) turbidites. 
3. Fine to coarse-grained (commonly shows upward gradation from coarser to finer), sub•

angular to subrounded, poorly to moderately sorted, argillaceous, commonly carbon•
aceous-nonmarine river sands. 

Mudstone 
1. Dark grey, calcareous, noncarbonaceous-marine (neritic or continental shelf, and 

oceanic or continental slope). 
2. Dark grey to brown, noncalcareous, carbonaceous-nearshore marine, or partly non-

marine, or nonmarine. 
3. Greenish grey, calcareous-marine. 
4. Olive green to olive brown-marine (neritic to bathyal) rarely nonmarine . 
5. Reddish to reddish brown, noncalcareous-nonmarine, rarely marine. 
Organic Content 
Fauna 
1. Macrofauna-marine (ammonites, belemnites, brachiopods, crinoids, starfish, some 

pelecypods, etc.) or nonmarine (some gastropods, pelecypods, etc.). 
2. Microfauna-this may not be definitive because acritarch hystrichosphaerids, 

arenaceous foraminifera, and smooth-shelled ostracods can be found in abundance in 
transitional environments characterized by brackish water, coastal bays and lagoons. 
Abundant calcareous foraminifera commonly indicate marine conditions. 

Flora 
1. Well preserved flora (ferns, cycads, angiosperms, etc.)-nonmarine and transitional. 
2. Macerated flora (finely disseminated carbonaceous particles)-probably marine but 

could be nonmarine. 
3. Coal beds-transitional (coastal swamp), or nonmarine. 
4. Abundant spores-commonly nonmarine, or transitional. 

Mineral Content 
1. Glauconite 

(a) scattered pellets-probably marine (neritic), but may be marine (bathyal) because 
of resedimentation. 

(b) abundant (greensand)-marine (neritic). 
2. Mica flakes (in siltstone and shale)-nonmarine (alluvial), or marine (pw-delta 

environment). 
3. Authigenic K-feldspar in arkose and subarkose-probably marine. 
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Alternatively, one may use empirically determined associations of sedimentary 
structures neglecting the interrelationship between various structures or between 
rock-types and structures. The method is most commonly used only for making 
gross distinctions between deep-water, shallow-water, and subaerial environments. 

Analysis by means of associations of structures goes back to Chamberlin 
{1914). Bailey (1936) used them in recognizing the existence of two distinct facies 
of sandstones, one characterized by cross-stratification and the other by graded 
bedding. Rich (19 51) recognized three distinct environments and facies, termed 
the unda, clino, and jondo, on the basis of lithology and bedding. The environ•
ments correspond, in part, with the continental shelf, continental slope, and abyssal 
plain plus continental rise. The sediments of the unda environment (undathem) are 
sandy or coarser, and have irregular sedimentation units and medium-scale cross•
stratification. The clinothem is essentially the same as flysch, with thin extensive 
laminites I of silt and fine sand with sole markings, interbedded with shale. Some 
coarser graded beds may be intercalated. The fondothem is fine-grained mudrock 
and ooze with rare bedding planes. Silts may be intercalated near the junction with 
the clinothem. 

This approach has led to the definition of two distinct arenite :>.lites 
(Packham, 1954; Crook, 1960), based on sedimentary structures, and termed the 
sandstone suite (medium to very large scale cross-stratification) and the greywacke 
suite (graded bedding with sorting improving up the bed, and laminites I). 

The distinction between flysch and molasse sequences rests on a similar basis: 
the sandstone suite is characteristic of the molasse and the greywacke suite of flysch. 
It is now generally recognized that molasse sequences and sandstone suite arenites 
are deposited in shallow water. Most workers consider that flysch sequences and 
greywacke suite arenites were deposited in deep water in environments where 
turbidity currents were active. 

Bailey's (1936) criteria for the recognition of the two facies can now be refined 
and extended. Cross-stratification is now known to occur in both of Bailey's facies, 
but its occurrence in flysch facies arenites is restricted to fine and very fine sands, 
and the cross-stratification is on a small scale and obviously related to ripple forms. 
Likewise, graded bedding is known to occur in both facies, but that in molasse 
facies is due principally to waning currents, and in most of it sorting changes only 
slightly upwards through a graded bed. 

The range of hydrodynamic and rheotropic structures that characterize various 
facies is indicated in Table 11. Botvinkina (1965) has prepared comprehensive 
charts reiating various types of bedding to particular environments. 

Biogenic sedimentary structures may also be used to differentiate distinct facies. 
Seilacher (1964a) grouped trace fossils into three facies: the Cruziana facies, 
which is probably equivalent to the molasse facies; the Nereites facies, which is 
probably equivalent to the flysch facies; and the Zoophycos facies; Details of these 
three facies are giveri in Table 12. Subsequently he extended this scheme by includ•
ing a Skolithos-Glossofungites facies, and also a Scoyenia facies of burrows in red 
beds (Seilacher, 1967). He suggested this facies series has a bathymetric signific•
ance, with the Scoyenia facies terrestrial, the Skolithos-Glossofungites facies littoral 
and tidal flat, the Cruziana and Zoophycos facies neritic (Zoophycos tending~ to 
represent deeper water), and the Nereites facies bathyal. · · 
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TABLE 11. ENVIRONMENTAL OCCURRENCE OF SEDIMENTARY STRUCTURES 
x--common r-rare 

Environment 

..!:1 
Structure 

.~ 
~ ~ ] -';:: ~ ,S!§ ...!.- .::~ 

::: <::! ...!."" "' .~ :: :::e .):l ~Sl ;g ·~ .s..s: .§ ... ~ 
ii 

~] 
:::: ~~ ..,.~ 

,;: <::! ... "' "' ..s: ti ~ ~ ~ <::s..c:> 4:~ J;,;; ~<::! ~~ \!)~ 

HYDRODYNAMIC 
Polished pebbles X r r X X 
Striated cobbles, etc. X X 
Percussion marks X X 
Faceted grains X X 
Subtriangular grains r X 
Broken rounds X X X 
Armoured mud balls X X X r 
Clay balls X X X 
Shale clasts X X X X 
Open work fabric r X X 
Closed work fabric X X X r X X X 
Bimodal fabric X X 
Diamictite fabric (incomplete 

framework) . X r X X 
Diamictite fabric (complete 

framework) X r X X 
Dropped blocks . X X X X 
Vertical clasts X 
Imbrication X X X X 
Graded bedding-sorting variable. X X X 
Graded bedding-sorting more-or-

less constant X 
Parting lineation X X X X X X 
Fossil fragment lineation X X 
Clast lineation X X X 
Laminites I X X X 
Laminites II X X X X X X X 
Small symmetrical ripples r X X X 
Small asymmetrical ripples-

parallel crests VFI < 20 X X X X X X 
parallel crests VFI > 20 X 
crescentic X 
linguoid X X 
anastomosing . X X X X 
planed r X X 

Symmetrical megaripples X 
Asymmetrical megaripples X X X X 
Longitudinal ripples X 
Small-scale cross-stratification X X r X r X r 
Medium-scale cross-stratification X X r X X r X 
Large-scale cross-stratification X X X 
Very large-scale cross-

stratification X X 
Backset cross-stratification X r 
Xi-cross-stratification X 
Current crescents X X X X 
Toroids X X 

Sand ahadows X X X X 
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TABLE 11-continued 

Environment 

~ 
Structure .. ~ ~ ~ -:: ~ ~ 

,!;!§ ...!.- 1::~ 
-S! ...!.'-' <:> 

-~ :::e -~ ~Sl -S! -5 .s: .s .§ ..::: ,.. ~ ~"'1::1 -~ ~l- -£: '-'·~ 

~ ,.::! 
.., .... ~ <:> .S! ti ~ ~ E:::§ ~ Lz:; ...;j CCI~ ~~ ~Q, 

Ridge moulds X 

Groove moulds . r X 
Slide moulds X 
Brush moulds X 
Flute moulds r r X 
Torose load casts X X 
Crescent moulds X X X X 
Prod moulds X 
Skip moulds X 
Ripple moulds X X X 
Rill moulds X X 
Fleur-de-lys structure X 

RHEOTROPIC 
Quasi-liquid-

mud and sand volcanoes X X X X 
clastic dykes X X X X X 
flame structures X X X 

Hydroplastic-
slurry-slump structures X X X X X X 
piled ripples X 
pseudonodules X 
whirl-balls X 
ball and pillow structures X X 

convolute lamination . X X 
corrugated lamination X X X X 
cusp structures X 

load casts X X X X X X 
involutions X 
vertical grain fabric X 
gas pits X 

Quasi-solid-
ice-wedge traces X 
desiccation cracks X X X X X 
synaeresis cracks X X X X 
rain and hail prints X X X X X X 
slide-slump bedding X X X 

Solid-
penecontemporaneous faults X X X X 

BIOGENIC 
Plant roots X X r X 
Coprolites X X X 
Stromatolites X X 
Dwelling burrows X X X 
Feeding burrows X X 
Crawling trails X X X X X X 
Feeding trails X X X 
Resting tracks X 
Churned bedding X X 



60 MANUAL OF SEDIMENTARY STRUCTURES 

TABLE 11- continued 

Environment 

~ 
Structure ., ~ ~ "1::: :§ ;: ~ .:: s§ ...!. .... ~ s:: <::! ...!.'-' <:> 

.~ ~ ~\5 ·'= ~~ .SJ .:: <::!-Sl .§ "' -s:: 
'" "' <> {h ·'.:: .... ;:: ·<;.~ 

·:!l "' <> <::! ... <:> <:> ~~ fi:: <::! ~ ·- s:: ~ <::!~ 4!Q !:\., '"-l E-.;<::! ~"' \.::>!:\., 

DIAGENETIC 
Cone-in-cone 
Stylolites 
Pitted pebbles 
Secondary porosity 
Crystals 
Sand crystals Non-specific 
Lustre mottling . 
Geodes 
Concretions 
Nodules 
Septaria 
Salt crystal casts X X 
Colour mottling X X 

Environmental models available X X X 



Some diagnostic trace 
fossils 

Dominant groups 

Diagnostic inorganic 
sedimentary 
structures 

Dominant lithology 

TABLE 12. FACIES BASED ON TRACE-FOSSIL ASSEMBLAGES 

(From Seilacher, 1964a) 

Nereites-Facies 

Internal, meandering pascichnia: 
1. Nereites (with lateral flaps) 
2. Dictyodora (with vertical septum) 
3. Helminthoida crassa 
4. Cosmorhaphe (plain, secondary cast) 
5. Urohelminthoida (with appendices; second•

ary cast) 
6. Paleomaeandron (secondary cast) 
7. Taphrohelminthopsis (gastropod-trail, 

stuffed) 
Spiral pascichnia: 

8. Ceratophycus ( + Spirodesmos) 
9. Spirorhaphe (secondary cast) 

Branching pascichnia: 
10. Lophoctenium (primary cast) 
11. Oldhamia (primary cast; left: Cambr.; 

right: Ord.) 
12. Paleodictyon (secondary, rarely primary, 

cast) 

Pascichnia of vagile, endobiotic deposit feeders 

Load casts, convolute lamination and other 
turbidite structures 

Lutite, alternating with graded greywacke or 
pelagic marl 

Zoophycos-Facies 

Fodinichnia: 
13. Zoophycos (only flat, non•

spiral variety) 

Fodinichnia of deposit feeders 

Bedding and lamination poor 

Impure, crumbly siltstone to 
shale 

Cruziana-Facies 

Arthropod tracks and burrows: 
14. Tracks of trilobites (left), limulids 

(right), and other arthropods 
15. Cruziana and Rusophycus (trilobite 

burrow, inverted cast) 
16. Thalassinoides, etc. (anomuran burrows) 
17. Rhizocorallium (septate burrows, prob-

ably of crustaceans) 
Cubichnia (all inverted casts): 
18. Asteriacites (of Asterozoans) 
19. left: Bergaueria; right: Solicyclus (of 

Coelenterates) 
20. Pelecypodichnus (of pelecypods) 
Septate Fodichnia: 
21. Corophioides (U-shaped with septum) 
22. Teichichnus (similar, but irregular) 
23. Phycodes (palmate) 

Cubichnia of epipsammon 
Domichnia of suspension feeders (mainly in 

shallow, turbulent zone) 
Fodinichnia of deposit feeders (mainly in 

deeper zone) 

Well sorted sandstone to shale, quartzite; 
detrital limestone to marl 

~ 
"' 
~ 
0 
~ 
~ 

~ r 
til z < 
§ 
z s:: 
~ 
~ 

0'1 -



Probable depth 

Nondiagnostic trace 
fossils 

Nereites-Facies 

Bathyal with turbidite sedimentation 

24. Chondrites (root-like, branching 
fodinichnia) 

27. M1lnsteria (stuffed linear burrows) 

TABLE 12-continued 

Zoophycos-Facies 

Sublittoral to bathyal, below 
wave base and without 
turbidite sedimentation 

25. Phycosiphon (small, looped, 
and septate fodinichnia or 
pascichnia) 

28. Fucusopsis (burrows cracking 
interface; inverted) 

30. Scalarituba ( = Neonereites; 
burrowslikeNo.l, but without 
meanders; inverted) 

Cruziana-Facies 

Littoral to sublittoral, above wave base 

26. Scolicia (gastropod trails like No. 7, 
but without meanders) 

29. Gyrochorte (positive epireliefs, repeating 
in adjacent laminae) 

~ 

~ 
~ 
t"' 

~ 

I 
~ 

~ c: 
~ 
~ 
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VERTICAL PROFILE ANALYSES 

The second approach to environmental analysis makes use of models of the vertical 
profile of sedimentation expected within a broad environment as a result of the 
spatial relationship between various subenvironments. This method rests on one 
of the classic interpretations of stratigraphy, namely Walther's Law, which states 
that vertical sequence in a sedimentary succession reflects lateral sequence of 
geographically related types of sediment (Walther, 1893-4). The concept is that 
broad depositional environments may be subdivided into areas of essentially uniform 
depositional environment (lithotopes) each of which leaves a rock record (litho•
some) having characteristic lithology, sedimentary structures, and perhaps fossils. 
As sedimentation proceeds, lithotopes will migrate laterally, possibly under the 
influence of marine transgression and regression, and will leave lithosomes arranged 
in an orderly sequence such that those geographically contiguous will become 
stratigraphically contiguous in vertical sequence. The order in which the lithosomes 
are arranged depends on the nature of the lateral shift of the lithotopes. Trans•
gression will produce a lithosome sequence that is the reverse of that produced by 
regression. 

The model approach to environmental analysis necessitates consideration of the 
vertical and lateral interrelationships between the rock types and sedimentary 
structures. In any sedimentary sequence being analysed, many departures from the 
strict sequence specified by the model will be found. These reflect the complexity 
of interrelationships between lithotopes in the original broad environment, a feature 
that can be readily appreciated when one examines contemporary sedimentary 
environments. The model is, then, a key that has been abstracted from the most 
commonly occurring spatial interrelationships observed between lithotopes in con•
temporary environments. Because the model is detailed, the analysis of the sedi•
mentary sequence being examined must also be detailed, necessitating a special 
technique (Bouma, 1962). 

Visher (1965) has described the various models available for analysing 
sedimentary sequences. These models are derived from studies of contemporary 
sediments, and are best used for the analysis of ancient sequences after one has 
become thoroughly familiar with their relationship to lithotopes in contemporary 
sedimentary environments. 

Unfortunately, the full range of descriptions of this sort has not been published, 
and for deep-sea environments it seems unlikely that they will be available in the 
near future. If so, recourse may be made to studies of flysch sequences (Bouma, 
1962), which provide a useful model. Suitable descriptions of contemporary tidal 
flat and meandering stream point bar deposits have also been published. 

