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Abstract: Erosional and deformational structures from various sedimentary environments are discussed and 
natural examples are confronted with their experimental analogues. Particular attention is paid to deformation 
structures following convective pattern of motion. From experimental investigations and field studies it is 
concluded that many structures, which in current classifications are separated, may result from analogous or 
similar formative processes. 

Abstrakt : W pracy niniejszej przedstawiono rozważania nad pochodzeniem struktur erozyjnych i deforma-
cyjnych w nieskonsolidowanych utworach osadowych występujących w obrębie oraz na powierzchniach spą
gowych i stropowych lawie. Szczególny nacisk położono na struktury odkształceniowe powstałe w następstwie 
niestatecznego warstwowania gęstościowego. Rozważania oparte zostafv na doświadczeniach przeprowadzonych 
dawniej pivxz autora i jego współpracowników a ilustracje struktur doświadczalnych zostały zestawione razem z 
ich naturalnymi odpowiednikami. Zarówno doświadczenia jak i badania terenowe prowadzą do wniosku, że wiele 
struktur które często uważane są za niepowiązane ze sobą genetycznie mają jednakowe lub podobne pochodzenie 
i przechodząjedne w drugie. 
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INTRODUCTION 

This discussion is part of one-semester series of lectures 
given in 1989, when the wri ter was visiting professor at the 
Hebrew Universi ty in Jerusalem. The discussion is chiefly 
concerned with "interfacial s t ructures" in clastic sediments 
(sensu Dzulynski & Simpson, 1966a) which are either pro
duced on interfaces between one bed and the bed immedi
ately be low or above, and on interfaces within single beds. 
Such structures include current markings produced by cur
rent erosion, markings produced by deposit ing/reworking 
currents and interpénétration structures resulting from pro
trusion of one unconsolidated or semi-consolidated sedi
ment into another. 

Most of the structures to be discussed are important in
dicators of sediment transport and, inferentially, give an in
sight into the paleogeography of ancient sedimentary basins. 
They also are "way u p " indicators showing the original po
sition of strata in folded rocks . In this respect, the following 
discussion m a y be regarded as complementary to the excel
lent and already classic book by Shrock (1948). 

Genet ic interpretation of the features under considera
tion is based upon simple quali tat ive experiments, and pic

tures illustrating natural structures are compared with those 
showing their experimental replicas. Where the interpreta
tions here presented differ from general ly accepted opin
ions, the reader can refer to the relevant publicat ions for al
ternative explanations. The literature on the problems dis
cussed is voluminous and space does not permit due refer
ences to all relevant papers. In general , the references will 
be kept to the min imum necessary for clarity of presentat ion 
and to give the credit to the authors whose ideas are similar 
or identical with those here presented. 

The material here offered is not entirely new. It has 
been published by the present writer and his coauthors in 
various publications, often with limited distribution. In the 
following discussion an at tempt will be made to bring to
gether this scattered material with emphasis on structures 
whose origin is still disputable. In this respect, the discus
sion is a critical reappraisal of earlier studies of the author 
and his coauthors , before the present writer changed his re
search interest to other topics. 

The list of structures discussed is not intended to be ex
haustive, and the paper presented is not meant as a compre-
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hensive manual of sedimentary structures. The structures 
that are satisfactorily treated in text-books are omitted or 
only briefly mentioned. 

The study of sedimentary structures has now become a 
matter of routine and application. Consequent ly , the prob
lems under consideration may be of value to field geologists 
who use sedimentary structures as a key to paleogeographi-
cal reconstructions of ancient sedimentary basins. N o n e of 
the structures is diagnostic of any specific sedimentary envi
ronment nor, in itself, p roof of the action of turbidity cur
rents. Turbidi te sequences , however , provide particularly 
good condi t ions for the appearance and preservation of such 
structures. Consequent ly , most of those discussed come 
from turbidites of the Carpathian flysch. 

The specimens, both natural and experimental , which 
are depicted in this publ icat ion are housed in the Geological 
Museum of the Institute of Geological Sciences of the Jagie
llonian Universi ty in Cracow. The photographs of these 
specimens have already been published (e.g. Dzulynski & 
Sla.czka, 1958, 1960; Dzulynski & Sanders, 1962; Dzutyn-
ski, 1963a; Dzulynski & Walton, 1965; Dzulynski & Simp
son, 1966a) and reproduced in some sedimentological text
books (e.g. Pettijohn & Potter, 1964). The photographs of 
natural specimens, however , were rarely brought systemati
cally face-to-face with their experimental analogues. Such a 
confrontation is made in this paper. 

Depending on the publication in which the papers 
authored or coauthored by the writer were printed, his name 
was given either in latinized form "Dzulynsk i" or in the Pol
ish spell ing "Dzulynski" . This name is here given as in the 
papers referred. 

The structures to be discussed have been divided into 
two groups: (1) erosional markings produced by scouring 
action of the currrent or by impact of transported objects 
(tools) upon a cohesive substratum and; (2) deformational 
structures resulting from interaction between the flowing 
and deposit ing current and the bottom, or from mutual inter-
penetration of soft sediments differing in density and kine
matic viscosity. These two groups of structures will be 
treated separately, al though there are transitions between 
them. The rest of this paper will be devoted to structures in 
single beds resulting from impact of heavy suspensions 
upon a stratified substratum. 

EXPERIMENTAL TECHNIQUES 

Inasmuch as the for thcoming discussion is based upon 
experimental investigation, some comments are needed on 
the experimental techniques applied (for details see 
Dzulynski & Walton, 1963, 1965; Dzulynski & Simpson, 
1966a; Dzulytiski, 1966). 

Exper iments designed to produce erosional markings 
were similar to Ph. K u e n e n ' s classic experiments (Kuenen, 
1958; Kuenen & Migliorini , 1950; Kuenen & Menard, 
1952), concerned with intrastratal depositional structures in 
turbidites. However , instead of sandy suspensions used by 
Kuenen to simulate natural turbidity currents (abbreviated 

to t-currents), the artificial t-currents here under considera
tion were produced by pouring of watery plaster-of-paris 
mixtures into water- tanks with settled clay on the bot tom. 
The first experiments of this type, were carried out in vari
ously sized but, generally small flumes (Dzulynski & Wal
ton, 1963). Larger flumes up to 2 m long, 0.15 m broad and 
0.20 m high, were used in later exper iments (e.g., Dzulynski 
& Simpson, 1966a). These flumes were provided with gates 
at their distal ends and were submerged in a large water 
tank. In each exper iment the gate was first c losed and muds 
or clay were settled from suspension to produce a bottom 
layer of suitable cohesiveness . Care was taken to keep the 
top surface of the settled clay at the level of the chute outlet 
and the threshold at bottom of the gate. Then the gate was 
opened and plaster-of-paris suspensions of varying density 
were introduced to produce artificial t-currents. Open ing of 
the gate prevented the undesirable effect of a reflected back-
flow disturbing the deposited turbidite. The average current 
velocity in the experiments discussed, was 9-14 cm/sec . 

After hardening, the plaster-of-paris turbidites were 
lifted and their undersurfaces washed to expose the mark
ings produced. If the turbidite layer was too thin, and there
fore fragile, the gate was closed again and additional plaster-
of-paris suspension was introduced to settle upon slightly 
indurated top surface of the turbidite. 

The bottom sediments used in the exper iments were 
natural easily slacking clays and coarse technical kaolinite. 
Depending on the quality of clays, the settling t ime varied 
from a few to 24 hours . In the experimental product ion of 
tool markings, small objects were placed on the bot tom clay 
near the chute outlet, prior to the introduction of plaster-of-
paris suspensions. The objects included water- logged pieces 
of lignite, fish bones and hard plaster-of-paris discs or 
spheres. To obtain positives of current markings , the bottom 
clay was replaced by a layer of sediment deposited from 
watery plaster-of-paris suspensions containing small 
amounts of clay to delay the hardening. Then a t-current 
made of fine sandy or silty suspensions was released. After 
hardening of the substrate, which in this case took two or 
three days, the uncemented sandy turbidite was washed 
away and the positives of markings exposed. For specific 
purposes, other changes were made in the experimental pro
cedure and these will be described at appropriate places in 
the following sections. 

The techniques applied to obtain syndeposi t ional defor
mations on bot tom surfaces of artificial turbidites were es
sentially the same as those used to produce erosional mark
ings. The plaster-of-paris suspensions applied, however , 
were denser than those which gave rise to tool-, and scour 
markings. As such suspensions began to settle, they formed 
a soft layer which would interact with the under lying clay, 
giving rise to deformational structures. 

To produce experimental analogues of postdeposit ional 
deformations in the absence of current flow, diluted sandy 
and silty suspensions, mixed with small amounts of plaster-
of-paris and clay, were gently introduced into water- tanks 
with a settled clay to obtain unstable systems with undis
turbed members . The deve lopment of deformations was 
than initiated by tapping the wal ls of the tanks. This resulted 
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in partial liquefaction or softening of the members . Addit ion 
of plaster-of-paris did not affect the rheotropic properties of 
other model materials during the experiments . It made it 
possible, however , to obtain relatively hard models which, 
when sliced, gave an insight into three-dimensional aspects 
of the structures. Additional information concerning the ex
perimental techniques is given when specific structures have 
been discussed. 