FLYSCH OR TuRBIDITE PROFILE 

Bouma (1962) recognized five distinctive subunits within graded units in flysch 
sequences which recurred in a regular fashion. From the base upward these five 
units (Pl. 1 07B) are as follows: 

(a) graded interval-a sandy or gravelly interval generally showing more or 
less distinct graded bedding and no other mesoscopic structures; 

(b) lower interval of parallel lamination- sand with coarse parallel lamina•
tion and graded bedding, the contacts being gradational; 
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(c) interval of current ripple lamination-very fine sand to coarse silt with 
small-scale ripple-cross-stratification and occasional convolute lamination, 
indistinct grading being present from the bottom to the top of this interval 
and the bottom contact commonly being sharp; 

(d) upper interval of parallel lamination-sandy to silty clay with indistinct 
parallel lamination and a distinct lower contact; 

(e) mud without visible sedimentary structures. 
Bouma (1962) found that in many cases the uppermost intervals of the unit, or 

the lowermost, or both, were missing. This he explains by hypothesizing the 
development of the various intervals as tongue-shaped bodies superimposed one on 
the other, successively finer intervals being of larger areal extent (Fig. 5). Sequences 
observed close to the source would have all intervals represented, whereas those at 
some distance from the source would lack the lower intervals. Removal of the 
upper intervals from such a tongue-shaped complex by erosion would produce 
sequences with the top, or top and basal, intervals cut out. 

Fig. 5. Hypothetical plan showing geographic distribution of intervals in a flysch profile from 
T, at the base to Ts at the top (from Bouma, 1962). 

POINT BAR PROFILE 

Sundberg (1965), Harms et al. (1963), and Bernard & Major (1963) have 
described the model derived from fluviatile point bar sequences (Pl. 108). Com•
parable patterns in ancient rocks have been described by Allen (1964b). The 
general pattern from the base is as follows: 

(a) poorly bedded and poorly sorted coarse to very coarse sand and gravel, 
generally with a sharp erosional lower contact; 

(b) horizontally laminated medium to coarse sand with occasional gravel (this 
interval may be absent); 
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(c) fine to coarse sand, in places gravelly, mainly well sorted with medium•
scale cross-stratification, commonly in trough-shaped sets; 

(d) predominantly horizontally oedded and well sorted fine-to-medium sand 
with interbeds of very fine to medium sand showing small-scale cross•
stratification of ripple origin; 

(e) poorly sorted very fine to fine sand with small cross-stratification as before, 
interbedded with horizontally laminated muddy silt to fine sand. 

This succession reflects deposition at varying points on the point bar, from the 
talweg of the stream for the lowermost interval, to the central portion of the point 
bar, relatively remote from the river banks, for the uppermost interval. The 
sequence is produced by the lateral migration of meanders, caused by erosion on 
their outer sides, and the subsequent progradation of the point bar with the 
topographically high and finer grained parts covering the coarser stream channel 
deposits. 

TIDAL FLAT SEQUENCES 

Models ofdeposition on tidal flats have been provided by van Straaten (1961) 
and Evans (1965). Six successive subenvironments from seaward to landward are 
recognized by Evans (1965) in tidal flats of the Wash, England. The sediment in 
each subenvironment is relatively uniform and the subenvironments may be 
thought of as lithotopes. With progradation seawards, the lithotopes move in an 
ordered fashion, forming a sequence of lithosomes that represent a vertical change 
from marine at the base to terrestrial at the top. The sedimentary units recognized 
by Evans, from the base upwards, are as follows: 

(a) deposit of the lower sandflats-crudely stratified fine to very fine sand 
with thick laminae, some mud laminae, abundant ripple marks, both 
symmetrical and asymmetrical, of varying orientation, and areas of 
megaripples; 

(b) deposits of the lower mudflats-poorly sorted laminated sands and silty 
sands with sandy and muddy laminae alternating and occasional layers of 
organic detritus, with minor scours and patches of inclined laminae present, 
and rare disturbance by burrowing organisms; 

(c) deposits of the Arenicola sandflats-very fine sands with poorly developed 
stratification and occasional muddy laminae, with strong bioturbation 
caused by the burrowing of Arenicola, and abundant asymmetrical and 
symmetrical ripple marks; 

(d) deposits of the inner sandflats-sands and silty sands, predominantly very 
fine, and finer grained than those in the Arenicola sandfiats, the sandy and 
muddy units being interlaminated and disturbed by vertical burrowing, 
and with symmetrical and less common asymmetrical ripple marks; 

(e) deposits of higher mudflats-thinly laminated silty very fine sands and 
sandy silts sometimes with ripple lamination, commonly having shallow 
scours with mud flake fillings; cracks and symmetrical ripple marks 
abundant on the surface; bivalve concentrates present; and irregular 
lamination due to the trapping of sediments by algal mats often preserved; 

(f) deposits of the salt marsh-well laminated silty clays and clayey silts with 
small amounts of sand; sandy laminae more common on the seaward 
portion of the deposit; ripple lamination preserved in the seawards parts of 
the deposit and mud cracks and symmetrical ripple marks present in 
places; most structures of organic origin due to plants or to boring by crabs. 
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In addition to the main sequence, tidal flat deposits generally include linear 
bodies of sediment deposited in tidal creeks, which may include sets of trough•
shaped cross-strata, up to 12 feet thick, of variable lithology from sand to muddy 
sand, that fill scours cut into the normal tidal flat sequence. 

These detailed examples of the application of Walther's Law will undoubtedly 
be supplemented in time by others covering additional depositional environments. 
There are, however, environments in which Walther's Law must be applied with 
caution. The basic premise underlying Walther's Law is that geographically con•
tiguous lithotopes existed as contiguous entities for appreciable periods of time. 
In situations where one lithotope in a complex. is ephemeral, sometimes present in 
a particular geographic setting and sometimes absent, Walther's Law cannot be 
applied straightforwardly to the interpretation of the sequence formed by lateral 
migration of lithotopes. This is particularly true when the ephemeral lithotope is 
one in which the rate of sedimentation is high. An example of this type of situation 
has been discussed by Crook ( 1959), in relation to the interplay between turbidity 
current and pelagic sedimentation in deep-water environments. In such a setting the 
turbidity current lithotope is ephemeral and, although the lithosome corresponding 
to it may be analysed in terms of Bouma's ( 1962) succession, vertical sequences 
comprising turbidite lithosomes and pelagite Iithosomes cannot be analysed by the 
application of Walther's Law. 

COMPUTER ANALYSIS 
The development of computer programmes that are capable of performing 

cluster analyses on qualitative descriptive data (Lance & Williams, 1967) has pro•
vided a new approach to environmental analysis which substantially eliminates the 
'impressionistic' element present in associational and vertical profile techniques. 
This offers the possibility of carrying out analyses in which a rigorous comparison 
having known limits of reliability is made between various model profiles and the 
sequence being analysed. Furthermore, many more variables can be handled than 
is possible in manual comparisons. Also, methods can be developed for carrying out 
analyses and interpreting the results in the absence of a satisfactory model vertical 
profile, given that the cluster analysis will group beds in a sequence according to 
similarities in a large number of their observed properties, and that the groups so 
recognized may be inferred as reflecting a significant constellation of environmental 
parameters. Studies of this kind remain largely unpublished as yet (Crook et al., 
in prep.), but it is in this area that future progress in environmental analysis 
appears to lie. 

BASIN ANALYSIS 
Environmental analysis is commonly undertaken as part of a broader study of 

part or all of a sedimentary basin. The integration of the conclusions of environ•
mental analysis to provide a basin analysis study requires consideration of the 
direction and nature of the current systems responsible for the accumulation of the 
body of sediment, and other data on the areal variation of various properties such 
as mineralogy, grainshapes, and grainsizes over the area of the basin. Special 
techniques, described by Potter & Pettijohn (1963), are necessary for the collection 
and analysis of these data. 



Techniques 

MANY techniques have been developed for studying various aspects of consoli•
dated and unconsolidated sediments. These range from methods of locomotion in 
difficult environments, such as by special track vehicles (George, 1963), or by jet 
boat, through the sampling and preparation of material, to the methods of com•
pilation and analysis of the data. 

The various techniques which have been used for sampling unconsolidated 
sediments were reviewed by Hough (1939). Since then a considerable literature 
has appeared. Taylor (1957) has described an auger for sampling sediments and 
soils. Leroy (1963) has designed an improved form of grab sampler for collecting 
spot samples. A comprehensive range of corers has been developed. These include 
simple hand corers (Frizzell, 1963), hand corers with pistons for retaining the 
core (Reish & Green, 1958), and two types of corer for use with winches, one 
being a modification of the Kullenberg piston corer (Smith, 1959), and the other 
a new type without a piston which inverts on being withdrawn from the sea floor 
(van den Bussche & Houbolt, 1964). In addition, Moore (1961) has developed a 
free corer for sampling the sea floor at considerable depths without the need for 
a winch, and Sanders & Imbrie ( 1964) have described a method of obtaining 
cores by vibro-drilling. 

For many purposes the sample obtained by coring is of insufficient diameter to 
permit the structures observed to be properly interpreted. Lisitsyn (1960) has 
described a large diameter corer specially designed for sampling Antarctic sedi•
ments containing megaclasts. Various box samplers have been developed, for use 
on land (Bouma, 1964a), or in shallow water (Klovan, 1964), or in the open 
sea with winches (Bouma, 1964b). 

For some purposes it is desirable to take oriented cores. Although box-type 
samplers can readily be modified to provide data on the orientation of the samples, 
modification of tubular corers presents greater problems. Johnson & Kiel (1961) 
have described a drilling tool for orienting cores which is appropriate for use in 
consolidated sediments. Berents ( 1961) describes a retractable triple-tube core 
barrel for obtaining undisturbed long cores in unconsolidated materials on land, 
using a technique which will provide oriented samples. 

Certain difficulties have been experienced in interpreting samples obtained by 
tubular corers because structures may be distorted and the sample may not com•
pletely represent the sediment penetrated. Richards (1965) has outlined the 
principles to be followed if cores of soft sediment are to be obtained with a 
minimum of deformation. Burns (1963) and Heezen (1964) have discussed the 
problem of incomplete sampling, and Emery & Hulsemann ( 1964) have examined 
the problem of shortening of sediment cores obtained by open barrel gravity corers. 

Once samples have been collected, they must be prepared for examination. 
Careful attention must be paid to sample preparation. Rusnak & Luft ( 1963) and 
Willis (1964) have described methods for splitting cores. Many samples must be 
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impregnated so that structures can be preserved without disturbance once the sedi•
ment dries. This may be achieved by using paraffin wax or by usmg polyester resin 
(McMullen & Allen, 1964; Bouma, 1964b). 

Artificially cut surfaces in both consolidated and unconsolidated surfaces often 
do not show sedimentary structures in sufficient detail. In the field, lamination and 
other features may be accentuated by allowing the vertical face of a trench cut in 
moist sediment to dry for a period varying from a few minutes to half an hour, 
depending on the weather. The finer grained laminae retain the moisture longer 
and stand out in relief. In dry noncohesive sediment, such as dune sand, the same 
effect may be obtained by wetting an area copiously and preparing a vertical face 
in the same way. Consolidated sediments may be examined after dye staining 
(Pantin, 1960), or by the use of acetate peels af~er a surface has been polished 
and etched (Swarbrick, 1964). Peels of soft sediment may also be prepared (Heezen 
& Johnson, 1962; Maarse & Terwindt, 1964; Bouma, 1964b). 

Apparently homogeneous consolidated and unconsolidated sediments may be 
examined by X-ray radiography which can reveal the presence of unsuspected 
structures (Hamblin, 1962; Calvert & Veevers, 1962; Bouma, 1964c) . The radio•
graphs may be prepared as single or stereqscopic pairs. Autoradiographic prints 
prepared after coating a polished surface with a dilute solution of a radium salt 
may also be valuable (Bjorlykke, 1965). 

When studying rudites, information on the appositional fabric of the phenoclasts 
is often required. Karlstrom ( 1952) has described equipment and techniques for 
such studies and Harrison (1957) has described an application of this technique 
to particles as fine as granule gravel. Schmoll & Bennett ( 1961) have described an 
ancillary device for accurate location and measurement of the axes of phenoclasts. 
For simple studies where azimuth only, and not inclination, is required the till 
fabric rack described by MacClintock (1959) may be used. 

Some studies of sediments are aimed at determining the conditions of current 
flow in detail. Jopling ( 1966) has described a method for obtaining details of the 
parameters of ancient flow regimes from cross-stratified beds which have well 
developed bottom-set laminae. The method involves study of granulometry as well 
as sedimentary structures. 

For ease in interpretation and analysis, guides and formal schemes for the 
collection and compilation of data have been proposed. Botvinkina (1965) dis•
cussed methods for the study of bedding. Newton (1968) has described a useful 
instrument for measuring the shape of ripple marks under water. Rusnak & Luft 
( 1963) provides an outline for the description of marine sediment cores. Bouma 
( 1962) has described a method of detailed stratigraphic analysis using graphic 
logs. This method is particularly applicable to the recording and compilation of 
data on sequences which are to be analysed by using the vertical profile models 
described in the preceding section. 

The techniques for collection, compilation, and analysis of directional data 
used in Basin analysis for the determination of current directions have been 
described by Crowell (1953) and Potter & Pettijohn (1963). 
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80 SECTION I. GRAIN FEATURES 

PLATE 1 

IA.l SURFACE MARKINGS- STRIAE 

A. Striated boulder from Permian glacial deposits near Mudgee, 
New South Wales. (Photo: L. Seeuwen) 

B. A striated pavement in the Proterozoic Moonlight Valley Tillite, 
East Kimberley, Western Australia. (Photo: BMR) See Plate 3B and 
page 18. 
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82 SECTION I. GRAIN FEATURES 

PLATE 2 

IA.2 SURFACE MARKINGS-CRESCENTS 

A. Chatter marks on a cobble of fine-grained tuff (Devonian) from 
the Turon River, New South Wales. These are percussion marks 
formed by the striking of other cobbles. (Photo: L. Seeuwen) See 
page 18. 

18.1 CHARACTERISTIC SHAPES-DREIKANTER 

B. Wind-faceted fragment from a boulder of basalt on Macquarie 
Island, Southern Ocean. Note the ridge bounding the two facets. 
(Photo: BMR) 

C. Side view of B to show the curvature of the ridge bounding the 
two facets. (Photo: BMR) See Page 18. 
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84 SECTION I. GRAIN FEATURES 

PLATE 3 

IB.2 CHARACTERISTIC SHAPES-SUBTRIANGULAR 

A. Selected beach pebbles from Pebbly Beach, New South Wales. 
These display the subtriangular form with curved apical bisectors 
described by Lenk-Chevitch (1959). (Photo: L. Seeuwen) See page 
JR. 

IB.3 CHARACTERISTIC SHAPES-FACETS 

B. Striated and faceted pebble from Pleistocene till in Poland. 
(Photo: BMR) See Plate I A and page 18. 
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Section II. Intergrain relationships 
(grain fabrics) 



88 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 4 

IIA.l SCALAR FABRIC- NEIGHBOURS SIMILAR 

A. Open work conglomerate of the Cardium Formation (Upper 
Cretaceous) from Alberta. The well rounded pebbles of chert and 
silicified argillite were deposited on a beach and washed clean of 
sand. The interstices are now filled with calcite. The illustration is 
natural size. (Photo: L. Seeuwen) 

B. Open work conglomerate from the Avon River Group (Upper 
Devonian), Flagstone Creek, Victoria. (Photo: L. Sf'eu wen) See page 
20. 
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90 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 5 

JIA.2 SCALAR FABRIC-NEIGHBOURS SIMILAR AND 
DISSIMILAR 

A. Closed-work conglomerate from the Cardium Formation (Upper 
Cretaceous) in the Pembina oilfield area of Alberta, Canada. The 
conglomerate, composed of well rounded pebbles of chert and sili•
cified argillite in a matrix of fine -grained lithic sandstone, lies on 
gently dipping fine-grained sandstone. Subsurface data indicate that 
this conglomerate is widespread but lenticular, that it ranges up to 
30 feet but is commonly less than 4 feet thick, and that it forms 
several ofllapping lenses showing grain gradation from smaller 
pebbles below to larger above. The evidence suggests that the con•
glomerate is a beach deposit. The illustration is of 3.5 inch core. 
(Photo: L. Seeuwen) 

IIA.3 SCALAR FABRIC-NEIGHBOURS SIMILAR AND 
UNIFORMITY DISSIMILAR 

B. Sectional view of another sample from the same locality as A, 
showing bimodal grain fabric. The illustration is of 3.5 inch core. 
(Photo: L. Seeuwen) See page 20. 
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92 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 6 

IIA.4 SCALAR FABRIC-NEIGHBOURS DISSIMILAR 

Two bands of varved fine-grained sediment separated by very poorly 
sorted sediment (diamictite) in the Rocky Creek Conglomerate 
(Upper Carboniferous) near Caroda, New South Wales. The varved 
layers contain angular to subangular fragments. These beds are 
interpreted as lake deposits of glacial origin. The varved beds repre•
sent sedimentation in undisturbed water of glacial silts and clay. The 
very poorly sorted material has an incomplete framework of large 
clasts, and appears to have been dumped by floating ice. (Photo: 
L. Seeuwen) See page 21. 





94 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 7 

IIA.4 SCALAR FABRIC-NEIGHBOURS DISSIMILAR 

Diamictite from the Rocky Creek Conglomerate (Upper Carboni•
ferous) near Caroda, New South Wales. The diamictite has a coarse•
sand matrix and incomplete framework of angular, subangular and 
rounded pebbles and cobbles of igneous, volcanic and metamorphic 
rocks. The material is considered to be poorly washed glacial detritus. 
(Photo: L. Seeuwen) See page 2 I. 





96 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 8 

IIA.4 SCALAR FABRIC-NEIGHBOURS DISSIMILAR 

A-B. Sedimentary breccia (diamictite with a continuous framework) 
forming lenticular layers in nearshore marine sandstone of the 
Conjola Formation (Lower Permian) near South Durras, New South 
Wales. The lower boundary of the breccia layer is smooth, indicating 
scouring of the underlying surface such as would occur if the breccia 
were rapidly swept in and deposited. The breccia may be glacial or 
soliftuxion debris emplaced, as a moving mass of mud and angular 
rock fragments, in very shallow water overlying beach sands. 

Note· the probable backset cross-stratification in the centre of Pl. 
12A. (Photo: 12B V . Gostin) See page 21. 
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98 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 9 

IIA.5 SCALAR FABRIC- SCATI'ERED GROSSLY DISSIMILAR 
NEIGHBOURS 

A. Boulder, or megaclast, in marine siltstone, sandstone, and con•
glomerate of the Conjola Formation (Lower Permian) near South 
Durras, New South Wales. The boulder is interpreted as an erratic 
dumped nearshore by floating ice from a nearby ice sheet. The mega•
clast was possibly dumped in water no more than 150 feet deep. 
The fauna in the sediments suggests a cold-water environment. 
(Photo: V. Goslin) 

B. Varved fine-grained sediment with sand, grit, and pebble inclu•
sions from the Rocky Creek Conglomerate (Upper Carboniferous) 
near Caroda, New South Wales. Refer to Plates 6, 7. The inclusions 
are interpreted as material dropped by melting ice into undisturbed 
varved silts derived from nearby glaciers. (Photo: L. Seeuwen) See 
page 21. 
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100 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 10 

IIA.6 SCALAR FABRIC-NEIGHBOURS SUCCESSIVELY 
SMALLER IN A GIVEN DIRECTION 

A. Graded bedding in lithic greywacke from the Yarrimie Forma•
tion (Middle Devonian) near Tamworth, New South Wales. Magni•
fication is approximately 10 X. 

B. Graded bedding in well sorted fine breccia of the Conjola 
Formation (Lower Permian) near South Durras, New South Wales. 
The sediments are marine, but were deposited in a glacial environ•
ment in which melting ice dumped rubble which formed largely 
unsorted accumulations. This graded lens appears to be elongated 
and may have been a flow of coarse material down a submarine 
slope. Overlying lenses of rubbly sediments are layered with fine•
grained sandstone and siltstone containing a cold-water fauna. See 
page 23. 
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102 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 11 

IIB.la DIRECTIONAL FABRIC-MAXIMUM PROJECTION 
AREAS SUBPARALLEL-STACKED PLATES 

A-B. Edgewise or sharpstone conglomerate from beds of Protero•
zoic age in the Northern Territory. These intraformational conglo•
merates are formed by the disruption of underlying laminated beds, 
and the incorporation of the disrupted fragments in the overlying 
beds. Disruption implies hardening of the disrupted layer. Such 
hardening can occur on tidal mud fiats under subaerial conditions. 
Strong wave action accompanying storms can break up the sun•
hardened mud cracks and wash the platy fragments out to sea 
where they are preserved as a layer. Edgewise conglomerate of the 
type shown in B can also be formed in alluvial deposits. (Photo A: 
L. S('('llll'en, B: BMR) See page 23. 
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104 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 12 

IIB.lb DIRECTIONAL FABRIC-MAXIMUM PROJECTION 
AREAS SUBPARALLEL-STACKED ELLIPSOIDS 

A. Imbrication of cobbles on the bank of the Murrumbidgee River, 
Angle Crossing, A.C.T. The scale is 18 inches long. The current 
flows from left to right. 

B. Imbrication of cobbles in a stream bed near Turondale, New 
South Wales. The current flows from right to left. (Photo: L. 
Seeuwen) See page 22. 





106 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 13 

IIB.2a DIRECTIONAL FABRIC-LONG AXES SUBPARALLEL 
-GRAINS SUBSEQUENT 

A-B. Parting lineation in Upper Devonian sandstone from N.S.W. 
Locality unknown (paving stones, Arts precinct, Australian National 
University). Parting lineation results from parting between one 
lamina and another, and reflects grain alignment present in the 
laminae. It has been found that parting lineation is parallel to the 
current direction, the long axes of the grains being oriented in the 
direction of flow. The direction of parting lineation is con•
sequently the current direction. The sense of current flow is inde•
terminate. See Plates 73A, 80 and 89A and page 25. 
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108 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 14 

IIB.2b DIRECTIONAL FABRIC-LONG AXES SUBPARALLEL 
-ACICULAR GRAINS 

A. Lineation produced by alignment of fragments of Hya/ostelia 
australis (a sponge?) in the Stairway Sandstone (Middle Ordovician), 
near Johnny Creek, Northern Territory. 

B. Lineation produced by alignment of the pteropod Biconulites in 
the Shady Camp Limestone (Cambrian) of the Ord River area, 
Western Australia (Photo: BM R) 

IIB.2c DIRECTIONAL FABRIC-LONG AXES SUBPARALLEL 
-IRREGULAR GRAINS 

C. Lineation produced by alignment of pebbles on a bedding plane 
of a graded bed in the Thinog Grits (Cambrian) of Wales (aft~r 
Kopstein, 1954). The beds are interpreted as turbidites. The long 
axes of the pebbles are parallel to the direction of current flow, and 
may be normal or parallel to the regional trend of the contemporary 
shoreline, depending on whether the pebbles were deposited in a 
submarine canyon or in a trough trending parallel to the shoreline. 
See page 24. 
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110 SECTION II. INTERGRAIN RELATIONSHIPS 

PLATE 15 

IIB.3a DIRECTIONAL FABRIC-LONG AXES AT HIGH 
ANGLE TO THOSE OF NEIGHBOURS-ANGLE 90" 

A. Vertical pebbles in fine-grained silty marine sandstone of the 
Conjola Formation (Upper Permian) near Mollymook, New South 
Wales. The pebbles and fragments are believed to have been dropped 
by floating ice. See page 22. 

B. Vertical grain fabric displayed by pebbles and sand in a lens of 
pebbly sandstone in the Conjola Formation (Lower Permian), near 
South Durras, New South Wales. The lens of sandstone is overlain 
by sorted conglomerate and conglomeratic sandstone inferred to 
have formed as beach sediments. The lens containing vertically 
oriented rock fragments may have been subjected, under subaerial 
conditions. to alternate periods of freezing and thawing. See page 41. 
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Section III. Grain and non-grain 
aggregates 

IliA. Internally expressed grain and non-grain aggregates 

IIIA.l Discontinuities following grain boundaries 



114 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 16 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A-C. Herringbone cross-stratification in sandstone of the Pertata•
taka Formation (Adelaidean), Ellery Creek, Northern Territory. 
True herringbone structure can only be recognized where the outcrop 
can be seen in three dimensions. It has been formed by currents 
flowing alternately in opposite or nearly opposite directions such as 
in a tidal channel where sand is being transported and deposited. 
False herringbone structures are seen in sections more-or-less normal 
to the bisectrix of two dominant current directions having an angle 
of less than 90°. Most examples of herringbone structures are prob•
ably of the latter type, and may indicate aeolian sands or an alluvial 
environment of criss-crossing streams such as form on alluvial fans 
and in the valleys of braided streams. 

Small-scale (?) beta cross-stratification of Allen (1963b). See 
Fig. 9 and page 32. (Photo B: BMR) 
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116 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 17 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Climbing ripples in a siltstone layer of the Walhalla Beds 
(Devonian) near Walhalla, Victoria. These beds are mainly of grey•
wacke and are interpreted as a flysch facies. (Photo: L. Seeuwen) 

B. Climbing ripples in silty fine-grained sand of an alluvial point 
bar deposit. Climbing ripples form in the upper part of point bar 
deposits during periods of receding flood when the sediment load is 
heavy and the rate of deposition so rapid that the ripples climb one 
on top of the other, giving in certain sections the appearance of 
waves. 

A, B. Small-scale kappa or lambda cross-stratification of Allen 
(1963b). See Fig. 3, and Pl. 36B. See page 32. 
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118 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 18 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Trough cross-stratification in river sands from the middle part 
of a point bar deposit. This type of cross-stratification is seen in sec•
tions cut normal to the direction of flow of the current. Each set of 
cross-strata fills a scour in the underlying sets of cross-strata. Trough 
cross-stratification is formed by sand ripples advancing one behind 
and on top of the other. In plan view the foreset slopes of the ripples 
are wavy, and sand removed by scouring is carried forward to fill 
scours ahead. 

Sections cut parallel to the direction of flow show cross-stratified 
layers commonly, but erroneously, described as planar. 

Medium-scale pi cross-stratification of Allen (1963 b). See Fig. 3. 
See page 32. 

B. Climbing ripples in fine-grained silty river sand in the upper part 
of a point bar deposit. These sands are deposited during periods of 
high water when heavy loads of sediment are carried. 

When the river level begins to fall, the current velocity over the 
higher parts of the river banks is lowered, and sediment is con•
sequently deposited. When the rate of sedimentation is high, the 
advancing ripples of fine-grained silty sand over-ride one another in 
the form of climbing ripples. 

Small-scale kappa or lambda cross-stratification of Allen ( 1963b). 
See Fig. 3. See page 32. 





120 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 19 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS--INCLINED 

Sketches of cross-stratified river sands in a point bar deposit. This 
type of cross-stratification is formed by megaripples of sand that 
migrate downstream along the river bank on the inner sides of 
meanders. The lower sketch shows a right-angle cut to illustrate the 
planar nature of the cross-strata in this particular megaripple. 

Medium-scale (?)omikron cross-stratification of Allen (1963b). 
See Fig. 3. See page 32. 
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122 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 20 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Cross-stratified sand in a river point bar deposit. The plane of 
the cut is parallel to the direction of flow of the current. Note that 
the maximum angle of dip is in the range 25°-300, which is character•
istic of cross-stratification in river deposits. Note also that the foreset 
layers are truncated at the upper surface of each set, but become 
asymptotic to the lower surface. Scale in inches. 

B. As above, but showing also the foreset slope of a megaripple. 
Note that the cut to the left of the scale is normal to the direction 
of current flow and shows horizontal bedding in this plane. 

A, B. Medium-scale (?)omikron cross-stratification of Allen 
(1963b). See Fig. 3. See page 32. 





124 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 21 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Cross-stratification in the De Souza Sandstone (Jurassic ?) of 
the Amadeus Basin, Northern Territory. This type of cross-stratifica•
tion is typical of that found in river point bar deposits. (Photo: 
BMR) 

B. Cross-stratified sandstone of the Fall River Formation (Lower 
Cretaceous) in the Black Hills, South Dakota. The inclination of 
the foreset beds indicates a current flowing from right to left. These 
beds are interpreted as river deposits. Compare with Plates 19-20. 
(Photo: W. C. Gibson) 

A, B. Medium-scale omikron cross-stratification of Allen (1963b). 
See Fig. 3 and page 32. 





126 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 22 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Cross-stratified sand in a point bar deposit of the Murrumbidgee 
River, near Taemas, New South Wales. 

B. As above, but overlain by a silt-drape formed when the current 
velocity of the river dropped. 

C. Trough cross-stratified sand in a point bar deposit of the Missis•
sippi River, Louisiana. Trough cross-stratification is formed by super•
imposed ripples, with sinuous foreset beds, which fill scours in the 
underlying ripples. The unstratified sand in the middle of the photo•
graph was deposited as a sand dune. 

A-C. Medium scale pi cross-stratification of Allen (1963b). See 
Rig. 3. Plate 99, and page 32. 
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128 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 23 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Cross-stratified gritty quartzose sandstone of the Ellerslie Forma•
tion (Lower Cretaceous) in Alberta, Canada. The maximum deposi•
tional dip is in the range 25°-30°, and represents the slope of foreset 
beds of ripples with amplitudes of several inches. The sandstone, 
which is the reservoir bed for several oil fields, is interpreted as hav•
ing been a river sand. It shows a resemblance to the Precipice 
Sandstone (Lower Jurassic) of the Moo.nie Oilfield in Queensland. 
The illustration is of 3.5 inch core. Medium scale (?)omikron cross•
stratification of Allen (1963 b). See Fig. 3. 

B. Cross-stratification formed in lithic sandstone of the Caroda 
Formation (Lower Carboniferous) near Caroda, New South Wales. 
A beach deposit. Small-medium scale (?)pi cross-stratification of 
Allen (1963b). (Photo: L. Seeuwen) See Fig. 3. See page ~2. 





130 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 24 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A-B. Cross-stratified pebbly sandstones of the Conjola Formation 
(Lower Permian) near South Durras, New South Wales. This low•
angle cross-stratification is typical of that formed in offshore beach 
sands under very shallow water. The outcrop is interpreted as a lit•
toral sand. Scale in B marked in feet. Medium-scale cross-stratification 
resembling pi cross-stratification of Allen (1963b). (Photos: V. 
Costin) Fig. 3 and page 32. 
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132 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 25 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Planar and tabular cross-stratification in the Hawkesbury Sand•
stone (Triassic), at Coo gee, New South Wales. 

B. Large set of cross-stratification in the Hawkesbury Sandstone 
(Triassic) at Coogee, showing the swing in strike that characterizes 
good areal exposures of sets that appear otherwise to have rectilinear 
strikes. See Conolly (1964). 

A, B. Medium-scale omikron cross-stratification of Allen (l963b) . 
See Fig. 3 and page 32. 
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134 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 26 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A-D. Types of low-angle (less than 10°) cross-stratification com•
monly formed in beaches, bars, and other shoreline sands. The 
sections shown are normal to the shoreline with the sea to the right. 
Type B illustrates the back slope of a beach. These types of cross•
stratification are formed by changes in dip slopes of a beach, and 
are of medium to large scale (after Thompson, 1937). 

Type B is xi cross-stratification of Allen ( 1963b). The others are 
not figured in his classification. See Fig 3. See page 32. 
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136 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 27 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

A. Cross-stratified sandstone of the Caspar Formation (Pennsyl•
vanian) in Wyoming. These sweeping sets of cross-strata are inter•
preted as sand dunes. The outcrop is about 35 feet high. (Photo: W. 
C. Gibson) 

B. Cross-stratified sandstone of the Botucatu Formation (Triassic) 
near Sao Paulo, Brazil. These beds are interpreted as sand dunes (de 
Almeida, 1953). Note that the sets of cross-strata range in thickness 
up to 10 metres, and that the cosets form very large scale festoons. 
These are believed to represent scour by wind, and fill by advancing 
sand dunes. 