In principle, the exper iments conducted to produce 
postdeposit ional deformations were similar to those de
signed by other authors to obtain load-induced structures in 
sediments (eg., Kindle, 1917; Kuenen, 1958, 1965; M c K e e 
et al, 1962; Selley et ai, 1963), and to simulate igneous 
diapirs and related interpénétration structures (eg. Nettleton 
& Elkins, 1947; Ell well et ai, 1960; Ramberg , 1971). 

As in the case with exper iments on erosional markings, 
those a iming at producing soft-sediment deformation struc
tures were quali tat ive exper iments . The changing kinematic 
viscosity (see later) turned out to be one of the most impor
tant factors controll ing the deformation. The quantitative 
evaluation of this factor was beyond the capability and com
petence of the experimenters . 

The exper iments under considerat ion have been criti
cized on the assertion that particle fall-diameter and fluid 
viscosity were not proportional to each other and to the flow 
size (Allen, 1971b; Selley, 1988). In fact, the above men
tioned parameters were proport ional one to each other, and 
any change in their mutual relationships brought about the 
appearance of different structures. To satisfy the principle of 
mechanical similarity, the settling velocity of particles in 
suspension was scaled down by using materials having spe
cific gravity much lower than that of natural sediments . Ad
mittedly, the parameters in question were not expressed 
quantitatively and, in this respect, the experiments under 
consideration may be regarded as somewhat less r igorous. 
They have yielded, however , the exact replicas of practi
cally all known erosional and deformational structures ob
served on bot tom surfaces of natural turbidites. The experi
ments have also given insight into processes involved in the 
formation of sedimentary structures. 

N o at tempt has been m a d e to refer to fundamental laws 
of hydrodynamics . As is the case with natural turbidity cur
rents, the suspensions and model materials used in the ex
periments discussed were heterogeneous. When such sus
pensions begin to settle there is no longer one mixture, but a 
great number of them, and most of the hydrodynamic laws 
applied for homogeneous liquids no longer are valid (R. 
Voughan in Chang, 1939). In this context it may be empha
sized, that the real value of exper iments in geology is not to 
produce scale models but to test and investigate certain con
cepts suggested by field observat ion and to stimulate the 
imagination of investigators (Johnson, 1970, p . 131). The 
aim of the exper iments under consideration will be fulfilled 
if it will prepare the way to further more quantitative inves
tigations. 

EROSIONAL STRUCTURES 
ON INTERFACES OF BEDS 

Minor inorganic markings on undersurfaces of clastic 
beds are referred to as sole markings (Kuenen , 1957).In the 
following considerations w e shall use the term "erosional 
markings" to indicate sole markings produced directly by 
erosive current action, prior to collect ive settling of grains 
and their final deposit ion. Such markings , preserved in the 
form of moulds , have been divided into two categories: (1) 
tool markings made by the contact of t ransported objects 
(the tools) and the bot tom and, (2) scour markings produced 
by the scouring action of the current (Dzulynski & Sanders , 
1962a). Moulds of such markings on undersurfaces sand
stones are among the most reliable directional structures. 

Erosional markings originate in a soft cohesive muddy 
substratum whose essential property is that it a l lows the pas
sage of a current without itself being washed away . An inco-
hesive sandy substratum is not conducive to the formation 
and preservation of minor erosional markings , nor is a hard 
bot tom surface. However , dense masses of water saturated 
sand, grinding against an earlier deposi ted sand ("mass-
transport marks" of Ricci Lucchi , 1969), leave distinct 
scratches on the interface separat ing the welded sand beds 
(PI. 3C) . It is to be noted that erosional markings are not 
directly related to any of the B o u m a divisions (Bouma, 
1962). In most instances they were produced prior to the 
collective deposition of grains, and only coarse particles en
trapped in erosional hol lows bear evidence of that interlude 
which is not recorded in the overlying bed. 

Apart from papers authored and co-authored by the pre
sent writer, the tool-, and scour markings discussed in this 
part have been described and illustrated by many authors in 
publications devoted to sedimentary structures (e.g., Petti-
john & Potter, 1964; Lanteaume et al., 1967). Consequent ly , 
the descriptions of such marking will be given in an abbrevi
ated form. 

The tools 

In flysch basins, the objects act ing as tools are either: 
(1) al lochthonous i.e. derived from outside the deposit ional 
basin or, (2) autochthonous i.e., derived from within the ba
sin. 

The first category includes displaced or redeposi ted 
shal low-water fossils, water- logged pieces of w o o d and ex
otic rock fragments or pebbles . The second category of tools 
includes objects which rest on the bot tom surface or are bur
ied in the uppermost , unconsol idated part of the bot tom 
sediment. In flysch sediments such tools are hard remnants 
of free-swimming organisms (e.g. fish) and water- logged 
pieces of wood. The above ment ioned tools are washed out 
from unconsolidated sediments and, w h e n incorporated into 
relatively dilute currents, are t ransported along the bot tom 
giving rise to various markings on contact with the bot tom 
mud. Such tools are occasionally preserved at the downcur-
rent ends of the markings (see e.g., Dzulynski & Sanders , 
1962a, pl. X, XI ; Dzulynski & Wal ton, 1965, fig. 65 , 66, 82, 
see also Pl. 6C & 10A in this paper) . The unconsol idated 
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fine-grained bottom sediment is assimilated and dispersed 
within the flowing t-current, and most of the clay material in 
sandy turbidites comes from this source (Enos, 1969). 

With progressing bot tom erosion, semi-lithified mud 
lumps or lihified shale fragments are ripped up from the bot
tom and act as tools (Dzulynski & Radomski 1955). Such 
fragments are occasional ly preserved at down-current end of 
markings (PI. 2). The presence of hard shales, derived di
rectly from the bot tom, indicates that transformation of 
some clays and muds into a hard sediment may proceed with 
astonishing rapidity. Parenthetically, it may be recalled that 
in recent deep seas, unusual ly rapid overconsolidation may 
occur at a depth of 0.5 to 1 m below the bottom, and is 
caused by a chemical intergrain bonding, although actual ce
mentat ion is not yet visible. Such bonding is attributed to 
solution and « d é p o s i t i o n of silica, calcium carbonate, iron 
or manganese compounds (Richards & Hamilton, 1967). 

The mechanism by which consolidated pieces of m u d 
are torn up is commonly related to differential scouring of 
the bot tom. Crescentic depression which tend to develop on 
the upcurrent sides of more elevated and usually more resis
tant patches of the bot tom sediment are undercut by vortex 
erosion. The edges of such patches form projecting over
hangs which are then detached and carried away (Pl. 1A and 
Fig. 1). The illustrations show successive crescent markings 

3 

Fig. 1 Diagram showing formations of successive crescent 
marks. Comp. PI. IA 

developed in front and along the sides of erosional remnants 
of once cont inuous thin layer of an already lithified siliceous 
shale within the still soft bottom sediment. A contributing 
factor in the detachment of undercut patches is the settling 
sand which is forcibly injected into the space under the 
overhanged shaly project ions (PI. IB) . Analogous situation 
is shown in PI. 1C, in which the lower stratified component 
of an amalgamated bed was detached by a sinking slurry 
injected laterally along bedding surfaces. Such process may 
operate on a larger scale and may result in the formation of 
huge rip-up clasts (PI. 49A, B) which, if dragged by the cur
rent, may produce large grooves. 

It is to be noted that hard shales showing a distinct fis-
sility, are ripped up from the bot tom as platy fragments 
which, when rolled by the current, acquire discoidal shapes 
(PI. 3B) . On the other hand, soft, cohesive and structurally 
homogeneous muds are torned out in the form of irregular 
lumps which, when rolled, become rounded (see also, Ricci 
Lucchi, 1969). By accretion of small pebbles , such mud 
balls are transformed into armored mud balls (PI. 3A). 

In spite of the ubiquity of tool markings on the bottom 
surfaces of turbidites, those with the tools preserved are 
rare. This is partly due to the fact that one tool may produce 
a very large amount of markings before it comes to rest. 
Another reason is that the tools are subject to destruction by 
repeated impingement against the bot tom (PI. 2B , C). More
over, when lifted above the bot tom, the tools may be pre
vented from sinking by the settling of sand grains. Indeed, 
shale fragments are commonly found embedded within the 
turbidite bed where they are concentrated at specific levels 
corresponding to drastic changes in density of the flowing 
and settling sandy suspension (PI. 3B) . 

T y p e s of tool m a r k i n g s 

The formation of tool markings is a s imple process and, 
in many instances, self-evident from the shape of the pre
served mould. In this respect , the exper iments have only 
confirmed the conclusions arr ived at earlier from observa
tions of natural markings. 

The tool markings are generated by relatively dilute t-
currents. In the experiments here discussed, such markings 
were produced by suspensions in which the ratio of plaster-
of-paris to water was 1 to 5 per volume. With high-density 
currents the same tools were t ransported above the bottom 
and no longer came into contact with it (see later). 

The tools carried by the current move by saltation, som
ersaulting, rolling, sk imming and dragging. The shape of 
tool markings commonly provides information concerning 
the mode of transport. In such instances we m a y use genetic 
terms based upon the inferred mode of transportat ion and 
collision with the bottom. However , even with respect to 
such markins the applications of genetic terms m a y be 
fraught with error (see later). 