A, B. Large to very large scale pi cross-stratification of Allen 
(1963b). See Fig. 3 and page 32. 
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138 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 28 

IIIA.l.lb LAMINAR AGGREGATES OF GRAINS-INCLINED 

Backset cross-stratification in the bank of a stream gully near Gowan 
Green, New South Wales, cutting poorly sorted outwash deposits of 
scree. Current direction is from left to right. The cross-stratified layer 
was probably formed by the deposition of rubbly sediment on the 
up-current slope of a large antidune migrating upstream. Medium 
scale, resembling epsilon cross-stratification of Allen ( 1963b). 
(Photo: L. Seeuwen) See Fig. 3, Plate SA, and page 32. 





140 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 29 

IIIA.l.lc LAMINAR AGGREGATES OF GRAINS•
APPROXIMATELY SINUSOIDAL 

A. Convolute bedding in siltstone of the Waitemata Group (Mio•
cene) of New Zealand (from Ballance, 1964b) . The tops of the folds 
are truncated. These beds are interpreted as marine turbidites. 
(Photo: P. F. Ballance) 

B. Convolute bedding in greywacke and siltstone (Miocene) from 
the Apennines, Italy (after Ten Haaf, 1956). Truncation of some 
folds indicates that deformation occurred in unconsolidated sediments 
just below the sea floor, and that penecontemporaneous current action 
scoured the tops of the folds. These beds include turbidites and are 
of the flysch type. 

C. Convolute bedding in siliceous argillite of the Yarrimie Forma•
tion (Middle Devonian) near Nundle, New South Wales. Beds are 
overturned. The sequence is believed to be a deep-water deposit 
(Crook, 1964). (Photo: L. Seeuwen) See page 39. 
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142 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 30 

IIIA.l.lc LAMINAR AGGREGATES OF GRAINS•
APPROXIMATELY SINUSOIDAL 

A. Convolute bedding in siliceous dolomite of the Mount Isa Group 
(Carpentarian) in Queensland. (Photo: BMR) 

B. Convolute bedding in greywacke and siltstone (Miocene) from 
the Apennines, Italy (after Ten Haaf, 1956). These beds include 
turbidites and are of the flysch facies. Some folds die out toward the 
top and bottom, suggesting that deformation was partly intraforma•
tional. The deformation may have been caused by sheet slumping of 
unconsolidated sediments; but to what extent this may have been 
triggered off by weight of sediment on a slope, earthquake shock, or 
thrust from turbidity currents, is not known. 

C. Convolute bedding in siltstone of the Tamworth Group (Middle 
Devonian) near Nundle, New South Wales. See Plate 29C. See page 
39. 
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144 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 31 

IIIA.l.lc LAMINAR AGGREGATES OF GRAINs•
APPROXIMATELY SINUSOIDAL 

A. Crenulations in mudstone of the Bellbird Creek Formation 
(Upper Devonian) near Eden, New South Wales. This bed is inter•
preted (Steiner, 1966) as alluvial backswamp, the crenulations hav•
ing been formed by partial desiccation. Note the similarity to B. 
(Photo: H . Steiner) 

B. Crenulations in limestone of the Bitter Springs Formation (Ade•
laidean) in the Amadeus Basin, Northern Territory. These are inter•
preted as algal structures, probably formed in very shallow water. 
possibly on tidal flats. (Photo: BMR) See page 46. 
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146 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE32 

IIIA.l.lc LAMINAR AGGREGATES OF GRAINS•
APPROXIMATELY SINUSOIDAL 

A. Stromatolite from the Cavan Bluff Limestone (Middle Devon•
ian) near Taemas, New South Wales. The illustration, approximately 
natural size, shows a polished section. These structures are associated 
with colonial corals and are believed to have been formed by algae 
in very shallow water. (Photo: L. Seeuwen) See also Plates 33, 34, 
39, 40A, and page 46. 

B. Irregular laminations of very fine-grained sand, silt, and clay 
from the upper few inches of a tidal flat. The irregular laminae are 
formed by entrapment of sediment by filaments of algae. Van Straaten 
( 1959) figures this type of wavy, irregular laminations in tidal 
marshes of Holland. They also resemble the laminae in stromatolites. 
The illustration is of 2 inch core. See page 47. 
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148 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 33 

IIIA.l.lc LAMINAR AGGREGATES OF GRAINS•
APPROXIMATELY SINUSOIDAL 

A-C. Stromatolites in limestone of the Bitter Springs Formation 
(Adelaidean) in the Amadeus Basin, Northern Territory. (Photos: 
BMR) 

A and B show sections, C shows a section and plan view of an 
algal colony that built columnar structures. See Plates 32, 34, 39, 
40A. and page 46. 



A 

B 

c 



150 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 34 

EXPLANATORY PLATE 

Incipient mud cracks formed on an algal mud flat. Filaments of 
algae, which flourish when the mud flat is covered by exceptionally 
high tides, not only trap but bind the sediment and prevent it crack•
ing. In section, this results in wavy and irregular laminae. Compare 
with Plate 32A. (Photo: C. F. Major) See page 47. 





152 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 35 

IIIA.l.lc LAMINAR AGGREGATES OF GRAINS•
APPROXIMATELY SINUSOIDAL 

Tubular structures and irregular laminations in dolomitic siltstone 
(Triassic) from Alberta. The tubular structures resemble Monocra•
terion (inferred to be an organism, but of unknown nature) and are 
possibly of algal origin. They may have formed in very shallow 
water, possibly on coastal flats exposed at low tide. The illustration 
is of 3.5 inch core. See page 47. 





154 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 36 

IIIA.l.ld LAMINAR AGGREGATES OF GRAINS•
IRREGULAR 

A. Slump structures in a cross stratified set, in the Hawkesbury 
Sandstone (Triassic) near Bondi, New South Wales. This sandstone 
is nonmarine. 

B. Cutbank in the upper par t of a point bar deposit of the Missis•
sippi River. Climbing ripples deposited during a high-water period are 
overlain by non-stratified wind -blown sand which in turn is overlain 
by contorted waterlain sands . These contorted sands are slump struc•
tures formed, as the river level dropped, by hydroplastic flow of wet 
;and . See page 38. 





!56 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 37 

IIIA.l.ld LAMINAR AGGREGATES OF GRAINS-•
IRREGULAR 

A. Sedimentary breccia (slide-slump-bedding) of angular and sub•
angular banded siltstone fragments in fine-grained sandstone of the 
Cummings Formation (Lower Cretaceous) in Alberta. The breccia 
was formed by slumping of quasi-solid to hydroplastic sediments that 
are interpreted as representing a coastal environment. possibly estuar•
ine. The illustration shows the sliced surface of a 3.5 inch core. See 
page 39. 

B. Curved Surface of A. 

C. Deformation of banded sediments, illustrated in Plates 6 and 8, 
of the Rocky Creek Conglomerate (Upper Carboniferous) near 
Caroda, New South Wales. The sediments contain numerous pebbles 
and boulders interpreted as erratics dumped by melting ice; the 
banding is formed by varved silts. Deformation appears to have 
been produced by slumping of quasi-solid to hydroplastic sediment 
possibly caused by thrust from a dumped boulder. The non-stratified 
material (diamictite) may have been in a quasi-liquid state at the 
time of deformation. (Photo: L. Seeuwen) See page 39. 
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158 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 38 

IIIA.l.ld LAMINAR AGGREGATES OF GRAINS•
IRREGULAR 

Slump structures in fine fluviatile sandstone of the Merimbula For•
mation (Devonian) near Merimbula, New South Wales. These struc•
tures are formed by hydroplastic flow of the unconsolidated sediment, 
caused by gravitational slumping on a depositional slope. These 
structures are common in the upper part of river point bar deposits. 
See Pl. 49A-C. (Photo: H . F. Doutch) See page 39. 





160 SECTION Ill. GRAIN AND NON- GRAIN AGGREGATES 

PLATE 39 

IIJA.I.2a IRREGULAR AGGREGATES OF GRAINS•
PRISMATIC 

A . Stromatolites in the Cavan Bluff Limestone (Middle Devonian) 
at Taemas, New South Wales. These are believed to have been algal 
polygons that built upward. layer on layer (see Plate 32), to form 
polygonal columns . Algal polygons have been described on the car•
bona te intertidal mudfla ts of the Pe rsian Gulf by Ill ing, Wells, & 
Tay lor (I 965) . The occurrence of stromatolites is interpreted as 
indicating a littoral environment. 

B. Close-up of A (Photos A, B: M. J . R ickard) See Plates 32, 
33. 34. and page 46 . 





162 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 40 

IIIA.!.2a IRREGULAR AGGREGATES OF GRAINS•
PRISMATIC 

A. Columnar algal structures in the Biller Springs Limestone (Pre•
cambrian) of the Amadeus Basin, Northern Territory. (Photo: 
BMR) See also Plates 32-34,39. See page 46. 

B. Columnar structures in siliceous dolomite underlying a basalt 
flow southwest of Wallan, Victoria. (Pitoto: S. Jepltcott) These 
structures are probably unrelated to algal activity. 





164 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 41 

liiA.I.2b IRREGULAR AGGREGATES OF GRAINS 
-TUBULAR 

Tubular struct ures. believed to have been formed by a marine worm•
like organism called Skoli!iws, in sandstone of the Fron tier Forma•
tion (Upper Cretaceous) of Wyoming. These tubes have a ribbed 
struct ure and were probably formed in shallow water. poss ibl y in 
the offshore part of a beach . (Photo: W. C. G ih 1o11) See page 47. 





166 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 42 

IIIA.1.2b IRREGULAR AGGREGATES OF GRAINS 
- TUBULAR 

A. Tubular structures in sandstone of the Areyonga Formation 
(Adelaidean) near Katapata Gap. Northern Territory. These are 
believed to have been formed by a worm-like organism referred to as 
Skolithos. (Photo: BMR) 

B. Skolithos and ripple marks in the Pacoota Sandstone (Cambro•
Ordovician), Ellery Creek. Northern Territory. 

C. Same as B-side view. Domichnia, full relief. See page 47. 
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168 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATeS 

PLATE 43 

IIIA.l.2b IRREGULAR AGGREGATES OF GRAINS 
- TUBULAR 

A. Skolitlws tubes in the Tumblagooda Sandstone (Cambro•
Silurian) of Western Australia . These tubes are believed to have been 
formed by colonies of marine worm-shaped organisms. Domichnia, 
full relief. See also Plate 77B. (Photo: BMR) 

B. U-shaped burrows of Rhizocorallium from the Rumbalara Shale 
(Lower Cretaceous) of the Amadeus Basin, Northern Territory. 
These burrows are believed to have been formed by a marine 
worm-shaped organism that ingested the sediment or used the 
burrow as a nest. Domichnia, full relief (Photo : BMR) 

C-D. Organism burrows in siltstone of the Conjola Formation 
(Lower Permian) near Ulladulla, New South Wales. The burrows 
are branching and show a concentric structure in cross-section, 
possibly caused by ingestion and subsequent ejection of the sediment, 
resulting in backfilling of the burrow as the organism moved ahead. 
Domichnia, biodeformational. (Photo: V . Gustin) See page 47. 
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170 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 44 

IIIA.l.2b IRREGULAR AGGREGATES OF GRAINS•
TUBULAR 

A. Soldier crab burrow (outlined), showing the crab occupying 
the cavity at the base of the burrow. The burrow is back-filled 
with distinct packs of sand. Domichnia, full relief. 

B. Probable crab burrows in sandstone of the Parkman Formation 
(Cretaceous) in Wyoming. The sandstone, which contains a debris 
of she11s, overlies sha11ow marine sediments and is believed to have 
been a beach deposit. Domichnia, full relief. (Photo: W. C. Gibson) 
See page 47. 





172 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 45 

IIA.l.2b IRREGULAR AGGREGATES OF GRAINS•
TUBULAR 

A. Mollusc or worm borings in fine-grained sandstone of the Peace 
River Formation (Lower Cretaceous) in Alberta, Canada. The 
sediment. which shows cross-bedding formed by ripples having ampli•
tudes of less than I inch. is taken from a section overlain by river 
deposits, <>nd is interpreted as having been deposited in a nearshore 
marine environment. close to the mouth of a delta distributary. 
The illustration is of 3.5 inch core. 

B. Churned bedding. with numerous mollusc or worm borings, in 
fine-grained sandstone and silty mudstone of the Cardium Formation 
(Upper Cretaceous) in Alberta, Canada. Remnants can be seen 
of the original lamimtted sediments which have been largely 
destroyed by the churning action of burrowing organisms, giving 
the sediment a mottled or mixed appearance. This sediment has 
been interpreted as a nearshore marine deposit. The ill ustration 
is on 3.5 inch core. 

C. Mollusc or worm borings in fine-grained sandstone and silty 
mudstone of the Cummings Formation (Lower Cretaceous) in 
Alberta, Canada. The sediment, wh ich contains arenaceous forams 
in the mudstone layers. is interpreted as a nearshore marine 
(probably estuarine) deposit. The illustration is of 3.5 inch core. 

A-C. Domichnia. biodeformational. See page 47. 
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174 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 46 

IIIA.!.2c IRREGULAR AGGREGATES OF GRAINS•
GLOBULAR 

A. Mottled grey siltstone, from the same bed as Pl. 63A, of the 
Mannvi lle Group (Lower Cretaceous) in Alberta. This siltstone is 
interpreted as a soil zone on a coastal plain. Illustration is of 3.5 
inch core. 

B. Mottled (gleyed) so il profile in a road cut near Bredbo, New 
South Wales. The scale is 12 inches long. (Photo: R. Coventry) 
See page 52. 
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176 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 47 

IIIA.l.2c IRREGULAR AGGREGATES OF GRAINS•
GLOBULAR 

A. Coprolite of clay-siderite, showing synaeresis cracks, found in 
Quaternary clay at Five Dock, New South Wales. Approximately 
twice natural size. 

B. Coprolite of clay-siderite found in Quaternary clays in New 
South Wales. Approximately twice natural size. (Photo A, B: 
L. Seeuwen) 

C. Fragments of fish faeces in shallow pools left on the sand bar 
of an estuary at low tide, near Ulladulla, New South Wales. The 
fragments resemble pieces of a ribbon of putty squeezed from a 
tube, and have the consistency of clay. See page 46. 
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178 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE48 

IIIA.l.2c IRREGULAR AGGREGATES OF GRAINS•
GLOBULAR 

A. Armoured mud ball from a piedmont fan in the Sawtooth 
Range, New Guinea. Slightly larger than natural size. (Photo: 
L Seeuwen) 

B. Armoured mud balls from a gully cutting Upper Devonian 
shaly mudstone near Carlson Lake, Northwest Territories, Canada. 
(Photo: P. Gretener) See page 19. 
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180 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 49 

IIIA.1.2c IRREGULAR AGGREGATES OF GRAINS•
GLOBULAR 

A. Pillow structure iri very fine-grained silty sandstone of the 
Conjola Formation (Lower Permian) near Kioloa, New South 
Wales. Such structures are believed to have formed by local thixo•
tropic movement of the sediment under load. The structure is three 
feet long. 

B. Pillow structure in the Coomberarie Formation (Precambrian) 
near Badgeradda, Western Australia (after Perry & Dickins, 1960). 
(Photo: BMR) 

C. Slump roll of sandstone. These rolls are formed in some con•
centric forms of slump structures. They tend to weather out and 
superficially resemble concretions. (Photo: L. Seeuwen) 

D. Piled ripples in fine-grained greywacke of the Yarrow Formation 
(Lower Devonian) near Warburton, Victoria. See also Plate 104, 
E. F. See page 39. 
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182 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 50 

IIIA.l.2c IRREGULAR AGGREGATES OF GRAINS•
TABULAR 

A. Shale clasts in lithic sandstone of the Pyramid Hill Arenite 
(Lower Carboniferous), near Wiles Gully, New South Wales. These 
shale clasts have probably been derived from a disrupted underlying 
bed nearby. See page 19. 

B. Sand-filled mud cracks, sand dykes, and shale clasts in the non•
marine Wamsutta Formation (Carboniferous) of Massachusetts (after 
Shrock, 1948). 

The shale clasts are fragments of curled mud cracks that have 
been broken off and incorporated in the overlying sand. 

C. Shale clasts formed by curled mud cracks in a thin layer of 
shaly mudstone in the Wamsutta Formation (after Shrock, 1948). 

The sand-dykes in Plate SOB are examples of Class IIIA.1.2d 
(Irregular aggregate of grains-tabular). See page 38. 
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184 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 51 

IIIA.1.2d IRREGULAR AGGREGATES OF GRAINS•
TABULAR 

A. Sand moulds of mud cracks, in siltstone of the Crawford 
Formation (Adelaidean) in the Northern Territory. These resemble 
B (Photo: BMR) 

B. Moulds of incomplete mud cracks. These form ridges on the 
underside of a bed (after Fenton & Fenton, 1937). 

C. Polygonal mudcrack moulds in fine-grained sandstone 
Mereenie Formation (Siluro-Ordovician) near Cleland 
Northern Territory. (Photo: BMR) See also Plates SOB, 
67-69. See page 42. 
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186 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 52 

IIIA.1.2d IRREGULAR AGGREGATES OF GRAINS•
TABULAR 

A. Sand polygons (mudcrack moulds). showing a rectilinear pat•
tern, in siltstone of the Mullera Formation (Carpentarian), near 
Stockyard Creek, Queensland. (Photo: BMR) 

B. Sand polygons (mudcrack moulds) , showing a polygonal pat•
tern, in fine-grained sandstone of the Victoria River Group (Protero•
zoic), near Coolibah Crossing, Northern Territory. (Photo: BMR) 

C. Sand polygons (mudcrack moulds) showing a polygonal pattern, 
in coarse-grained sandstone, Fagan Volcanics (Carpentarian), 
Arnhem Land, Northern Territory. Weathering has rounded the 
polygons. (Photo : L. Seeuwen) See also Plates 50B, C, 52, 67-69. See 
page 42. 





188 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 53 

IIIA.1.2e IRREGULAR AGGREGATES OF GRAINS•
SINUSOIDAL 

A. Contorted sandstone dykes in siltstone of the McMinn Forma•
tion (Proterozoic) in the Carpentaria area, Northern Territory. 
Superficially, as seen in section, these dykes resemble worm or 
mollusc borings; but their linear traces on the bedding planes indi•
cate their tabular character. The illustration is of 2.5 inch core. 

B. Contorted sandstone dyke in mudstone of the Ulladulla Mud•
stone (Upper Permian) near Ulladulla, New South Wales. The 
contortion has been caused by compaction of the mudstone. Calcu•
lations based on the assumption that the dyke was originally planar, 
the relative compactability of sand and mud, and an empirical 
curve relating volumetric decrease to depth of burial, indicate that 
this layer of mudstone was overlain by not more than 2500-3000 
feet of sediments. See page 38. 
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PLATE 54 

JIIA.l.2f IRREGULAR AGGREGATES OF GRAINS•
TURBINATE 

Toroids of sandstone. These bun-shaped structures resemble load 
casts; but in a section cut parallel to the bedding they have a 
characteristic circular outline. They are formed as casts of circular 
holes formed by whirlpools scouring a bed of sediment. They are 
diagnostic of strong currents and may indicate an alluvial or 
estuarine environment. (Photos: L. Seeull'in and BMR) See page 34. 





192 SECTION III . GRAIN AND NON-GRAIN AGGREGATES 

PLATE 55 

IIIA.l.2g IRREGULAR AGGREGATES OF GRAINS-WISPS 

A. Churned fine-grained silty sandstone of the marine Gallup 
Formation (Upper Cretaceous) from New Mexico. The original 
layers have been destroyed. The illustration is of 3.5 inch core. 

B. Unconsolidated churned sand and mud from the bottom of a 
marine bay. Burrowing molluscs and worms have completely 
destroyed the original layers. This process is called bioturbation. 

C. Churned fine-grained sandstone of the marine Wesley Park 
Member (Permian) from Gerroa, New South Wales. Note the scale 
in inches. 

A-C. fodinichnia, biodeformational. See page 48 . 
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IIIA.2 Grain-to-grain discontinuities transecting 
grain boundaries 



196 SECTION III . GRAIN AND NON-GRAIN AGGREGATES 

PLATE 56 

IIIA.2.la. VARIOUSLY SHAPED AGGREGATES OF 
GRAINS-POLYHEDRAL 

A. Sedimentary breccia of siltstone, broken by slumping and not 
transported, from the fore-reef facies of the Windfall Reef (Upper 
Devonian) of Alberta. The illustration is of 3.5 inch core. (Photo: 
L. Seeuwen) 

IIIA.2.1b VARIOUSLY SHAPED AGGREGATES OF GRAINS•
DENTATE TABULAR 

B. Stylolites in Cambrian limestone, Georgina Basin, Northern 
Territory. (Photo: L. Seeuwen) See page 50. 
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198 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 57 

IIIA.2.1c VARIOUSLY SHAPED AGGREGATES OF GRAINS•
CONICAL 

A. Cone-in-cone structure seen on the outer surface of a layer of 
calcareous claystone surrounding a clay-ironstone concretion in 
Cretaceous shales near Horn River, Northwest Territories, Canada. 
The layer consists of argillaceous matter and fibrous carbonate, 
the fibres being aligned normal to the surface of the layer. The 
apices of the cones point inward; so the cones were probably formed 
by outward pressure from the enclosed concretion. Cone-in-cone 
structures also occur in calcareous lenses within shaly beds, the 
apices of the cones pointing downward. 

B. Sectional view of A showing the annular markings within the 
cones. See page 49. 
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IIIA.3 Non-grain to grain discontinuities 



202 SECTION III . GRAIN AND NON-GRAIN AGGREGATES 

PLATE 58 

IIIA.3.1b CRYSTAL TO GRAIN DISCONTINUITY; 
COMPOSITE EUHEDRONS 

Glendonites (siderite pseudomorphs of glauberite) from silty mud•
stone of the Ulladul1a Mudstone (Upper Permian) near Ulladulla, 
New South Wales. The sediments contain a cold-water fauna and 
erratics presumed to have been dumped by melting blocks of ice. 
Nests of glauberite crystals (sodium-calcium sulphate) grew on 
the muddy sea floor in a glacial environment. (Photos: L. Seeuwen) 
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PLATE 59 

IIIA.3.lb CRYSTAL TO GRAIN DISCONTINUITY- •
COMPOSITE EUHEDRONS 

A. Calcite crystals in sandstone. The crystals have grown in the 
intergranular spaces and include grains of sand. They are commonly 
termed 'sand crystals'. (Photo: L . Seeuwen) 

B. Barite crystals from Tertiary beds near Oodnadatta, South Aus•
tralia. The crystals form rosettes and cobble-shaped clusters, but do 
not include the sediment. (Photo: BM R) 

C. Pyrite crystals in limestone. (Photos: BMR) See page 5!. 
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PLATE 60 

IIIA.3.1c CRYSTAL TO GRAIN DISCONTINUITY•
ANHEDRONS 

A. Calcitic concretion in fine-bedded siltstone and fine-grained 
sandstone of the Yarramie Formation (Middle Devonian) from near 
Nundle, New South Wales. Note that the bedding continues through 
the concretion. 

B. Pyrite nodule lacking occluded sediment, from an unknown 
locality in the Solomon Islands. Approximately natural size. (Photo: 
L. Seeuwen) See page 49. 
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208 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 61 

IIIA.3.1c CRYSTAL TO GRAIN DISCONTINUITY•
ANHEDRONS 

A. Septarian nodule. 

B. Section through A, showing synaeresis cracks. (Photos: 
L . Seeuwen) 
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210 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 62 

IIIA.3.lc CRYSTAL TO GRAIN DISCONTINUITY•
ANHEDRONS 

A. Geodes in argillaceous fine-grained sandstone from the Shina•
rump Conglomerate (Permian), Oak Creek Canyon, Colorado. 
Approximately natural scale. (Photo: L. Seeuwen) 

B. Lustre mottling (poikilotopic fabric) in lithic sandstone from 
the Gerringong Volcanics (Upper Permian) near Gerringong, New 
South Wales. The light patches on the photograph represent portions 
of the rock that are reflecting light. The reflections are generated 
by cleavage planes in large crystallographically continuous units of 
calcite that enclose the sand framework of the rock. (Photo: 
L. Seettwen) See page 49. 
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PLATE 63 

IIIA.3.2a ORGANIC REMAINS TO GRAIN DISCONTINUITY 
-CARBONACEOUS 

A. Branching roots in silty mudstone of the Cummings Formation 
(Lower Cretaceous) of Alberta. The Cummings Formation in this 
area has been interpreted, on the basis of subsurface studies, as hav•
ing been deposited in a coastal environment of estuaries, tidal 
marshes, and mud flats. 

The mudstone containing these roots is interpreted as having been 
a floodplain sediment. The illustration shows a vertical section of 
3.5 inch core. 

B. A carbonized root in silty mudstone of the Peace River Forma•
tion (Lower Cretaceous) of Alberta. In texture and colour the mud•
stone resembles A. On the basis of subsurface studies this mudstone 
is interpreted as having been deposited on a marshy floodplain. The 
illustration shows a vertical root in 3.5 inch diameter core. See page 
46. 
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214 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 64 

IIIA.3.3a CAVITY TO GRAIN DISCONTINUITIES-•
IRREGULAR CAVITIES 

A. Porosity (secondary) in dolomitic limestone from the Windfall 
Reef (Upper Devonian) of Alberta. The porosity is selective, form•
ing tubular cavities after Amphipora. The illustration is of 2.5 inch 
core. 

B. Same as A, but of 3.5 inch core. (Photos A ., B.: L. Seeuwen) 

C. Crystal moulds, probably after gypsum plates, in Carpentarian 
sandstone from the Northern Territory. (Photo: BMR) See page 50. 





216 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 65 

IIIA.3.3a CAVITY TO GRAIN DISCONTINUITIES•
IRREGULAR CAVITIES 

A. Intergranular (primary) porosity in quartz sandstone of the 
Ellerslie Formation (Lower Cretaceous) in Alberta. This sandstone 
in an oil reservoir and in composition, grainsize, porosity, and 
cross-bedded character resembles the Precipice Sandstone (Jurassic) 
in the Moonie Oilfield, Queensland. The illustration is of 3.5 inch 
diameter core. See Plate 4B and page 50. 

B. Vugular (secondary) porosity in dolomitic limestone of the 
Windfall Reef (Upper Devonian) in Alberta. The vugs have been 
partly filled with anhydrite (white) and pyrobitumen (black). See 
page 50. 
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PLATE 66 

IIIA.3.3b. CAVITY TO GRAIN DISCONTINUITIES•
TUBULAR CAVITIES 

A. Ancient pholad borings in Upper Cainozoic mudstone at Lae, 
New Guinea. Most of the burrows are seen in transverse section, 
but some are in longitudinal section. 

B. General view of the above. The bored rock is unconformably 
overlain by a thin coral limestone and lithic sand, probably Holo•
cene or upper Pleistocene. Blocks of these materials can be seen in 
the photograph. Contemporary pholad activity in these mudstones is 
confined to the intertidal zone. 

A, B. Domichnia, full reliefs. See page 43. 
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IIIB. Externally expressed grain and non-grain aggregates 

IIIB.l Located on upper surfaces of grain aggregates 



222 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 67 

IIIB.l.lc ESSENTIALLY DEPRESSIONS ONLY-CUNEATE 
RETICULATE 

Polygonal mud cracks. These can form on marine, lake, or river 
mud flats, and in clay or carbonate muds. They indicate desiccation 
in a subaerial environment. Layers showing mud cracks may also 
have animal tracks and coprolites. See Plates 34, 39, 50, 51, 52, 68, 
69, 70B, and page 42. 
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224 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 68 

IIIB.l.lc ESSENTIALLY DEPRESSIONS ONLY- CUNEATE 
RETICULATE 

A. Mud cracks in dolomite (Ordovician) near Hottah Lake, North•
west Territories. Canada. These mud cracks are associated with salt 
casts and were formed on a carbonate mudflat that may have 
bordered a bay or lagoon. In such environments, alternating layers 
of primary dolomite and limestone can be deposited . depending on 
variations in salinity brought about by changes in depth and circula•
tion of water. These in turn may in part or entirely depend on the 
movement of coastal sands. 

B. Mud cracks on a marine mudflat just above the high tide 
level. The mud has hardened and flaked. During storms or periods 
of exceptionally high tide these bard flakes are washed seaward and 
form shale clasts in sandstone where, concentrated. they can form 
intraformational edgewise conglomerate. See also Plates 34, 39, 50-
52, 67, 69, 70B. See page 42. 
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226 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 69 

IIIB.l.ld ESSENTIALLY DEPRESSIONS ONLY -CUNEATE 
RADIATING 

A. Radiating mud cracks formed in a playa in Nevada (after 
Kindle, 1926). The mud cracks formed during dry seasons are pre•
served during subsequent periods of flood when mud is deposited 
on the desiccated surface. Seasonally dry, very shallow bodies of 
water such as playas can cover a wide area and may have been the 
depositional environment for the reddish mud-cracked argillites of 
the Belt series illustrated in B. 

IIIB.l.lc ESSENTIALLY DEPRESSIONS ONLY- CUNEATE 
RETICULATE 

B. Sketch of incomplete and radiating mud cracks in argillite of the 
Belt series (Proterozoic) of Idaho. This view shows the upper surface 
of a layer (after Fenton & Fenton, 1937). 

C. Partly infilled mud cracks in siltstone of the Stairway Sand•
stone (Ordovician) of the Northern Territory. See also Plates 34, 39, 
50-52, 67, 6R, 708. See page 42. 
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PLATE 70 

IIIB.l.le ESSENTIALLY DEPRESSIONS ONLY•
HEMISPHERICAL 

A. Sketch showing raindrop impression in mud, and the shape of 
casts formed in the overlying layer (after Shrock, 1948). 

B. Raindrop impressions in sun-cracked mud of the Herbert River, 
Northern Territory. 

C. Raindrop impressions in a sand beach at Durras, New South 
Wales. (Photo: V. Gostin) See page 42. 
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PLATE 71 

IIIB.l.le ESSENTIALLY DEPRESSIONS ONLY•
HEMISPHERICAL 

A. Air pits in fine-grained sand on the bank of a river after flood. 
Air trapped in the sand during a rapid rise of the river escapes as 
bubbles through vents which form pits at the surface. Similar air 
pits are formed on beaches as the result of rising and falling tides. 
Normally, these are not preserved, but pits formed during periods 
of exceptionally low tides may be preserved. (Photo: H. A. Bernard) 
See page 41. 