For convenience of discussion, the tool markings are di
vided into discontinuous and cont inuous types . The former 
type is due to single or mult iple impacts of tools against the 
bottom. The latter type is m a d e by tools which, whi le mov
ing, remain in contact with the bot tom for an appreciable 
t ime interval (Dzulynski & Sanders , 1962a). There are all 
possible gradations and combinat ions between these two ar
bitrarily differentiated types . The inertia! condit ions which 
prevail during transportation at the base of t-current cause 
the transported tools to m o v e along straight lines (Gilbert, 
1914). This explains the observed linear al ignement of tool 
markings. Such markings repeated at more or less regular 
intervals are referred to as skip markings (Dzulynski et al, 
1959; Dzulynski & Sanders, 1962a; PI. 5 in this paper) . 

The most important types of discont inuous tool mark
ings are as follows: 

Prod m a r k i n g s (Dzulynski & SIa_czka, 1958; Dzulyn
ski et al., 1959). These are asymmetr ic in longitudinal pro
file with gentle upcurrent and steep downcurrent sides (PI. 
4a, Fig. 2A) . If, however , the tool hits the bot tom at a high 
angle and then is dragged for a whi le leaving a short groove 
behind, the steeper slope of the marking is on its upcurrent 
side (Dzulynski and Sanders , 1962a, pi. XIII B). In some 
instances the striking tool is permanent ly arrested and pre
served at downcurrent end of the markings. 
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Fig. 2 Diagram showing formation of tool marks; A - prod 
marks, B - brush marks, C - bounce marks, D - saltation and 
somersaulting marks. E - roll marks, F - chevron marks, G -
groove marks 

Brush markings (Dzulynski & Slaczka, 1958). These 
markings show one or more moulds of overhanging mud 
bulges at their downcurrent end (Pis. 4b & 5). Brush marks 
are made by tools impinging upon the bot tom at a relatively 
low angle without being halted on impact (Fig. 2B) . 

Bounce markings ( W o o d & Smith, 1959) are more or 
less symetric in longitudinal profile (PL 4c, Fig. 2C ). In 
contrast to brush markings , they lack the overhanging 
moulds of mud bulges at downcurrent end, and indicate only 
the current ' s orientation. 

Saltation markings. Traces left by leaping and revolv
ing tools are referred to as saltation markings (Dzutynski & 
Slaczka, 1958, Pis 4d & 10A, B, Fig. 2D ). A specific type 
of saltation markings may be differentiated as somersault or 
" t umble" markings (Allen, 1984), when the tool hits the bot
tom alternately with its opposi te edges. 

The most common types of continuous tool markings 
are groove markings. The markings in question, named by 
Shrock (1948) "groove cas ts" , were described by early in
vestigators (e.g., Hall, 1843; Clarke, 1917). In most in
stances, the groove casts seen on the soles of turbidites re

sulted from dragging of individual objects or patches of 
semi-consolidated sediments (Fig. 2G) . The tools preserved 
at the downcurrent end of grooves (PL 6C), as well as the 
experimentally produced grooves (PI. 6A, B) provide evi
dence in this respect. The twisted, scratched and ruffled 
grooves (Ten Haaf, 1959; Dzulynski & Sanders , 1962a) and 
those which terminate like brush or chevron markings result 
also from dragging (Pis. 6, 7, 9A, B). The above ment ioned 
ruffled grooves are flanked by obl ique wrinkles which de
velop on one or both sides of the grooves . Such wrinkles 
join the groove downflow at an acute angle (Dzutynski & 
Sanders 1962a, fig. 6). The grooves ment ioned may be indi
cated by a genetic term "drag marks" . (Kuenen & Sanders, 
1956; Kuenen, 1957). It may be not iced that, al though typi
cally developed "ruffles" join the grooves obl iquely down-
flow, reverse orientations may occasional ly occur. In such 
situations, the ruffles represent the fillings of oblique, shear-
induced open fissures produced in cohesive substratum by 
grooving tool. 

Roll markings (Krejci-Graf, 1932). Single groove 
casts, however, may be due to roll ing (Fig. 2E). As noted, 
the platy shale fragments are general ly transported in up
right position and, by repeated impinging upon the bottom, 
may acquire discoidal shapes. Such tools may also produce 
single and narrow grooves similar to those made by drag
ging of sharp-pointed tools (PL 2A). Broader grooves were 
made in experiments in which plaster-of-paris t-currents 
rolled small clay spheres (PI. 8B, C) . Depending upon the 
absence or presence of a more resistant layer within the bot
tom sediments , the grooves are deep or shallow. Similar 
grooves on bot tom surfaces of natural turbidites and shown 
in Plate 8A, might have originated in the same way . A spe
cific type of roll markings are those produced by rolling of 
fish vertebrae (see later). In some instances, discontinous 
but regularly spaced markings may result from rolling of 
fossils provided with extending tubercules (Dzulynski & 
Sanders, 1962a; Seilacher, 1963). 

Tool markings made up of closely spaced chevron-l ike 
features repeated many times at regular intervals are known 
as c h e v r o n markings (Dunbar & Rodgers , 1957). In longi
tudinal profile, each chevron is like a brush mark in that it 
shows a mould of an overhanging m u d lip at the downcur
rent end. In plan view, the markings are V-, or U-shaped, 
pointing with their apices in the direction of current flow 
(PI. 9). Experimental investigations (Dzulynski & Simpson, 
1966a) have confirmed the previous speculat ive suggestions 
that these markings are produced by objects sk imming over 
a muddy surface (Fig. 2F). Be tween ruffled grooves and 
chevron marks there are all possible transitions (Craig & 
Walton, 1962). 

The above ment ioned tool-markings may be included 
into the category of deformational structures in which the 
entrainment of bottom sediments is combined with plastic 
deformation or shear fissures. In this connect ion it may be 
recalled that among a variety of reaction which occur be
tween the flowing suspension and the bot tom are also flow-
transverse shear wrinkles which represent the effects of di
rect current drag on the hydroplast ic bot tom surface (Dzu
lynski & Sanders, 1962a). 
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Markings produced by fish bones acting as tools 

Tool markings made by fish bones are limited to spe

cific facies deposited under euxinic or semi-euxinic condi

tions (e.g. Ol igocène Menil i te Beds in the Carpathian 

flysch, or the Fischschiefer of the same age in the Alps. 

(Dzulynski & Slaczka, 1958, 1960; Pavoni, 1959; Dzulyn

ski & Sanders, 1962a). The space devoted here to these 

markings may appear to be out of proportion to their practi

cal value. Such markings , however , show the diversity of 

features produced by one specific object, depending on the 

manner of transportation and impact with the bottom. 

The most characterist ic are r ing-shaped markings pro

duced by somersaul t ing and saltating fish vetebra (Pis. 4d, 

10A, B) . These markings originate when the centre of the 

vertebra strikes the bot tom with one edge of its articulate 

face and then rotates forwards so that the opposite edge is 

pressed against the bot tom complet ing the circular impres

sion. The downcurrent side of these markings is less deeply 

impressed than the upcurrent side because much of the m o 

mentum of the striking tool is dispersed during the first im

pact. The resulting asymmetry in longitudinal profile indi

cates the direction of flow. The conclusion concerning the 

origin of the ring-like impressions has been confirmed by 

the presence of ver tebrae at the downcurrent end of such 

markings (Pl. 10A) and by experiments (Dzulynski & Wal

ton, 1962, 1965; Pl. 10B). 

If the vertebra centre skips over the bottom without 

somersaul t ing during each impact, the resulting feature is a 

series of semi-circular prod marks (Pl. 11C). The "club-

shaped" markings (Dzulynski & Walton, 1965) and their ex

perimental replicas originate from a combination of somer

saulting and dragging (Pl. 11 A, B) . 

When the centre rolls in continuous contact with the 

bot tom and its rotation axis is in a plane parallel to the bot

tom surface, the result ing structure is a double-groove cast, 

occasionally with the vertebra preserved at the downcurrent 

end of the markings (Pl. 10C). Fish vertebra skimming along 

the bot tom also produce chevron markings (Pl. 9C, D). 

In flysch basins with euxinic conditions near the bot

tom, fish bones are the most common tools gouging the 

markings. Never theless , fish bones preserved at the down-

Fig. 3 Break-through prod mark. Upper Creataceous Flysch. 
Valea Leurzi, Rumania (after photograph) 

Fig. 4 Diagram showing formation of break-through tool 
marks 

current ends of tool markings are very rare. Where they do 

occur, however, they tend to appear in great quantit ies to 

form a real "fossil bonanza" ("fossil lagerstat te" in the 

meaning of Seilacher, 1993). The sudden deposit ion of large 

amounts of tools is presumably due to specific critical hy-

drodynamical conditions of the flow. It also indicates that 

the tools were transported in swarms (e.g., Mel len, 1956). 

Break-through tool markings 

With the onset of collective deposit ion of grains, the 

sole markings are gradually covered with a protective man

tle of sand. In early stages of deposit ion, when the growing 

basal layer of sand is still thin, the transported tools may 

break through this mant le . They may gouge new markings 

in the underlying mud or deform and obliterate the earlier 

markings (Fig. 3). The impact of such tools may reactivate 

the scouring action and give rise to flute markings superim

posed upon earlier features (PI. 12A, B). 

If the initial layer of settling grains is already too thick 

to be perforated by the proding tool, the impact of large tools 

may buckle down the base of accumulat ing turbidite. With 

close packing of grains and a deficiency of intergranular 

water, such down-buckl ing is commonly associated with the 

appearance of dilatation fissures (Dzulynski & Walton, 

1965, fig. 96, see also Fig. 4) . 

Intrastratal tool markings 

With progressing deposit ion, the interface between the 

settled sediment and the flowing suspension gradually shifts 

upwards away from the original bot tom surface. The proc

esses involved in the formation of sole markings may and, 

commonly do operate. The transported tools impinge upon 

the already deposited sediment. Such sediment , however , 

consists of incoherent grains in which the formation and 

preservation of markings is inhibited, unless the alternating 

deposition of finer grades brings about the appearance of 

more cohesive laminae that are firm enough to preserve the 

shape of markings. If this be the case, the tool markings may 

occur as syndeposit ional features on intrastratal part ing sur

faces (e.g. Hubert etal., 1966). 

Scour markings 

The following general types of scour markings are here 

distinguished: 
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Obstacle scours (Dzulynski & Sanders, 1962a). The 
best known are current crescents (Peabody, 1947), devel
oped in front of temporary or permanent obstacles (Pl. 1A, 
Fig. 1). These structures were first described by Hall (1843) 
and produced experimental ly by Rucklin (1938). Morpholo
gies of current crescents and the nature of the flow field as
sociated with their formation are well known from a number 
of publications (e.g., Karcz, 1968; Richardson, 1968; Allen, 
1984; P a o l a e r o / . , 1986). 

Flute markings or flute casts (Crowell , 1955 ). These 
markings occur as moulds of elongate subcorneal hol lows 
flaring out and merging with the bedding plane in downcur
rent direction. The upcurrent ends of such markings are bul
bous, sharp-pointed or gently rounded (Pis. 12, 13 & 14). 
The flute markings may reveal a distinct asymmetry and 
may begin with a spiral welt . General morphology of flute 
markings has been comprehens ively discussed by many 
authors. Ruckl in (1938) was the first to produce flute mark
ings experimental ly by passing a thin sheet of clear water 
over muddy substratum of unspecified structure. Allen 
(1968, 1971a, 1984) studied experimental ly the develop
ment of flute markings formed through the solvent action of 
water and corrasion, by a l lowing water to flow over plaster-
of-paris slabs and clay, in the presence of various obstacles 
or "bot tom defects" (Allen, 1971a). Those defects that ex
ceeded a certain critical dimension, with respect to the thick
ness of boundary layer, developed into flute markings para
bolic in plan. Defects which fell be low the critical dimen
sion gave rise to elongate groove-l ike hollows. Allen 
(1971b) obtained variously shaped counterparts of natural 
scour markings , depending upon the duration of current ac
tion and the spatial distribution of bottom defects capable of 
initiating the turbulence. He treated the problem of scour 
markings in mathematical terms and the results of his ex
periments have been summar ized in his excellent mono
graph (Allen, 1984). Dzulynski and Walton (1963) suc
ceeded in producing small flute markings, using plaster-of-
paris t-currents which they believed to be devoid of tools. In 
fact, however , the suspensions used in these experiments 
contained small lumps of congealed plaster-of-paris. 

Flute markings are thought to originate from the com
bined action of vertical and sub-horizontal eddies. Allen 
(1971a) suggested that three classes of bot tom irregularities 
initiate flute markings: (1 ) trace fossils, (2) forward or back
ward facing steps and, (3) objects distributed through the 
body of bot tom sediment which differs in resistance from 
the enclosing mud. The significane of such irregularities or 
bottom defects, is confirmed by field observations and ex
periments . 

The exper iments carried out by Dzulynski and Simpson 
(1966a) have shown that there is yet another important fac
tor promot ing and controll ing the development of flute 
markings , even on perfectly flat and homogeneous mud sur
faces. This factor is the presence of tools in the flowing sus
pension. At the moment of impingement upon the bottom, 
the tool acts as a temporary obstacle generating vortices ca
pable of scouring the bot tom. In this connection, it is to be 
recalled that narrow sharp-pointed tools resting on the bot
tom with their longer axes oriented parallel to the direction 

of flow do not give rise to current crescents. The streamlines 
are gently split on the upcurrent end of such tools and reat
tach behind them to form a pair of horizontally oriented and 
counter-rotating spiral eddies. A long the central line of such 
double-eddies system, the relatively faster moving liquid 
above the tool is pushed downwards , increasing the flow 
velocity and scouring the bottom mud to produce elongate 
holes. The scouring is increased when the downcurrent end 
of the tool is asymmetr ic and, therefore, the reat tached 
streamlines have different velocit ies. In such situation, also 
eddies with vertical axes are formed. 

Returning now to tools t ransported by the current, it is 
to be remembered that elongate or platy objects, when sus
pended in the flowing suspension, tend to assume an upright 
position with their longer axes on a plane which is parallel to 
the main flow (Owen, 1908). Such tools strike the bottom 
with their narrow edges and, at the momen t of impingement , 
behave in much the same way as the previously ment ioned 
narrow obstacles. They generate vort ices at the downcurrent 
end of the impinging tools. Such vortices persist for only a 
very short t ime but, given suitable consistency of the bottom 
and the appropriate density of the current, they are able to 
scour flute marks downcurrent of the proding objects (Dzu
lynski & Simpson, 1966a). 

As noted previously, the tool markings are products of 
relatively dilute t-currents. With a slight increase in density 
of the t-current (under given bottom condit ions and current 
velocity), the prod markings show recognizable flute mark
ings at their downcurrent end (PI. 13 A, B). The indentations 
produced at the instant of collision, represent the bottom 
"defects" which once formed, m a y promote a further scour
ing after removal of the tool. 

With a still higher proportion of plaster-of-paris to 
water (2:3) in the flowing suspension, the indentations be
come smaller. The scouring associated with tool impinge
ment, facilitated by an increased hydraul ic uplift, proceeds 
to the extent that an original prod mark is entirely obliterated 
by the growing flute marking (Dzulynski & Simpson, 
1966a). Indeed, among the experimental and natural flute 
markings there are all gradations between tool markings 
modified by scour and flute markings bearing no obvious 
record of the tool impingement (PI. 14). With still further 
increase in density of the suspension and the remaining con
ditions unchanged, the tools are t ransported above the bot
tom and no current markings are being formed. 

In Al len ' s (1971a) experiments on scour markings, the 
obliteration of original bot tom defects was a function of 
t ime. In experiments by Dzulynski and Simpson (1966a), 
the same effect was obtained by an increase in current den
sity and, thus, its eroding power . The increasing erosion, in 
this case, was caused by decrease in the magni tude of the 
gravity force due to the buoyancy effect (see also Wright, 
1936; Knapp, 1943). It is realized that, with respect to scour 
markings in flysch, both factors i.e., t ime and increased den
sity, may cooperate and complement each other. 

It should be pointed out that Allen (1971a) passed criti
cal judgement on experiments by Dzulynski and Simpson 
(1966a). In his opinion, the structures obtained by the above 
authors cannot be interpreted as erosional markings because 
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their product ion could not be observed and the truncation of 
bottom laminae was not reported (Allen I.e. p . 189). It is true 
that, the formation of markings could not be directly ob
served but the result ing structures were the exact replicas of 
natural flute markings. The absence of truncation of bottom 
laminae is not an argument against the erosive nature of the 
markings in question, because the experiments were made in 
flumes with non-laminated clay at the bottom. 

Inasmuch as the interpretation of flute markings as pre
sented by Dzulynski and Simpson (1966a) has not been gen
erally accepted, it might be expedient to summarize the ar
guments in its favour. These arguments are as follows: 

(1) There is a direct relationship between the amount of 
tools in the plaster-of-paris suspension and the amount of 
flute markings produced on the base of artificial turbidites. 
When only a few tools are transported, the flute moulds are 
scarce and commonly arranged in zones corresponding to 
the path of the sk imming tools (PI. 13B). When the tools are 
transported in isolated swarms , there is a zonal arrangement 
of flute markings separated by zones with fewer flutes, a 
phenomenon observed a m o n g natural markings. With a 
large amount of tools, the bot tom surfaces of artificial tur
bidites are entirely covered with a multi tude of flute mark
ings (PI. 14A, B). 

(2) There is an obvious relationship between the size of 
tools and the size of flute markings. When large tools are 
used in experiments , the result ing flutes are large (PI. 13C). 
Small tools give rise to small flute markings. 

(3) The shape of experimental flute markings, at least to 
some extent, depends upon the shape of the tool and the way 
it hits the bottom, e.g., the platy or needle-shaped objects 
usually produce sharp-nosed flute markings (PI. 13A & 
1 4 B . C ) . 

(4) In the absence of tools, the experiments conducted 
under the previously ment ioned bot tom and flow conditions, 
failed to yield analogues of flute markings. 

Summing up, there is a reliable experimental justifica
tion, supported by field evidence, that the presence of saltat-
ing tools in flowing suspension is an important factor con
trolling the development of flute markings on smooth and 
homogeneous mud surfaces. Thus viewed, tool markings 
and flute markings are not entirely contrasting types of cur
rent structures as previously regarded by Dzulynski and 
Sanders (1962a) . 

The problem of roll ing tools as a possible factor pro
mot ing the development of narrow elongate flutes is open to 
question. The exper imental elongate flutes shown by 
Dzulynski and Simpson (1966a, fig. 12) were produced in 
the presence of small rounded tools in the current. However , 
similar structures, resembling groove moulds , are also 
formed at downcurrent sides of small remnants of vertical 
organic tubes acting as stat ionary bot tom defects. 