B. Crater-like structures on the surface of a beach at South Durras, 
New South Wales. These form from the bursting of air bubbles 
entrapped beneath a thin layer of wet sand at the extreme land•
ward edge of the swash zone where wet sand overlies dry sand. Note 
the normal air pits on the seaward (right) side of the photo. Preserva•
tion of such a structure, although unlikely, may account for some 
of the disrupted laminae reported from some well laminated sand•
stones. See page 43. 
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PLATE 72 

IIIB.I . Ie ESSENTIALLY DEPRESSIONS ONLY•
HEMISPHERICAL 

A. Mounds and depressions marking the burrows of marine lug•
worms in a muddy sand beach on the north coast of England. The 
burrows are U-shaped. Sand is ingested at the head (depression) of 
a burrow and ejected in toothpaste-like coils of faeces at the tail 
(mound) of the burrow. Lugworms belong to the genus Arenicola 
and have a world-wide distribution. They commonly confine their 
colonies to shallow water, usually the lower beach zone between 
high and low tides. Some species prefer mud, others sand. Depend•
ing on the species, as many as 200 individuals can form burrows in 
one square yard. Domichnia (Photo: G. P. Wells) 

B. Diagrams showing types of burrows. The burrows may extend to 
a depth of two feet (after Wells, 1959). See also Plate 42A, B. 
See page 47. 
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234 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 73 

IIIB. l.lf. ESSENTIALLY DEPRESSIONS ONLY -CRESCENTIC 

A. Current crescents and sand shadows in the Mereenie sandstone 
(Siluro-Ordovician) near Cleland Hills, Northern Territory. These 
were formed by a strong current sweeping across the ocean floor 
and scouring a crescentic groove around obstructions such as im•
bedded shell fragments. The sand shadows on the down-current side 
are areas protected from erosion. Current flowed from lower right to 
upper left. These features are found in turbidites but commonly 
indicate littoral or fluviatile environments. (Photo: BMR) 

B. Current crescents and mud shadows in mud of a dry stream bed. 
These were formed in the same way as A, but the obstructions 
are angular rock fragments. Current moved from left to right. 
Similar features are formed on the surface of snow swept by a 
strong wind. (Photo: L. Seeuwen) See page 34. 





236 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 74 

liiB.I . I i ESSENTIALLY DEPRESSIONS ONLY -COMPLEX 
WITH BILATERAL OR HIGHER SYMMETRY 

A. Sea cucumber and a small starfish on the ocean floor at a 
depth of 2000 metres. Traces left by these organisms would be 
depressions. The irregular surface is probably caused by faecal 
mounds. 

B. Fish swimming just above the ocean floor at a depth of 1600 
metres. The ocean floor is rough, showing numerous mounds prob•
ably formed by worms. 

C. Starfish and worm-like tracks on the ocean floor at a depth of 
3900 metres. The dark patch in the upper centre may be a jellyfish. 
The ocean floor is irregular and shows several mounds probably 
formed by worms. (Photos A, B, C: A. F . Bmim, 1957) See page 43. 





238 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 75 

lllB.l.2a ESSENTIALLY ELEVATIONS ONLY-OVATE WITH 
APICAL DEPRESSION 

A. Mud volcano adjacent to a geyser at Rotorua, New Zealand 
(after Cloud, 1960). Each blister has a diameter of approximately 
one foot. Mud volcanoes are formed by the upward circulation of 
water (in this case of hot water and steam) through mud. The 
extension of submarine lavas into unconsolidated sediments could 
cause the formation of such structures in the sediments. 

B-E. Moulds of gas pits on the undersurface of greywacke beds 
(Upper Devonian) in Pennsylvania (after Cloud, 1960). Gas pits 
may be formed by the upward movement of gas formed by decaying 
vegetation, or of air trapped in sediment during a sudden rise of 
water level. The latter conditions are only found in very shallow•
water environments such as river or intertidal flats. Air trapped in 
the sediments bubbles vigorously at vents which form pits at the 
surface. Vents in sand are commonly ringed with a circular mound. _ 

F. Tubular structures in sandstone of the Arumbera Formation 
(Lower Cambrian) of the Ferguson Range in the Northern Terri•
tory. These structures have the appearance of gas pits, which are 
the surface expression of tubular structures; but they may be worm 
burrows. The block at left shows organism trails, which are common 
in the Arumbera (Photo: BMR) See page 37. 
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240 SECTION Ill . GRAIN AND NON-GRAIN AGGREGATES 

PLATE 76 

lllB.l.2a ESSENTIALLY ELEVATIONS ONLY- OVATE, WITH 
APICAL DEPRESSION 

A. Sand volcanoes in sandstone of the Warramunga Group (Lower 
Proterozoic), Tennant Creek, Northern Territory. These are the 
original mounds, showing the indentations that were vents. These 
mounds were formed by rising currents of water in unconsolidated 
sand. Such mounds can be seen where springs emerge from under•
water sands. They are common in very shallow-water environments. 

B. Cross-section through a sand volcano from the same locality. 
The layers have been formed as the mound grew. Upward-flowing 
columns of water emerged from the vents seen as indentations at 
the tops of the mounds. 

C. Polished and enlarged section through the vent of a sand volcano 
from the same locality. Structure within the vent suggests the col•
lapse of sand as the upward flow of water ceased. 

A-C. (Photos: 0/dershaw, 1960) See page 37. 





242 SECTI0N Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 77 

IIIB.l.2a ESSENTIALLY ELEVATIONS ONLY-OVATE WITH 
APICAL DEPRESSION 

A. Upper surface of a cylindrical sand volcano in sandstone of 
the Noltenius Formation (Lower Proterozoic) in the Northern 
Territory . This view shows a central vent. (Photo: BMR) 

B. Cylindrical structure in sandstone of the Noltenius Formation. 
It occurs as a 'stem' below the central depression of the form shown 
in 77 A. This is probably a pipe formed by a column of water rising 
through compacting sand to a sand volcano at the surface. (Photo: 
BMR) 

(For interpretation of these phenomena as possible organic struc•
tures see Robertson, 1962). See page 37. 
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244 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 78 

IIIB.l.2c ESSENTIALLY ELEVATIONS ONLY -RADIAL 
SYMMETRY 

A. Top of soldier crab burrow in sand exposed at low tide in an 
estuary near Ulladulla, New South Wales. The crab begins the hole 
by moving in a circular fashion and back filling. See page 47. 

B-C. Organic features of unknown origin. B is from the Back 
Creek Group (Permian) of Queensland; C is from Libya. These may 
be marine worm burrows and semicircular feeding tracks or the 
impressions of gill-like structures. There is no evidence of internal 
structure. (Photos: BMR) 

D. Possible algal structures, shaped like an inverted umbrella, 
from siltstone of the Ulladulla Mudstone (Upper Permian) near 
Ulladulla, New South Wales. These show internal structure indicating 
,hat they are made of a cone-like sheaf of filaments. As all have 
the same orientation (pointed end down) it is inferred that they are 
in situ. (Photo: L. Seeuwen) 
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246 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 79 

IIIB.l.2e ESSENTIALLY ELEVATIONS ONLY-STEPS 

A. Step moulds in very fine to fine-grained sandstone of the Craw•
ford Formation (Adelaidean) in the Northern Territory. These are 
compared with B, and are inferred to have formed in the same 
way as microfaults in a thin layer under stress. The mechanism 
of stress could be thrust caused by the slumped sediments. Such 
microfaults can form in quasi-solid to solid but unindurated sedi•
ments under subaerial conditions or, as in this example, under water 
if preserved by an overlying thin layer of mud. (Photo: L. Seeuwen) 

B. Fault pattern in a cake of clay that has been strained by ten•
sional stress. The ellipse is an original circular mark. The experiment 
illustrates how microfaults can form in a sheet of cohesive sediment 
subjected to tensional stress resulting from slumping. After Oertel 
(1965). See page 42. 
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PLATE 80 

IIIB.1.3a SETS OF ELEVATIONS AND DEPRESSIONS•
PARALLEL 

A. Streaming lineation in sandstone of the Yarrawolya Formation 
(Upper Proterozoic) near Badgeradda, in Western Australia (after 
Perry & Dickins, 1960). 

B. Current marks in sandstone of the Yarrawolya Formation. 
(Photos: A. B: BMR) 

C. Streaming lineation on a beach, South Durras, New South 
Wales. See also Plate 13. See page 25. 
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250 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 81 

IIIB. l.3a SETS OF ELEVATIONS AND DEPRESSIONS•
PARALLEL 

A. Symmetrical ripples in sandstone of the Victoria River Group 
(Proterozoic) near Coolibah, Northern Territory. Symmetrical 
ripples are formed in shallow water by wave action. 

B. Symmetrical ripples in sandstone of the Warramunga Group 
(Lower Proterozoic) in the Northern Territory. 

C. Same as B. 

D. Asymmetrical ripples in the Depot Creek Sandstone Member 
(Proterozoic) of the Northern Territory. 

A, B. See also Plate 96 (Photos: BMR) See page 26. 
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252 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 82 

IIIB.1.3d SETS OF ELEVATIONS AND DEPRESSIONS•
U-SHAPED 

A. Linguoid ripples, with organism trails, in the Carlo Sandstone 
(Ordovician) of the Tarleton Range, Northern Territory. Current 
direction from lower right to upper left. Such ripples are formed 
where currents are strong, such as in the tidal channels of estuaries. 

IIIB.1.3c. SETS OF ELEVATIONS AND DEPRESSIONS•
ANASTOMOSING 

B. Interference ripples in Proterozoic sandstone near Palm Springs, 
Northern Territory. 

IIIB.1.3a SETS OF ELEVATIONS AND DEPRESSIONS•
PARALLEL 

C. Asymmetrical ripples in the Mundogie Sandstone (Proterozoic) 
of the Northern Territory. Current flowed from right to left. 

A-C. See Plate 96 and page 26. (Photos: BMR) 



A 



u13024
Text Box
Page 254 is blank.



I/JB.2 Located on lower surfaces of grain aggregates 



256 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 83 

liiB.2 . la SETS OF DEPRESSIONS ONLY-RILLS 

A. Ridge moulds on the lower surface of a greywacke bed in the 
Wallaroi Greywacke (Lower Devonian) near Gowan Green, New 
South Wales. 

B-C-D. Sketches illustrating the formation of ridges on a mud 
surface in an experimental tank . C shows ridges formed by converg•
ing flow, D by diverging flow (after Dzulynski & Walton, 1965) . 

E. Sketch illustrating the formation of longitudinal current ridges 
under dynamic conditions of flow ( Dzulynski , 1965). See page 35 . 
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258 SECTION III. GRAIN AND NON-GRAIN AGGRI'GATES 

PLATE 84 

IIIB.2.2a ELEVATIONS ONLY - RECTILINEAR 

A. Groove moulds, showing two dominant directions, in arenaceous 
sediments (Miocene) from the Apennines (after Kuenen, 1957). 
These groove moulds are the infilling of grooves formed on the 
ocean floor by hard objects such as pebbles and shells which were 
moved by strong bottom currents. Groove moulds are commonly 
associated with flute moulds and graded bedding. 

8 -C. Groove moulds, showing two directions of current flow, on 
the soles of greywacke beds in the Wallaroi Greywacke (Lower 
Devonian), near Wellington, New South Wales. (Photo: L. Seeuwen) 
See page 35. 





260 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 85 

IIIB.2 .2b ELEVATIONS ONLY- SINUOUS 

A. Moulds of worm tracks on the underside of a fine-grained 
greywacke, Wallaroi Grey wacke (Lower Devonian), Gowan Green, 
New South Wales. These beds, which show abundant striations and 
flute moulds, are interpreted as turbidites, probably deposited in 
deep water. (Photo: L. Seeuwen) 

B. Moulds of worm tracks and symmetrical ripples in fine-grained 
sandstone of the Pacoota Formation (Ordovician) near Ellery Creek, 
Northern Territory. Symmetrical ripples are formed by an oscillatory 
motion of the water, caused by waves, and on this scale at least are 
probably indicative of very shallow water. 

C. Moulds of worm tracks in the Stairway Sandstone (Ordovician) 
near Alice Springs, Northern Territory. (Photo: BMR) 

D. Moulds of worm tracks and flute moulds in greywacke (Mio•
cene) near Accumoli, Italy (after Kuenen, 1957). These beds are 
turbidites of the flysch facies. See page 43 . 





262 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 86 

IIIB.2.2b ELEVATIONS ONLY- SINUOUS 

A-B. Moulds of crustacean tracks in silty sandstone of the Pacoota 
Sandstone (Cambro-Ordovician) of the Amadeus Basin, Northern 
Territory. (Photos: BMR) See page 43. 
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264 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 87 

IIIB.2.2c ELEVATIONS ONLY- SPATULATE 

A. Flute moulds in marine sandstone of the Crawford Formation 
(Adelaidean) from the Northern Territory. These were formed by 
a strong current flowing from top to bottom. Two-thirds natural size. 

B. Flute moulds in the marine Carlo Sandstone (O~dovician) from 
the Tarleton Range, Northern Territory. The current flowed from 
top to bottom. The irregular ridges are moulds of original trenches, 
probably formed by hard lumps of mud gouging the sea floor. The 
specimen is about 18 inches long. 

C. Detail of B. Approximately natural scale (Photos A, B, C: 
BMR) See page 35. 
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266 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 88 

IIIB.2.2f ELEVATIONS ONLY- CRESCENTIC 

A-B. Moulds of current crescents in sandstone of the Yarrawolya 
Formation (Upper Proterozoic) near Badgeradda in Western Aus•
tralia (after Perry & Dickins, 1960). The current flowed from bot•
tom to top. Current crescents are formed on the down-current side 
of obstructions such as fragments of mud, shells, and pebbles. The 
flow is locally impeded, resulting in turbulence on the down-current 
side of the obstruction where an elongate mound of sediment is 
deposited. This feature can be seen on the surface of wind-swept 
layers of snow. Note the streaming lineation. (Photos: BMR) See 
Plate 73 and page 35. 
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268 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 89 

IIIB.l.lg DEPRESSIONS ONLY- RANDOM GEOMETRIC 
A. Moulds of ice crystals in frozen mud (after Shrock, 1948). 
B. Moulds of ice crystals in the mud of a tidal flat in Maine (after 
Trefethen & Dow, 1960). 

IIIB.2.2i ELEVATIONS ONLY-RANDOM GEOMETRIC 

C. Cast of ice crystal imprints in frozen sand (after Shrock, 1948, 
courtesy of J. A. Allan). 

D. Ridges that may be casts of ice crystal imprints in sandstone 
of the Teviot Formation (Triassic) near Redcliff, Queensland. See 
page 51. 



f "'·'F'CJ;-( "\'~- -- .... '\ 

·\ . ' ''"' 
. 

. 
~-. •' 
~~;:... ;i 

''"'~"ll""i''2l"' ''';:11'''''41''' '''~I '"'"il'""''7!"''1''91''"1''lli''1' lill'''"m"1"ii'i''·"i!:l''l"i!i''ll'Ifi;!'!"1W'I''i'l~'f'~lf 
I 

A 

B 

D 

c 



270 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 90 

IIIB.2.2i ELEVATIONS ONLY-RANDOM GEOMETRIC 

A, B. Salt casts of siderite after halite in dolomite (Ordovician) 
near Hottah Lake, Northwest Territories, Canada. Mud cracks are 
present in the same bed. Salt casts (replacements of the original salt 
crystals) commonly are hollow-faced cubes, as in A, and in this 
respect can be distinguished from pseudomorphs of pyrite. (Photos: 
P. Gretener) See page 51. 
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272 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 91 

IIIB.2.2i ELEVATIONS ONLY-RANDOM GEOMETRIC 

A. Salt casts in dolomitic siltstone of the Amos Formation (Car•
pentarian) in the Northern Territory. These pseudomorphs of halite 
consist of siltstone. Note the characteristic concave faces. 
Approximately natural scale. 

B. As above. (Photos: BMR) See page 51. 
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274 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 92 

IIIB .2.21 ELEVATIONS ONLY-COMPLEX WITH BILATERAL 
OR HIGHER SYMMETRY 

A. Moulds of crustacean nests in the Pacoota Sandstone (Cambro•
Ordovician) of the Waterhouse Range, Northern Territory. (Photo: 
BMR) 

B. Moulds of crustacean nests in silty mudstone of the Bedford 
Formation (Lower Carboniferous) in Ohio (after Seilacher, 1960). 
Moulds are approximately 1 inch long. 

C. Moulds of brush marks and tool marks in the Carlo Sandstone 
(Middle Ordovician) of the Tarleton Range, Northern Territory. 
The brush marks may have been formed by objects dragged across 
the sea floor; the tool marks are gouges. (Photo: BMR) See page 43. 
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276 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 93 

IIIB.2.21 ELEVATIONS ONLY-COMPLEX WITH BILATERAL 
OR HIGHER SYMMETRY 

A. Sketch showing the tracks and a mould of tracks made by a 
Lower Jurassic crustacean called Neonerites (after Seilacher, 1960). 
Repichnia, hyporelief and epireliefs 

B. Tracks of the crustacean Neonerites (after Seilacher, 1906). 
Repichnia. 

C. Moulds of brush marks, probably made by a crustacean swim•
ming just above the ocean floor, in the Carlo Sandstone (Middle 
Ordovician) of the Tarleton Range, Northern Territory. Cubicbnia, 
hyporelief. 