As noted, the shape of experimental flute markings, 
among others, depends on the shape of the tool and the w a y 
it impinges upon the bot tom. At the instant of impingement , 
the tool m a y deviate the streamlines in one or other direc
tion, giving rise to asymmetr ic scouring. Consistent asym
metry of flute markings in plan view and their diagonal ar
rangement may appear where the current flow is curved 

(Dzutynski , 1965a, Fig. 12). 
The moulds of flute markings, in vertical cross-sections, 

are either flat-bottomed or concave downwards (Pl. 14A, 
B). Flat-bottomed flute markings are formed in stratified 
substratum in which a thin soft top layer is underlain by a 
relatively hard layer that is strong enough to resist the cur
rent scour. In this respect, the exper iments confirm the con
clusions arrived at by field observat ions. Concave flute 
moulds are produced in unstratified and more or less homo
geneous substrate in which the resistance to current scour 
increases gradually with depth. 

Where the bottom m u d contains thin silty laminae, the 
surfaces of flute moulds reveal minute terraces which record 
the position and number of such laminae. The silty laminae 
are more susceptible to lateral erosion than the enclosing 
mud. The scouring of these laminae produces bench-l ike re
cesses on the walls of the scoured hollows which are thus 
preserved in the sediment filling the flute markings (Dzulyn
ski & Sanders, 1962a). 

Attention should be called to moulds of rounded or, if 
closely packed, polygonal equidimensional scours which 
alone have no directional value. Markings of this type, indi
cated as "bu lbous" or "pi l low-l ike" markings (Dzutynski & 
Walton, 1965) were produced exper imental ly by Allen 
(1971a). They originate when a uniform and steady flow is 
tranformed into chaotic turbulent motion (PI. 30). These fea
tures can be interpreted in terms of both, erosion and defor
mation phenomena and will be dealt with after convect ive 
polygonal , scaly and linear deformation structures have 
been discussed. 

Transverse scour markings The structures described 
as transverse scour narkings (Dzulynski & Sanders, 1962a) 
are oriented with their longer axes at right angle to the direc
tion of flow and have an asymmetr ic cross-section, being 
steeper on the upcurrent side (PI. 15). They superficially re
semble moulds of t ransverse ripples and, indeed, were first 
regarded as casts of current ripples by Dzutynski and 
Slaczka (1958, pi X X V , fig. 2) . Accord ing to Dzulynski and 
Sanders (1962a) , the markings in question are erosional fea
tures because they are observed to pass into regular flute 
moulds (Pl. 15B). A compromise view has been proposed 
by Dzutynski and Walton (1965) w h o argued that these fea
tures are the products of t ransverse flow-rolls combined 
with current shear. Structures resembl ing t ransverse scours 
were obtained experimental ly under unspecified hydrody-
namic conditions by Dzutynski and Walton (1965, fig. 41 
B). The best replicas of these structures, however , were pro
duced by Allen (1971a, figs. 91 & 93) w h o interpreted their 
origin in terms of "fluid stressing". 

The presence of horizontal terraces on the side walls of 
incipient transverse markings, similar to the previously 
disussed terraces on the wal ls of flute moulds , appears to 
indicate that the structures in quest ion, indeed, are erosional 
features produced by transverse eddies ( "Wasserwalzen" -
Salomon, 1926) in horizontally laminated substra tum (PI. 
15A). 

Rill markings . The structures described as rill marks 
(Dzulynski , 1963a; Dzulynski & Sanders, 1962; Dzutynski 
& Walton, 1965) consist of slightly sinuous and anas tomos-
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ing upcurrent moulds of flow-parallel runnels which begin 
with sharp-pointed gouge moulds (PI. 16A). The exact ana
logues of rill marks have been produced experimentally by 
Allen (1984). The origin of these features is not fully under
stood, though they may represent the effect of secondary 
cross-currents inherent to f lowing suspensions (see later). 

Equally enigmatic is the origin of rill markings arranged 
in diagonally crossing sets (Dzutynski 1963a; PI. 16B this 
paper) . The pattern of these features is similar to rhomboidal 
pattern of bedforms investigated experimentally by Karcz 
and Kersey (1980) and described from recent beach surfaces 
(e.g. Otvos, 1965). It bears also some similarity to braided 
and over lapping patterns of channels on alluvial fans and in 
broad river valleys (comp. Rachocki , 1981). 

Channel-fi l ls (Wil l iams, 1881) 

Bot tom surfaces of current-deposi ted beds commonly 
show variously sized and deeply incised erosion furrows 
whose ampli tude may exceed the thickness of host beds. 
The moulds of such features, known also as "gutter marks" 
(Whitaker , 1973), may occur in the form of entirely isolated 
bodies (PI. 17C). The side walls of such bodies are com
monly covered with flute markings which indicate that the 
erosion furrows were not immediate ly filled with sand. 

Large and laterally extensive furrows are due presum
ably to localized concentrat ion of streamlines and increased 
bottom erosion (e.g. Whitaker , 1973; Flood, 1981; Aigner, 
1985). Na r row furrows might have been carved by larger 
tools dragged by the current and then resculptured by minor 
vortices, prior to collective settling of sand particles. A c 
cording to Whitaker (1973) , the entirely separated gutter 
casts are produced where insufficient amount of sand is 
available to form a persistent bed. In proximal parts of sedi
mentary basins, however , the bulk of sand carried by strong 
currents might have been swept away leaving only the 
grains t rapped in deeply incised gutters (Myrrow, 1992). 

Channel fills have been chiefly reported from shal low-
water sediments , deposited under subtidal conditions or in 
environments subject to intense storm activity. Isolated 
channel fills, however , occur also in deep-water flysch sedi
ments (Wood & Smith, 1959; McBride , 1962; Walker, 
1966). The examples here presented also come from deep-
water sediments deposited in proximal parts of a flysch ba
sin. The channel fills may be produced through by-passing 
t-currents and incompletely realized depositional episodes. 
In poorly exposed shaly flych, such episodes may escape 
attention of geologists and this, as well as the presence of 
laterally wedging out turbidites, may negatively affect sta
tistical analyses concerning the frequency and periodicity of 
deposit ional episodes in flysch rocks. 

Superposit ion and coexistence of various types 
of current markings 

Although the time interval between current erosion and 
mass deposit ion of grains can be very short, it may last suf
ficiently long for the deve lopment of two or more genera
tions of current markings super imposed one upon another. 
Such superposition is observed among natural and experi

mental current markings. Scour and tool markings may be 
formed simultaneously or one after another in any order. 
The successive generations of markings may cross each 
other at various angles (see Dzutynski , 1963a, pi. LVI & 
LVII; Dzulynski & Sanders, 1962a, pis. VIII B & X A ). 
Such cross-cutting arrangements reflect local deviat ions 
from the main flow direction within a single current. In this 
context, it is to be recalled that while measur ing the pa-
leocurrent directions, it is necessary to take into account all 
directional structures in sufficiently large observational do
mains in order to eliminate local deviat ions. Such devia
tions, commonly motivated by bottom irregularities, are ob
served on the bot tom surfaces of natural and experimental 
turbidites. 

In flysch sediments , current markings may point to dif
ferent direction of flow in successive beds (PI. 17A) or even 
within a single bed. It is not out of place to mention here an 
unusual situation in which current markings point ing ex
actly in opposite directions coexist, side by side, on the 
same bottom surface of a turbidite bed (PI. 17B). Such situ
ation has been reported from an Oligocene turbidite section 
in the Polish Carpathians in which fine-grained sandstones 
deposited by currents coming from N W alternated with 
coarse and thick-bedded greywackes laid down by currents 
coming from the SE (Dzutynski & Slaczka, 1957). In this 
section, there is an amalgamated turbidite bed (now in-
nudated by dam lake) whose lower part consists of a fine
grained arcosic sandstone and the upper part was made-up 
of a coarse greywacke . Both parts, represent ing tightly 
welded different turbidites, are separated by an irregular 
erosion surface. In places, the fine-grained portion was en
tirely removed by the current flowing from SE, which pro
duced flute markings and deposi ted its load on the same 
mud surface that now delineates the sole of the amalgamated 
bed. In such places, flute markings point ing in opposite di
rections were observed It is to be noted that the above men
tioned alternating types of sandstones differ drastically in 
their petrological and structural composi t ion. The fine
grained sandstone show ripple cross-stratitification and a 
poor assemblage of most resistant heavy minerals . The 
coarse turbidites are massive and contain lithic fragments of 
igneous and metamorphic rocks. They also contain con
torted clasts of fine-grained sandstones ripped up from the 
bottom and displaced backwards in the direction where the 
fine-grained material came from. 

Although tool and scour markings may be formed si
multaneously or one after another in any sequence , there are 
situations in which either of these two types of structures 
predominates . As previously indicated, the predominance of 
the one or other type depends, a m o n g other factors (e.g., 
number of tools present, flow velocity, cohesive strength of 
bottom sediment) , upon the density of t-currents. Some ex
amples of natural and experimental turbite soles showing 
the above ment ioned coexistance are illustrated in Plate 
18A, B. The structures depicted include features which will 
be discussed in the second part of this paper. 
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Relationship between the size of erosion markings 
and the thickness of beds 

Intuitively one would expect large and heavily laden 
currents to produce large current markings. Indeed, large 
scour and tool markings tend to occur on undersurfaces of 
thick turbidites which are attributed to the action of large 
and powerful currents. There is, however , no direct relation
ship between the size of current markings and the thickness 
of the host-turbidite. The soles of thick turbidites m a y be 
covered with small markings and, vice versa, the thin tur
bidites may reveal markings whose depth is of the same or
der or even greater than the thickness of the covering bed. 
Such inconsistency is explained in many ways because 
many factors determine the presence or absence of current 
markings and their size. Inasmuch as a considerable part of 
tool markings in phanerozoic sediments is produced by 
wood fragments and hard skeletal elements of organisms, 
one would expect less tool markings in the Precambrian 
sediments than in sedimentary rocks deposited later. The 
Precambrian turbidites, however , reveal both tool-, and 
scour markings (e.g., Emery , 1964), but these were pro
duced or motivated, only inorganic hard fragments such as 
shale fragments derived from the bottom or al lochtonous 
pieces of rocks. 

Distribution of erosional markings 

Erosional markings may develop on intrastratal discon
tinuities and on the top surfaces of large m u d c l a s t s enclosed 
in thick turbidites (Dzulynski , 1963a, fig. 38). 

Sole markings are generally absent on bottom surfaces 
of turbidites deposited on rapidly lithified siliceous muds . 
Significantly, such turbidites are generally devoid of dis
persed clay particles and commonly represent pure quartz-
ites. Fluxoturbidites (Dzulynski et al, 1959), laid down in 
proxinal parts of deposit ional basins, are also devoid of mi
nor sole markings. The absence of markings is here due to 
the high density of the flow, whereby smaller tools are t rans
ported above the bot tom. Moreover , the great erosive power 
of such flows removes unconsolidated muds exposing more 
lithified m u d s or sands of the subjacent fluxoturbidite. In the 
latter case, the fluxoturbidites become amalgamated, but the 
interface between them m a y show parallel groove markings 
or striations produced by shearing of moving sand masses 
upon the sandy substratum ("mass transport mark ings" in 
the meaning of Ricci-Lucchi , see also PI. 3C in this paper) . 

Erosional markings tend to occur in proximal parts of 
sedimentary basins. Farther away from the source of elas
tics, the turbidites b e c o m e progressively impoverished in 
erosional markings. This is due to the fact that turbidity cur
rents lose their erosive power and most of the transported 
tools with distance. 

With the introduction of the fan concept into flysch 
sedimentology, some authors suggested that the terms "pro
x ima l" and "dis ta l" be abandoned with respect to turbidites 
(e.g., Nelson et al., 1978). This is justified if the notion of 
facies is associated with these terms. However , inasmuch as 
exper imental studies confirmed the proximal-to-distal de
crease in the amount and size of sole markings, both terms 

retain their usefulness as indicators of the distance from the 
source of elastics (Walker, 1980; Macdonald , 1986). 

DEFORMATION STRUCTURES 

We come now to structures whose pattern is, to a con
siderable extent, determined by the geometrical and dy
namical characteristics of the settling suspensions and the 
mechanical properties of the bot tom sediment. Some of such 
structures may be interpreted in terms of both, erosion and 
deformation the processes which, by no means , are mutual ly 
opposing and may overlap each other in t ime and space. For 
example, steady currents moving over incohesive sand may 
set the grains in motion and redistribute them, particle by 
particle, according to the flow pattern. The redistribution is 
one of the attributes of erosion. On the other hand, currents 
of the same character, but flowing upon viscous or plastic 
substratum, may deform it wi thout much if any entrainment. 
As long as the pattern of deformation reflects the pattern of 
streamlines, the resulting structures may show morphologies 
similar or identical with those produced in loose aggregates 
of grains. 

We are interested here with structures result ing from in
stability in density stratification. Specifically, we are inter
ested in structures reflecting more or less regular convect ive 
patterns of motion. In many instances it is impossible to des
ignate such structures in terms of their t ime of formation 
vis-a-vis the t ime of deposition (Dzulynski & Walton, 
1963). Such structures may form simultaneosly with deposi
tion, e.g., when a sandy suspension flows over and sinks into 
a hydroplastic substratum. They may also originate as post-
depositional features under subaqueous or subaerial envi
ronments and in buried sediments . In the latter case, the de
formation is consequent upon softening or liquefaction of 
the already deposited sediment. Germane to the problem un
der consideration is reversed density gradient i.e., the super
position of a heavier material upon a lighter one. Indeed, 
many of the structures to be discussed are generated by re
versed or negative density gradient. Such structures, how
ever, may also originate along interfaces across which there 
is an unbalanced positive density gradient. This occurs 
when the lower and denser material becomes softened or 
liquefied and the overlying lighter material sinks to the level 
of hydrostatic equil ibrium. Similar deformations also occur 
in d ichotomous layered systems with posit ive density gradi
ent, whose top surfaces are loaded and the material of the 
upper layer is pressed down into the subjacent layer. The 
reversed density gradient, however , can be created in di
chotomous systems with posit ive density gradient by lique
faction of the lower member (Allen, 1977). 

In agreement with Cegła and Dżułyński (1970) and 
Anketell et al. (1970), simple d ichotomous systems with re
versed or unbalanced density gradient will be referred to as 
(ba) systems, where (b) will s tand as the symbol of the 
higher member and (a) of the lower member , (ab) will stand 
as the symbol for positive, i.e., non reversed density gradi
ent. 

Our chief concerns are: (1) deformational structures on 



EROSIONAL AND DEFORMATION AL STRUCTURES 111 

undersurfaces of beds which can be directly and geneticaly 
correlated with deformations in the uppermost part of the 
subjacent bed; (2) deformations within the bed and; (3) de
formations on top surfaces of beds, consequent upon mutual 
interpénétration of subjacent sediments . 

The structures to be discussed fall, at least partly, into 
the category of "rheotropic s tructures" (sensu Conybeare & 
Crook, 1968). This term is used here in its purely literal 
sense as an indication of a pronouced increase in mechanical 
mobili ty of otherwise solid sediments . 

Dispensing ourselves from any attempt to create a new 
classification, we shall concentrate on specific structures us
ing convent ional and descriptive terms whenever possible, 
with restricted use of genetic terminology (comp. , Rodgers , 
1954; Mills , 1983). The leitmotiv of the following consid
erations will be the structures on bottom surfaces of tur
bidites which are generally included into the category of 
sole markings. The recognition of processes involved in the 
formation of such markings will help in clarifying the origin 
of genetically related intrastratal and top-surface deforma
tions. A complete review of structures resulting from insta
bility in density stratification is out of question. The follow
ing considerations are directed along selected lines with at
tention focussed on structures showing a more or less regu
lar convect ive pattern of deformation. The succeeding dis
cussion is a retrospective analysis based upon qualitative ex
periments by Dzuiyiiski (1963a, 1965a, 1966), Dzulynski 
and Walton (1963), Dzulynski and Simpson (1966), Dzu
tynski and Radomski (1966 ) and Anketell et al. (1969, 
1970). 

Environments promot ing deve lopment of unstable 
(ba) systems 

Unstable (ba) systems may occur in any environment. 
There are, however , envi ronments which are particularly 
conducive in this respect. Such environments include deep-, 
and shal low-water turbidite basins. The instability arises 
here from rapid episodic and alternate deposition of coarse 
and fine-grained clay-rich sediments . Although it is not of 
direct consequence to the forthcoming discussion, some 
comments on the flysch facies are here not out of order, be
cause all the previously discussed erosional markings and 
most of what will be discussed in the following sections, 
concerns the structures in flysch turbidites. The term 
"flysch", introduced by Studer (1827), has been repeatedly 
misused, subject to a rguments (for references and details, 
see: Dzutynski & Smith, 1964; Enos, 1969; Hsu, 1970) and, 
rejected as no longer usable (e.g. Eardley & White, 1947; 
Miall , 1984). The argument commonly s tems from the fact 
that the flysch sequences are implicitly or explicitly identi
fied with turbidite sequences by geologists with little or no 
experience with the flysch facies and the Alpine orogeny. 
As indicated by Fairbridge (1958), the term flysch is ex
tremely valuable designation for which there is no substitute 
in literature. If we set aside this designation we are left with 
thousands of local l i tho-stratigraphic terms to indicate a spe
cific facies which is present in the majority of orogenic 
belts. The flysch is a deep-water marine facies of wide

spread horizontal extension and great thickness, whose 
coarse components were deposited chiefly by gravity mass-
movements , among which turbidity currents played a domi
nant role. Implicit in this definition is the presence of deep-
water hemipelagic and, occasional ly, pelagic sediments . 
The depositional environment of flysch may be envsioned in 
the form of marine basins flanked, at least from one side, by 
t echn ica l ly active borders. There is a good reason to sup
pose that such borders consisted of step-fault terraces which 
might have acted as final preparation sites and transient res
ervoirs for elastics, prior to their subsequent transfer into the 
flysch basins. In such reservoirs, the elastics could have 
been subject to a prolongued action of longshore currents 
and waves . The terraces envis ioned would be characterized 
by tectonic instability manifested in terrace tilting and, con
sequently, in sporadic debouchement of the previously ac
cumulated elastics. Intuitively, thrust faults, would appear to 
be more prolific producers of elastics then normal faults (ex
tensive zones of factured and crushed rocks). To explain 
vast quantities of sand in flysh sequences , appeal may be 
made to erosion of unconsolidated or weakly consolidated 
sedimentary rocks in source areas of elastics and to suitable 
climatic conditions. In younger flysch zones account should 
be taken to redeposit ion of older flysch sediments (auto-can
nibalistic stage of development) . 