D. Moulds of burrows. described as 'ropy structures', in the Stair•
way Sandstone (Ordovician) near Alice Springs, Northern Territory. 
The palmate structure in the centre of the photograph may have 
been formed by a single hemi-sessile organism. Fodinichnia, hypore•
liefs. 

E. Moulds of burrows in the Mereenie Sandstone (Siluro-Ordovi•
cian) near Mount Rennie, Northern Territory. (?}Cubichnia, hypore•
lief. (Photos C, D, E: BMR) See page 43. 
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278 SECTION III. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 94 

lllB.2.21 ELEVATIONS ONLY-COMPLEX, WITH BILATERAL 
OR HIGHER SYMMETRY 

A. Sketches illustrating the manner in which crustaceans burrow in 
the mud of the sea floor, forming resting tracks which are recorded 
as moulds. Crustaceans also crawl or skip over the surface, leaving 
trails and brush marks (after Seilacher, 1960). 

B. Cruziana, or crustacean tracks, in the Stairway Sandstone (Ordo•
vician) near Glen Helen, Northern Territory. Repichnia, hyporelief. 
(Pito/0: BMR) 

C. Sketches of crustacean tracks, possibly those of trilobites, in 
rocks of Cambro-Ordovician age (after Seilacher, 1960). Repichnia, 
hyporelief. 

D-E. Cmziwia, or crustacean tracks, in the Stairway Sandstone 
(Ordovician) near Glen Helen, Northern Territory. D-Repichnia 
hyporelief; E-Cubichnia, hyporelief. See page 43. 
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280 SECTION Ill . GRAIN AND NON-GRAIN AGGREGATES 

PLATE 95 

IIIB.2.21 ELEVATION ONLY-COMPLEX, WITH BILATERAL 
OR HIGHER SYMMETRY 

A. Cylindrical structures, probably formed by marine worms, in 
silty sandstone of the Ulladulla Mudstone (Upper Permian) near 
Ulladulla, New South Wales. Fodinichnia, hyporelief. 

B. Schematic diagram showing how cylindrical coprolites are formed 
as a marine worm eats its way through the sediment (after Kuenen, 
1957). 

C. Coprolite sausages, faecal pellets. tracks, and indeterminate 
mounds in siltstone of the Frontier Formation (Upper Cretaceous) 
in Wyoming. Refer to Plate 74, and note the similarity to features 
seen on the present-day sea floor at all known depths. Cubichnia, 
hyporeliefs. (Photo: W . C. Gibson) See page 43 . 
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282 SECTION III . GRAIN AND NON-GRAIN AGGREGATES 

PLATE 96 

IIIB.2.3c SETS OF ELEVATIONS AND DEPRESSIONS•
SYMMETRICAL SUBPARALLEL LOBATE RIDGES 

A. Moulds (undersurface of bed) of interference ripples in sand•
stone of the Warramunga Group (Proterozoic) in the Northern Terri•
tory. Interference ripples are formed by undulatory movement of the 
water in areas of intersecting waves. 

B. Moulds of symmetrical ripples on the underside of a bed. These 
are formed by undulatory movement of water, such as wave action, 
at shallow depths. (Photos A, B: BMR) See page 32. 
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284 SECTION Ill. GRAIN AND NON-GRAIN AGGREGATES 

PLATE 97 

IIIB.2.3c SETS OF ELEVATIONS AND DEPRESSIONS•
SUBPARALLEL LOBATE RIDGES 

A. Sketches of moulds of scour structures (longitudinal ridges) in 
fine-grained greywacke (Silurian) of the flysch facies near Hawick, 
Scotland (after Kuenen, 1957). 

B. Sketches of moulds of scours in greywacke (Miocene) of the 
flysch facies near Accumoli. Italy (after Kuenen, 1957). These are 
referred to as flute casts by Kuenen, but are better classified as longi•
tudinal ridges produced by current scouring (Dzulynski & Walton, 
1965). The scours are formed by strong currents in the wake of a 
turbidity current, or in shallow water by the withdrawal of an excep•
tionally high tide or flood of water blown inland during a severe 
storm. 

IIIB.2.3e SETS OF ELEVATIONS AND DEPRESSIONS•
FRONDESCENT SPATULATE ELEVATIONS 

C. Fleur-de-lys pattern on sole of greywacke bed, Wallaroi Grey•
wacke (Lower Devonian), near Gowan Green, New South Wales. 
These beds are turbidites and show flute moulds and striations. See 
page 35. 



A 



u13024
Text Box
Page 286 is blank.



Section IV. Relationships between grain 
aggregates-(beds or sets) 

IV.A Contacts between sets 



288 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 98 

IVA.la CONCORDANT CONTACT-PLANAR 

A. Parallel sedimentation units (laminites I) and laminations (lam•
inites II) in very fine-grained greywacke and argillite of the Upper 
Yarra Formation (Lower Devonian) near Warburton, Victoria. Note 
the small load-cast features, resembling incipient flame structures, in 
the base of the rippled bed, and the inclusion of fine (dark) material 
beneath the lee slope of the ripples. These beds are interpreted as a 
flysch facies deposited in deep water. (Photo: L. Seeuwen) See page 
26. 

IVA.lb CONCORDANT CONTACT-UNDULAR 

B. Lenticular sedimentation units (flaser bedding) with cross-strati•
fication formed by small ripples of very fine-grained sand interbedded 
with silty mudstone, in the Cummings Formation (Lower Cretace•
ous) of Alberta. On the basis of association with coaly laminae, 
smooth-shelled ostracods, and ar~naceous forams, these beds are 
interpreted as having been deposited in a coastal marine environ•
ment. The type of cross-stratification illustrated is formed at the 
mouths of distributaries, and in estuaries; but as noted in A, it is 
also formed in deep water. See page 32. 



8 



290 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 99 

IVA.2a CONTACTS DISCORDANT-TROUGH SHAPED 

A. Boulder conglomerate underlain by cross-bedded sandstone, and 
overlain by gritty sandstone of the Langra Formation (Devonian•
Carboniferous) in the Finke Group. The boulders are mainly of 
granitic and gneissic rocks. The cross-bedding has been formed by 
the scour-and-fill action of strong currents. As no fossils have been 
found, the beds are assumed to have had a fluviati le origin . They 
could have formed as river deposits, freshwater delta deposits, or 
beach deposits in a lake. (Photo: BMR) 

B. Scour-and-fill structure in sandstone of the Potts Hill Sandstone 
(Triassic) near Camden, New South Wales. 

C. Scour structure in sandstone of the Conjola Formation (Lower 
Permian) near South Durras, New South Wales. Staff marked in 
feet. Zeta cross-stratification of Allen ( 1963 b) . See Fig . .3 (Photo: 
V. Costin) See page 32. 
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292 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 100 

IVA.2b DISCORDANT CONTACTS-FLAMMATE 

A. Flame structures formed by a simulated turbidity current 
deforming a clay layer in an experimental flume (after Kuenen & 
Menard, 1952). These structures are produced by the drag effect of 
the sediment-laden current on the underlying plastic clay. Simulated 
turbidity currents can be produced in a long flume with a very 
gentle slope. From a hopper at one end a mixture of clay, silt, and 
sand is suddenly dumped into the water in the flume. This homo•
geneous mixture does not muddy the water jn the flume, but acts as 
though it were a liquid of higher density than water and rolls rapidly 
along the bottom of the flume. 

B. Flame structure in siltstone underlying greywacke in the Glenkiln 
Formation (Lower Palaeozoic) of Scotland. These beds are fine•
grained, banded, and show graded bedding. They are referred to the 
flysch facies, and the greywacke beds are interpreted as turbidites 
(after Ten Haaf, 1956). See page 38. 
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294 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 101 

IVA.2b DISCORDANT CONTACTS-FLAMMATE 

A-B. Flame structures in mudstone of the Puriri Formation (Mio•
cene) of New Zealand (after Ballance, 1964a). Ballance interprets 
A as ripples in mudstone formed by a turbidity current which 
deposited sand on the lee-side of ripples being build up and bent over 
on the down-current side. The flame structures must therefore have 
been formed while the overlying turbidite was being deposited, and 
consequently at a place where the current was slowing: in other 
words. probably in deep water. Further pulling-out and distortion of 
the underlying bed of mudstone results in the type of flame structures 
shown in B. Fragments of mud are commonly broken off and incor•
porated in the overlying sand. (Photos: P. F. Ballance) See page 38. 
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296 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 102 

IVA.2b DISCORDANT CONTACTS---FLAMMATE 

A-B. Flame structures and dislocated bedding formed by turbidity 
current in mudstone of the Puriri Formation (Miocene) in New 
Zealand (after Ballance. 1964a). The apparent layers in B are 
caused by weathering: the black dot is a camera lens cap. (Photos: 
P. F. Ballance) See page 38. 
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298 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 103 

IVA.2b DISCORDANT CONTACTS-FLAMMATE 

A-C. Field sketches of load casts of greywacke in silty mudstone 
(Miocene) from various localities in the Apennines, Italy (after 
Kuenen, 1957). These sediments, which commonly show graded 
bedding, are of the flysch type and were in part deposited as turbi•
dites. The load casts have been formed by the sinking of lobes of 
sand into the underlying unconsolidated mud. Load casts can be used 
to determine the tops and bottoms of beds. 

D. Field sketch of load casts of sandstone in Ordovician shale from 
Victoria (after Hills & Thomas, 1945). 

IVA.2c DISCORDANT CONTACTS-BOTRYOID 

E-F. Field sketch of load casts (referred to as flow casts by Shrock, 
1948) of fine sand in silty red shale of the Wamsutta Formation, New 
Jersey. Internally, the load casts show cross laminations. This feature 
was probably formed by the sinking of sand ripples into underlying 
mud. See also Plate 49D. See page 40. 
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300 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 104 

IVA.2c DISCORDANT CONTACTS-BOTRYOID 

A. Load casts, seen in a section normal to the direction of current 
flow, in mudstone of the Puriri Formation in New Zealand (after 
Ballance, 1964a) . The flame structures, which extend into the over•
lying graded bed of greywacke, were formed by the pulling up of the 
mudstone layer by the turbidite during a stage of decreasing velocity 
and consequent dropping of sand load. The sand load while still in 
motion sinks into, pulls up, and distorts the underlying mud layer, 
streaking out the mud lobes to form flame structures. (Photo: P. F. 
Ballance) 

IVA.2e DISCORDANT CONTACTS-IRREGULAR 

B. Disrupted bed of laminated silty shale of the Pyramid Hill 
Arenite (Lower Carboniferous) in Wiles Gully, New South Wales. 
The structures are believed to be due to disruption of quasi-solid mud 
by a current heavily laden with sand. See page 42. 
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IV .B Grouping of sets 

12608/68-L 15 



304 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 105 

IVB.l and 2 GROUPINGS OF SIMILAR AND DIFFERENT 
SETS 

A. Nomenclature of sets, cosets, and composite sets, after McKee & 
Weir (1953). 

B. Coset of cross-stratified sandstone in the Turner Formation 
(Upper Cretaceous) of Wyoming. Each set of cross-strata fills a scour 
in the underlying strata. (Photo: W . C. Gibson) See page 32. 
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306 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 106 

IVB.2 GROUPING OF SETS OF DIFFERENT CHARACTER 

A. Low-angle cross-stratified sandstones of the Conjola Formation 
(Lower Permian), near South Durras, New South Wales. These show 
the typical near-horizontal bedding of littoral sands, and may be 
compared with the bedding seen in quarries cut in barrier island 
sands. Note the horizontally bedded sets above and below. 

B. Sandstone of the Eagle Formation (Upper Cretaceous) in 
Montana, showing a composite set of horizontally bedded cosets 
overlying and underlying a coset of low-angle cross-strata. The cross•
stratified coset is interpreted as a sub-sea beach deposit. This 
sequence probably indicates a minor regression, followed by a minor 
transgression, of the sea, possibly a reflection of lateral migration 
of a nearby delta. (Photo: W . C. Gibson) See page 32. 
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IV.C Sequences of groups of sets 



310 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 107 

IVC.la FINING UPWARDS, WITH SMALL-SCALE CROSS•
STRATIFICATION ONLY 

A. Greywacke of the Walhalla Beds, near Walhalla, Victoria, 
showing units T", T,., and T" of the flysch sequence described by 
Bouma (1962). (Photo: L. Seeuwen) 

B. Bouma's flysch sequence. See page 63. 
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312 SECTION IV. RELATIONSHIPS BETWEEN GRAIN AGGREGATES 

PLATE 108 

IVC.lb FINING UPWARDS, WITH MEDIUM SCALE 
CROSS-STRATIFICATION 

Alluvial point bar sequences in sandstone of the Merimbula Forma•
tion (Devonian) at Merimbula, New South Wales. Cross-stratified 
sandstone is overlain by horizontally bedded and ripple-bedded red 
siltstone. This is in turn overlain by a second sequence of cross•
stratified sandstone. The upper part of the lower sequence is inter•
preted as a weathered zone, the two sequences being separated by a 
minor diastem. (Photo: H. F. Doutch) See page 64. 
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Mississippi, 33, 126, 154 
model profiles, 63, 66 
models, centrifugal, 37 

vertical profile, 68 
molasse, 2 
mollusc, 44, 48 
Mollymook, N.S.W., 110 
Monocraterion, 9, 44, 152 
Montana, 306 
montmorillonitic clay, 42 
Moonie Oilfield, Qd, 128, 216 
Moonlight VaHey Tillite, 80 
moraine, 18, 21 
mottled siltstone, 174 
mottling, 49 

colour, 52 
lustre, 49, 210 

moulds, 35 
crystal, 214 

Mount Isa Group, 142 
Mount Rennie, N.T., 276 
mud avalanche, 21 

cracks, 41, 42, 102, 150, 182, 184, 222, 224, 
226 

mudflakes, 19 
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mudflat, 19, 42, 65, 212, 222 
algal, 47, 150 
carbonate, 23, 224 
carbonate intertidal, 51, 160 
coastal, 42, 46, 47 
delta distributary, 49 
estuarine, 42 
intertidal, 51 
lagoonal, 42 
lake, 46, 51 
marine, 51, 224 
river, 46, 49, 51 
tidal, 19, 102 

mudflow, 18, 21, 23, .39 
Mudgee, N.S.W., 80 
mud island, 19 

Jump, 1 
mudstone section, 54 
mud volcano, 37, 238 
Mullera Formation, 186 
Mundogie Sandstone, 252 
Murrumbidgee River, 104, 126 
nearshore bar, 47 

environment, 48, 20, 21, 172 

Neonereites, 48, 276 
Nereis, 44 
Nereites- facies, 61, 62 
neritic environment, 25, 38, 57 

inner, 19, 22 
zone, 48 

nests, crustacean, 274 
Netherlands, 47 
Nevada, 226 
l''ew Guinea, 178, 218 
New Jersey, 298 
New Mexico, 192 
New Zealand, 34, 140, 238, 294, 296, 300 
nodule, 50, 208 
Noltenius Formation, 242 
non-grain aggregate, 9 
nonmarine environment, 20, 41 
non-organic sedimentary structures, 11 
Northern Territory, 102, 184, 214, 226, 242, 

246, 264, 272, 282 
North Sea coast, Netherlands, 47 
Northwest Territories, Canada, 178, '198, 224, 

270 
Nundle, N.S.W., 140, 142, 206 

Oak Creek Canyon, Colorado, 210 
occurrence of sedimentary structures, 58, 59, 60 
QCean floor, 236 
offshore sands, 24 
Ohio, 274 
Oilfield, Moonie, 128, 216 

Pembina, 90 
oil reservoirs, 46 
omikron cross-stratification, 31, 120, 122, 124, 