The terrace tilting (Dzulynski , 1979) may be considered 
as only one of several possible debouchement mechanisms . 
The mass movements resulting from slope failures due to 
overloading and/or spontaneous liquefaction, tr iggered off 
by earthquakes (the flysch is a syntectonic facies) might 
have occurred concurrently and initiated turbidity currents 
(Morgenstern, 1967). 

Turbidite sequences, however , also occur in shal low-
marine and lake deposits invaded occasionally by sediment-
laden river floods. The lacustrine turbidites differ from those 
in flysch sequences only by the presence of features diag
nostic of shal low-water environment , e.g. the presence of 
wave ripples, subaerial drying cracks , foot imprints of birds 
and land animals or roots of plants (e.g., Panin, 1962; Jer-
zykiewicz & Norris , 1994). The pelagic sediments which in 
flysch facies indicate the temporary cessation in delivery of 
clastic material may, in shal low-water turbidite sequences , 
be replaced, among others, by au tochthonous coal seams. 

Another favourable envi ronment is provided by 
subaerial sedimentary basins (playa, temporary lakes) in 
semi-arid climatic zones with seasonal rainfalls. In such an 
environment, the instability in density stratification is gener
ated by rain waters deposit ing coarse elastics upon dry mud. 
At the beginning, the dry mud supports the weight of accu
mulat ing coarse material . The deformations follow a down
ward infiltration of water and the succeeding softening of 
mud. Such deformations are facilitated by the scarcity of 
vegetation and by the presence of an impervious substratum 
below the active surficial soil layer (McCal l ien et al., 1964). 

Condit ions promot ing the deve lopment of unstable den
sity stratification also occur in periglacial environments . 
Such conditions include; (1) alternate deposit ion of coarse 
and fine elastics by glacial s t reams, (2) deposition of coarse 
elastics by melt waters upon frozen mud followed by thaw; 
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(3) scarcity of deeply-rooted vegetation; (4) the presence of 
permanent ly or temporari ly frozen ground which ensures 
abundance of water in active soil during thaw and; (5) frost 
heave which is among the processes producing reversed 
density gradient. 

The Pleistocene periglacial zones of Central Europe 
were much more favourable to the formation of unstable 
density stratification than the present-day polar regions. The 
following reasons account for this: (1) the Pleistocene ice-
sheets extended far into the lower altitudes where relatively 
warm summers and diurnal fluctuations of temperature in
duced more melt-waters than it is the case in higher alti
tudes. Consequent ly , the changes in the discharge of melt-
waters were thus more drastic and frequent; (2) in Europe, 
the Pleistocene continental glaciers invaded areas covered 
with weakly consolidated clay-rich Pliocene sediments . 
Therefore, the glacial s t reams were more heavily loaded 
with fine-grained sediments than the present-day streams 
emerging from continental ice-sheets. The best conditions 
for the formation of sedimentary ba systems were provided 
by extensive outwash-plains with countless lakes, ponds and 
braided rivers. The outwash accumulat ions were built up 
chiefly during the melt ing of continental ice-sheets. Conse
quently, the defonnat ional structures resulting from unsta
ble (ba) systems were more likely to be generated during the 
recession of glaciers (Butrym et al., 1964; Cegła & 
Dżulyński , 1970). 

Condi t ions promot ing the formation of unstable (ba) 
systems also occur on the contact surfaces of magma bodies 
differing in density and viscosity. The resulting deforma
tions are analogous to those observed in sedimentary rocks. 

General principles 

As a prel iminary to the following discussion some gen
eral principles, pertinent to the problems under considera
tion, are desirable. 

Trigger systems 
Sedimentary (ba) sys tems contain a certain amount of 

potential energy stored during their accumulat ion. Such sys
tems may remain in a state of metastable equilibrium as long 
as the bearing capacity of the lower member is sufficient to 
support the overlying member . If, however , the strength of 
the lower member is reduced, e.g., by liquefaction and/or 
yields to superior load, the energy stored will give rise to 
deformation across the interface separating members differ
ing in density. Inasmuch as the work on the deformation is 
expended by the stored energy, even insignificant impulses 
or "trigger forces" may result in conspicuous disturbances. 
The nature of impulses may be irrelevant to the pattern of 
deformation and may not be recognizable from the resulting 
structure. 

Structural homogeneity vs. heterogeneity 
A body is said to be structurally homogeneous if any 

discontinuities that exist in it are penetrative features, i.e., 
are small and repeated at distances so small as compared 
with the size of the body that they can be considered to per

vade it uniformly and be present at any point (Turner & 
Weiss , 1963). Such discontinuities do not affect the pattern 
of deformation. Non-penetrat ive features, on the other hand, 
influence the pattern of deformation. The recognition of 
structural homogenei ty and heterogeneity, in a statistical 
sense, will serve as one of the principal e lements in differen
tiation of the deformations under consideration. 

Kinematic viscosity 
Kinematic viscosity is a measure of mobil i ty of fluids 

and is expressed by equation k = f/d, where f = coeficient of 
friction and d = density. The relative differences in kine
matic viscosity of the layers involved in deformation are im
portant factors controlling the pattern of plastic and viscous 
deformations. 

Spontaneous liquefaction 
In loosely packed water-saturated muds , silts and sands, 

the previously ment ioned transformations from solid to liq
uid conditions is referred to as spontaneous liquefaction 
(Terzaghi, 1956). Such transformation results from tempo
rary loss of intergranular contacts between self-supported 
particles, accompanied by an increase in hydrostat ic pres
sure. The liquefaction is commonly induced by shock or 
overloading and may affect s imultaneously the whole sedi
mentary layer. It may also spread in the form of a moving 
liquefaction front. The manner in which the liquefaction af
fects the sedimentary layer may be one of the factors deter
mining the pattern of deformation. It should be borne in 
mind, however , that the majority of deformations here dis
cussed occur in sediments showing plastic or soft behavior. 
Between liquefaction and plastic deformations there are gra
dations. Contrary to liquefied sediments , those which de
form by plastic flow retain the vestiges of their pr imary 
structure. 

Dilatancy 
Granular aggregates in condition of dense packing resist 

deformation and fail by fractures, if there is no liquid avail
able to till the increased proport ion of voids (see, Reynolds , 
1885; Mead, 1925; Brodzikowski 1981). When the available 
liquid is sufficient to fill the expanding voids, then the ag
gregate deforms by plastic or viscous flow. 

Pattern of temperature induced convect ivc movements 

Inasmuch as a considerable part of the forthcoming dis
cussion will be concentrated on deformations following in
cipient convective patterns, it would be appropriate, at this 
point, to include a few comments on this subject. 

The term "convect ion" is applied to regular movement s 
induced by reversed density gradient in fluids which are uni
formly heated from below (Benard, 1901). In such a situ
ation, a low density layer is generated at the bot tom and the 
instability thus produced sets up the fluid in motion. The 
pattern of motion depends on the absence or presence of 
horizontal shear between the top and bot tom of the fluid 
layer (see, Graham, 1934; Chandra , 1938). In the absence of 
horizontal shear, the instability in density stratification leads 
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Fig. 5 Transformations of hexagonal convective pattern in 
presence of horizontal shear. Explanations in text. Modified after 
Graham (1934) 
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to the appearance of cell-vortices which, under conditions of 
perfect homogenei ty of the members involved, acquire hex
agonal outlines in plan v iew. When the upper zone of the 
fluid layer has a lesser kinemat ic viscosity than the lower 
zone, as is the case with heated gas, the cell-vortices show 
descending centers i.e., the motion is downwards along the 
axes and upwards along the sides of the cells. If the lower 
member has lesser kinematic viscosity than the upper one, 
as is the case with liquids, the motion is upwards along the 
axes and downwards along the sides of the cells. 

In the presence of a relatively small horizontal shear be
tween the top and the bot tom of the fluid layer, the polygo
nal pattern is t ransformed into a scaly pattern (Fig. 5 ). De
pending upon the orientation of the polygons in respect to 
the direction of horizontal shear, the scales are arranged in 
rows or in an "en-echelon" pattern. If the kinematic viscos
ity of the upper zone is smaller than that of the underlying 
lighter zone, the scales face with their convex sides up-flow. 
With reversed viscosity distribution, the scales face with 
their convex sides down-f low (Fig. 5). 

With a relatively high rate of horizontal shear as com
pared with the vertical vector of motion, the cell-vortices are 
transformed into longitudinal double-rolls with opposite 

Fig. 6 Pattern of convective rolls in experiments on fluids 
heated from below. Horizontally mobile (ba) systems. Modified 
after Graham (1934) and Chandra (1938). Explanations in text 

ry 

Fig. 7 Patterns of clay suspensions moving across interlace 
between saline and fresh water. Polygonal and square patterns 
form where forward motion stops. Explanations in text. After 
Dzulynski (1966) 

sense of rotatation in adjacent rolls which, visualized by sus
pended smoke particles, occur in the form of shear-parallel 
stringers (Fig. 6 ). 

With decreasing shear velocity, the motion in rolls 
breaks up into polygonal or rectangular compar tments . The 
size of convect ive cell-vortices and rolls in d ichotomous 
convective systems is roughly proport ional to the joint 
thickness of the members involved in deformation. 