128, 132 
open-work, 8 

conglomerate, 20, 51, 88 
Oodnadatta, S.A., 204 
Ordovician, 41, 224, 226, 252, 260, 264, 270, 276, 

278, 298 
Cambro, 166, 262, 274, 278 
Middle, 108, 274, 276 
Siluro, 184, 234, 276 

Ord River area, W.A., 108 

organisms, boring, 48 
burrowing, 24 

organism trails, 48, 238 
orientation, 20, 22 

crystallographic, 49 
shell, 24 

oriented core, 67 
origin, aeolian, 18 
ostracod, 288 
overloading, 37 

Pacoota Sandstone, 166, 260, 262, 274 
Palaeozoic, Lower, 292 
Palm Springs, N.T. 252 
pararipple, 27 
parallel lamination, 63 
parameters, environmental, 66 
Parkman Formation, 170 
parting lineation, 8, 24, 25, 106 . 
Pascichnia, 43 

meandering, 61, 62 
pav·ement, striated, 80 
Peace River Formation, 172, 212 
pebble, beach, 84 

elongated, 24 
faceted, 84 
vertical, 110 

Pebbly Beach, N.S.W., 84 
peel, acetate, 68 
pelagic sedimentation, 66 
pelecypod, 47, 48 
pellets, glauconite, 46 
Pembina oilfield, 90 
Pennsylvania, 41, 238 
Pennsylvaru'im, 136 
'perched gley', 52 
percussion marks, 8, 18, 82 
periglacial conditions, 41 
periodic waterlogging, 52 
permafrost, 41 
permeability, 51 
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Permian, 51, 80, 96, 98, 100, 192, 210, 244 
Lower, 110, 130, 168, 180, 290, 306 
Upper, 110, 188, 202, 210, 244, 288 

Persian Gulf, 51, 160 
Pertatataka Formation, 114 
pholad activity, 218 

borings, 218 
pi cross-stratification, 31, 118, 126, 130, 136 
piedmont fan, 178 
pillow structure, 180 
pits, gas, 41, 238 

scour, 34 
pit-and-mound structures, 38 
pitted pebbles, 8, 50 
piled ripples, 39 
planar bedding structures, 6 
plane bedding, 25, 26 
plant fragments, 24 

roots, 44, 52 
playa, 42, 226 
Pleistocene, 84, 218 
point bar deposit, 19, 21, 38, 39, 63, 116, 118, 

120, 122, 124, 126, 158 
profile, 64 
sequences, 312 

Poland, 84 
polish, 17, 18 
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polychaete worm, 44 
polyester resin, 68 
polygon, 42, 46 

algal, 160 
sand, 186 

porosity, 40, 49, 50, 214, 216 
effective, 51 
integranular, 50 
vugular, 50, 216 

post-depositional erosion, 40 
structures, 12 

Potts Hill S'andstone, 290 
Prealpine Flysch, 36 
Precambrian, 162, 180 
Precipice Sandstone, 128, 216 
preparation, sample, 67 
preservation, endogenic, 43, 44 

exogenic, 43 
pseudoexogenic, 44 

pressure, crystallization, 49 
pressure-solution, 50 
principal bedding, 9, 32 
profile, flysch, 63 

model, 66, 68 
point bar, 64 
soil, 174 
turbidite, 63 
vertical, 66 

Proterozoic, 80, 102, 186, 188, 226, 250, 252, 
282 

Lower, 240, 242, 250 
Upper, 248, 266 

pseudoexogenic preservation, 44 
'pseudo-gley', 52 
pseudomorphism, 49 
pseudonodules, 39 
pteropod, 108 
pull-apart structures, 38, 42 
pullover structures, 38 
Puriri Formation, 294, 296, 300 
Pyramid Hill Arenite, 182, 300 
pyrite, 51 

crystals, 204 
nodule, 206 

pyrobitumen, 216 
quartz sands, 50 
quasi-liquid, 38, 156 

behaviour, 13, 37 
state, 37 

quasi-solid, 156, 246, 300 
behaviour, 13, 37, 41 
state, 36 

Quaternary, 176 
QueenslaiJd, 142, 244 
quickmud, .37 
quicksand, 37 

radiography, X-ray, 68 
Radium, British Columbia, Canada, 34 
rafted block, 21 
raindrop impression, 228 
rain prints, 42 
Recent carbonate rocks, 41 
rectilinear ripple, 26 
recumbent folds, intraformational, 37 

laminae, 39 
Redcliff, Qd, 268 
reefs, 47 

relief, epi, 43 
full, 43, 166, 168, 170 
hypo, 43 
semi, 43 

Repichnia, 43, 276, 278 
replacement, 49 
reptilian faeces, 46 

tracks, 47 
reservoirs, gas, 46 

oil, 46 
re:,in, polyester, 68 
resting tracks, 43, 278 
restricted lagoon, 51 
reverse graded bedding, 24 
rheoiogical conditions, 2 
rheotropic structures, 36, 37, 57 
rheotropy, 14, 36 
rhomboid pattern, 25 

ripple, 27 
Rhizocorallium, 168 
ridge moulds, 256 
rill marks, 25 
ripple, 57, 288, 294 

aeolian, 2~ 
asymmetrical, 26, 29, 32, 250, 252 
bachanoid, 27 
bevelled, 28 
climbing, 116, 118, 154 
crescentic, 27 
cuspate, 27, 28, 29 
gravel, 29 
interference, 29, 252, 282 
linguoid, 27, 252 
longitudinal, 27, 32 
lunate, 27, 28 
mega, 27, 29, 34, 42, 122 
meta, 27 
para, 27 
piled, 39, 180 
rectilinear, 26 
rhomboid, 27 
separate, 40 
sinuous, 26 

INDEX 

symmetrical, 26, 27, 29, 32, 250, 260, 282 
'ripple mark', 5 
ripple mark, 25, 26, 27, 29, 32, 34, 68, 166 

asymmetrical, 27, 28 
ripple marks, form indices, 28, 29 
ripple-bedded, 312 
ripple-cross-stratification, 64 
rivers, 20, 38, 42, 48 

deposit, 124 
distributaries, 47 
fiat environment, 33, 238 
floodplain, 41, 42 
mudflats, 46, 49, 51 
sand, 128 
sands, cross-stratified, 120 

Rocky Creek Conglomerate, 92, 94, 98, 156 
rolling, 24 
roots, 212 

plant, 44, 52 
structures, 47 

'ropy structures', 276 
R·otorua, New Zealand, 238 
roundness, 18 
rudite, 20 
Rumbalara Shale, 168 
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salt, 51 
casts, 224, 270 
Jake, 51 
marsh, 65 

saltation, 24 
sample preparation, 67 
sampler, grab, 67 
sampling, 67 

incomplete, 67 
sand, bar-finger, 33 

cross-bedded, 21 
cross-stratified, 120, 126 
crystal, 49 
-dune, 126, 136 
-dyke, 182 
-flat, 65 
-grain lineation, 6, 24, 25 
littoral, 130 
offshore, 24 
quartz, 50 
river, 128 
-shadow, 34, 234 
shoreline, 134 
volcano, 37, 240, 242 
windblown, 154 

sandblasting, 18 
Sands, Uthic, 50 
sandstone, cross-stratified, 136 

fluviatile, 25 
lithic, 90 
shallow water, 35 
sandstone dyke, 38, 188 
pillow, 39 
section, 53 
suite, 57 

Sao Paulo, Brazil, 136 
Sawtooth Range, New Guinea, 178 
'scalar' fabric, 20 
scale, macroscopic, 

mesoscopic, I 
microscopic, I 

Scotland, 284, 292 
scour, 34, 35 

mould 
pits, 22, 34 
structure, 284, 290 

scour-and-fill structure, 290 
scoured surface, 20 
scouring, current, 284 
Scoyenia-facies, 57 
screes, 21 
sea, transgressive, 20 
sea cucumber, 49, 236 

fl.oor, 264, 280 
urchin, 49 

sedges, 47 
sedimentary basin, 66 

breccia, 21 
structures, associations of, 57 
structures, biogenic, 57 
structures, classification of, 13 
structures, description, 17 
structures, non-organic, 11 
structures, occurrence, 58, 59, 60 

sedimentation unit, 26 
semi-relief, 43 
septarian nodule, 208 
set, 32, 33, 304 

composite, 32, 304, 306 

Shady Camp Limestone, 108 
shale clast, 19, 182, 224 
shale fragment, 22 
shallow coastal environment, 26 
shallow water deposit, 40, 164 

environment, very, 238, 240 
fluvial deposit, 34 
lacustrine deposit, 34 
marine environment, 41 
sandstones, 35 

shape, dreikanter, 8, 18, 82 
grain, 18 
subtriangular, 8, 18 
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sharpstone conglomerate, intraformational, 22 
shell, elongate, 25 

debris, 47 
orientation, 24 

Shinarump Conglomerate, 210 
shoreline sand, 134 
siderite, 50, 51, 202, 270 
Silurian, 284 
Siluro-Ordovician, 184, 234, 276 
sinuous ripple, 26 
Skolithos, 44, 47, 164, 166, 168 
Sko/ithos-Glossojungites-facies 
slide-slump bedding, 39, 156 
slope, submarine, 20 
'slump balls', 39 
slumping, 23, 38, 42, 48, 142, 196, 246 

gravitational, 37, 158 
slump roll, 180 

structure, 9, 38, 154, 158 
submarine, 21 

slurry-slump bedding, 39 
&oil, fossil, 52 

profile, 174 
structures in, 49 
zone, 174 

soles, divergent trends on, 36 
sole markings, 25, 35 

classification, 35 
hydrodynamic, 35 
inorganic, 35 

solifluxion, 21, 96 
Solomon Islands, 206 
solum, 52 
solution, 18, 49 

features, 49 
sorting fabric, 20 
South Dakota, 124 
South Durras, N.S.W., 96, 98, 100, 110, 130, 

230, 290, 306 
Southern Ocean, 82 
Spain, 34 
spatulate casts, 6 
sphericity, 18 
splitting core, 67 
sponge, 108 
spongy texture, 41, 50 
spring, 37, 240 
staining, 68 
Stairway Sandstone, 108, 226, 260, 276, 278 
starfish, 49, 236 
state, hydroplastic, .36 

liquid, 37 
quasi-liquid, 37 
quasi-solid, 36 

stratification, contorted, 37 
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stream, 19, 29, 34 

braided, 114 
bed, 34, 51 
channel, 25, 65 
ephemerally frozen, 18 
high-velocity, 19 

streaming lineation, 24, 25 
step moulds, 246 
Stockyard Creek, Qld, 186 
striated block, 18 

boulder, 80 
cobble, 18 
pavement, 80 

striation, 6, 8, 23, 260 
stromatolite, 9, 44, 46, 146, 148, 160 
structmes, hydrodynamic, 17 

levels of, 7 
megascopic, 7 
mesoscopic, 7 
metadepositional, 12 
postdepositional, 12 
syndepositional, 11 
in soils, 49 

stylolite, 6, 49, 50, 196 
subaerial exposure indicators, 42 

nonmarine environment, 20 
subaqueous sedimentary structure, classification, 

13 
submarine canyon, 23, 38, 108 

channel, 19, 22 
megaripple, 34 
slope, 20 
slumping, 21 
trough, 23 

subsoil, gleyed, 52 
subtidal zone, 41 
suite, arenite, 57 

greywacke, 3, 57 
sandstone, 57 

supratidal sediment, 41 
surface markings, 17 

texture, 17 
suspension, 24, 26 
swash zone, 230 
symmetrical ripple , 26, 27, 29, 32, 250, 260, 282 
synaeresis cracks, 42, 176, 208 
syndepositional structures, 11 

Taemas, N.S.W., 126, 146, 160 
Tamworth Group, 142 
Tamworth, N.S.W., 100 
techniques, 67 
Tarleton Range, N .T., 252, 264, 276 
tectonic breccia, 21 • 
tectonism, 2, 3 
Tennant Creek, N.T., 240 
tentaculites, 24 
terminology, 4 
terms, genetic, 4 

genetically flavoured, 4 
purely descriptive, 4 

terrestrial environment, 57 
Tertiary, 46, 204 
Teviot Formation, 268 
texture, spongy, 41, 50 

surface, 17 
thawing, freezing and 110 
Thinog Grits, Wales, 108 
thrust structures, intraformational, 37 
tidal channel, 20, 34, 114, 252 

creek, 65 
flat, 47, 57, 63, 65, 144, 146, 268 
flat sequences, 65 
mudflat, 19, 102 
marsh, 47, 212 

tide, high, 47, 232 
low, 232 

till, 84 
tillite, 21 
tool marks, 274 
toroids, 25, 34, 190 
torose load cast, 36 
trace fossil, 43, 44 

assemblages, 61, 62 
tracks, 48, 49 

crustacean, 262 
reptilian, 47 
resting, 43, 278 
worm, 260 

trails, crawling, 43 
feeding, 43 
organism, 48, 238 

transgression, Holocene, 
transgressive sea, 20 
transport, glacial, 18 
tree roots, 21 
trends on soles, divergent, 36 
Triassic, 132, 136, 152, 154, 268, 290 
trilobite, 48, 278 
triple-tube core barrel, 67 
trough, submarine, 23 
trough cross-stratification, 118 
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tubular structures, 47, 152, 164, 166, 238 
tuff, 82 
Tumblagooda Sandstone, 168 
turbidite, 4, 19, 21, 23, 25, 38, 66, 108, 140, 

142, 234, 260, 284, 292, 298 
artificial 22 
flows, .38 
lithesome, 66 
profile, 63 

turbidity current, 4, 19, 21 , 22, 23, 24, 35, 36, 
38, 57, 66, 142, 292, 294 

turbulence, 266 
Turner Formation, 304 
Turondale, N.S.W., 104 
Turon River, N.S.W., 82 

Ulladulla Mudstone, 188, 202, 244, 280 
Ulladulla, N.S.W., 168, 176, 188, 202, 244, 280 
unconsolidated sediment, 67 
unda environment, 57 
undathem, 57 
underwater avalanche, 23 
Unio, 48 
unit, sedimentation, 26 
Upper Yarra Formation, 288 

varved beds, 92 
clay, 21 
silt, 98, 156 

ventifact, 18 
vertical clast, 8, 22 

grain fabric, 8, 41, 110 
pebble, 110 
profile, 66 
profile analysis, 63 
profile models, 68 

'vertical stones', 41 
v ibro-drilling, 67 
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Victoria River Group, 186, 250 
volcanic ash, 24 
volcano, mud, 31, 238 

sand, 37, 240, 242 
vugs, 6 
vugular porosity, 50, 216 

Waitemata Group, 140 
Wales, 108 
Walhalla Beds, 116, 310 
Walhalla, Vic., 116, 310 
Wallan, Vic., 162 
Wallaroi Greywacke, 256, 258, 260, 284 
Walther's Law, 63, 66 
Wamsutta Formation, 182, 298 
waning currents, 57 
waning-current graded bedding, 23 
Warburton, Vic., 180, 288 
Warramunga Group, 240, 250, 282 
Wash, England, 65 
water depth, 21 
Waterhouse Range, N.T., 274 
waterlogging, periodic, 52 
wave, 32, 250, 260 

swash, 24, 25 
wedge, ice, 41 

Wellington, N.S.W., 258 
Wesley Park Member, 192 
Western Australia, 168 
whirl-balls, 39 
whirlpool, 34 
Wiles Gully, N.S.W., 182, .300 
wind, 136, 234 
windblown ~and, 154 
Windfall Reef, 196, 214, 216 
worm, 48, 49, 236 

borings, 172 
marine, 47 
polychaete, 44 
tracks, 260 

Wyoming, 136, 164, 170, 280, 304 

xi cross-stratification, 31, 134 
X-ray radiography, 68 

Yarrawolya Formation, 248, 266 
Yarrimie Formation, 100, 140, 206 
Yarrow Formation, 180 

zeta cross-stratification, 30, 290 
Zoophycos facies, 57, 61, 62 
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