Convect ive pattern of motion in isothermal (ba) systems 

The previously mentioned patterns find their close ana
logues among the patterns of sedimentary structures result
ing from instabilities in density stratification. W e shall dis
cuss these analogies more fully in the context of specific 
structures. Some comments are here needed on convect ive 
patterns of motion in flowing suspensions. Such patterns 
may be demonstrated by simple exper iment in which a di
luted semi-transparent clay and/or coal-dust suspension is 
gently introduced into a glass tank containing hypersal ine 
solution beneath a layer of fresh water (Dzulynski , 1966; 
see also Sonnenfeld & Hude, 1985). The hypersal ine solu-
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A B C 

Fig. 8 Incipient deformations in non-mobile bipartite (ba) sys
tems comprising statistically homogeneous members deforming 
by viscous or plastic flow. A. B and C show configurations result
ing from different initial ratios of kinematic viscosities (k a/kb). 
After Cegla & Dzulynski (1970) and Anketell et al. (1970) 

tion is slightly colored by potassium permanganite in order 
to make the interface be tween the saline and fresh water vis
ible. The clay suspension released from a chute placed at the 
level of this interface, moves across it in the form of a sus
pended density current or an interflow. Being slightly heav
ier than the hypersal ine solution, the suspension, sinks 
s lowly while moving forwards. This gives rise to spiral 
cross-currents in longitudinal double-rolls, whereby the clay 
particles are arranged into flow parallel stringers (Fig. 7). 
The spiral motion is occasionally made visible by the finest 
clay particles which, when caught by cross-currents, de
scribe helicoidal trajectories. The bulk of the particles are 
pushed forwards along straight courses. The pattern of lon
gitudinal stringers is resolved into a network of polygonal 
cell-vortices when the forward motion ends, provided that 
there is still suspension available to ensure unstable density 
stratification (Fig. 7). The steady flow in longitudinal rolls 
represents the first stage in a laminar-turbulent transition 
process (Sparrow & Husar, 1969). It is, strictly speaking, 
neither laminar nor turbulent and has also been described as 
"subturbulent" (Dzulynski , 1966). Throughout this paper, 
the deformations following convect ive patterns will be re
ferred to as "convect ive deformations". 

Factors influencing the pattern of sedimentary convec
tive deformations 

It appears from the foregoing considerations that the 
presence or absence of lateral shear between the members of 
unstable systems is an important factor controlling the pat
tern of convect ive deformations. The (ba) systems in which 
there is no lateral shear will be referred to as horizontally 
non-mobi le systems and those in which such shear exists, as 
horizontally mobile systems (Anketell et al, 1970). For the 
sake of brevity, these will hereafter be referred to as non-
mobile and mobile sys tems repectively. The above distinc
tion will serve as a basis for subdivision of convective struc

tures discussed in this paper. The manner in which the dis
turbance proceeds along the interface between (a) and (b) is 
yet another factor which exerts influence on the pattern of 
convective structures in (ba) sys tems yielding by plastic or 
viscous flow. T w o extremes will be considered: (1) the dis
turbance affects s imultaneously the whole interface and, (2) 
the disturbance progresses laterally along the interface be
tween a and b. It is realized, however , that be tween these 
two extremes are gradations. 

The structures in question will be discussed taking into 
account the previously indicated controll ing factors which, 
to a considerable extent, are interdependent . Inasmuch as 
the materials of different composi t ion may behave in similar 
ways under deformation, we shall first discuss the structures 
in general terms, referring to specific propert ies rather than 
to specific composit ion. 

Incipient convective deformations in d ichotomous 
non-mobi le (ba) systems 

Consider a s imple two-member (ba) system deforming 
by plastic or viscous flow in which the deformation affects 
the whole interface between (a) and (b) s imultaneously. De
pending on the ratio of kinematic viscosities k a /kb, the inter
face m a y be deformed into one or another of three types of 
incipient deformations (Fig. 8). 

Type A. Where k a > kb, the material of the upper m e m 
ber descends in a series of convex-down lobes. The move
ment proceeds downwards , a long the axes of lobes and up
wards, along their sides. The material from the lower mem
ber is pinched up between the sinking lobes to form sharp-
crested ridges (Fig. 8A). 

Type B. Where k a < kb, the lighter material of the lower 
member rises in the form of a series of concave up lobes. 
The ascending motion is in the center of the lobes and the 
sinking along their sides. In this situation the upper layer 
material is pinched down between the rising lobes in the 
form of sharp-crested pendants (Fig. 8B). 

Type C. Where k a and kb are approximately equal, the 
interface is deflected sinusoidally as downward moving 
lobes from the upper layer interfinger with similarly sized 
upward moving lobes from the lower layer (Fig 8C). 

The above configurations, p roduced simultaneously 
with deposition or as post-deposit ional features, have been 
indicated as central, marginal and neutral, respectively (Ar-
tyushkov, 1965). The genetic relat ionship between the vis
cosity distribution and the type of incipient deformation 
may be demonstrated experimental ly in the following way 
(Dzulynski & Simpson, 1966a, see Fig. 9). A plaster-of-
paris suspension containing relatively high proport ion of 
sand particles is released to flow as turbidity current upon 
clay substratum. The presence of sand particles increases 
the kinematic viscosity of the suspension. Consequent ly , the 
convex-up lobes (type B) are formed in the proximal part of 
the flume. Farther away from the chute, the amount of sand 
particles decreases and the convex-up lobes produced on the 
bottom surface of the resulting turbidite pass through defor
mations of type C into convex-down lobes ( type A) . 

When the rising or descending lobes come into mutual 
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Fig. 9 Diagram showing vertical section through artificial tur
bidite showing upright lobes passing, with decreasing amount of 
sand in suspension (dotted), through sinusoidal to pendulous lobes. 
After Dzulynski & Simpson (1966a) 

contact, they acquire polyhedral or hexahedral shapes. The 
latter shape is produced under conditions of perfect homo
geneity of the members involved in deformation. In case of 
Type A, the material of the lower member is squeezed up
wards and attains its greatest vertical extension at triple 
points i.e., in places where three adjacent polyhedrons meet. 
In the case of Type B, it is the descending material of the 
upper member that at triple points attains its greatest vertical 
extension. This is due to the fact that the triple points receive 
the largest amount of the material pushed aside by expand
ing dome-l ike lobes. The significance of this observation 
will be discussed later. The size of incipient structures is 
roughly proportional to the combined thickness of the mem
bers involved in deformation. 

The incipient deformations A, B and C merit particular 
attention as basic forms for a series of derivative structures. 
They m a y also be preserved permanent ly in the form of dis
crete sedimentary structures (see below). This may be due 
to; (1) the expulsion of water and the attendent increase in 
strength or, (2) when descending or ascending lobes are 
barred from further motion by a resistant layer or the top 
surface of an evolving (ba) system. For such incipient defor
mations, the presence of differential loading is not obliga
tory. If the vertical movements are not arrested, the evolving 
(ba) sys tem may go through a succession of deformational 
stages shown in Fig. 10. The transformations depicted, rep
resent a general trend of deformations that may eventually 
lead to the establishment of posit ive density gradient - a situ
ation rarely achieved under natural condit ions. Each stage of 
the above transformations may be stabilized in the form of a 
discrete sedimentary structure. 

The previously ment ioned simple relationship between 
the form of deformational structure and kinematic viscosity 
does not hold true for the above ment ioned transformations. 
This is due to the fact that the viscosity changes during de
formation and the deformational structures produced, repre
sent already non-penetrat ive features which influence the 
pattern of successive transformations. 

SEDIMENTARY STRUCTURES 
SHOWING NON-MOBILE CONVECTIVE 

PATTERNS 

Features on bottom surfaces of beds 

Syndeposit ional structures of type A on undersurfaces 
of current-deposited sandstones, generally referred to as 
load casts (Kuenen, 1953), are characteristic of subaqueous 
deformations because the settling water-saturated suspen
sion is, in most instances, more mobi le than the settled bot
tom clay. In such situations, the incipient deformations sel
dom if ever go through the succession of transformations 
depicted in Figure 10, because the settl ing sand is prevented 
from a further sinking into the lower bottom layers by the 
appearance of increasingly more consol idated sediments . 

Natural and experimental load casts corresponding to 
type A may be bulbous or flattened when in contact with a 
more resistant bot tom layer (Pis. 19 & 20). The flattened 
load casts may reveal bilobate contours in vertical cross-sec
tions with small hollows in the center which represent 
moulds of point injections of clay. Such point injections 
arise from a composi te nature of larger compar tments in 
which the movement takes the form of incipient ring-like 
vortices (see later). 

The size of the compartments is roughly proport ional to 
the joint thickness of the layers involved in motion. In most 
instances, it is the lowermost part of turbidite beds that is 
involved in deformation, because the expulsion of water fol
lowing deformation and the at tendant compact ion stiffen the 
muddy substratum and the lower port ion of accumulat ing 
turbidite. Thus, the appearance of relatively small load casts 
on the undersurfaces of thick-bedded sandstones indicates 
that the load casts were formed prior to deposit ion of the 
whole bed, but after the accumulat ing sand has reached the 
thickness corresponding to the height of the flame structures 
between the load casts. In general, the size of load casts vary 
from small "p imples" (PI. 21 A, B; see also Tanaka, 1970, pi. 

Fig. 10 Selected stages of deformation in non-mobile (ba) sys
tems for different ratios of kinematic viscosities. After Cegła & 
Dżulyński (1970) and Anketell el al. (1970) 
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VII 2) to features measur ing many tens of centimeters in 
diameter. In plane v iew, the contours of load casts may be 
roughly polygonal or rounded (Pis. 19 & 20). Such contours 
indicate that the load casts in question were fonned in the 
absence of unidirectional flow at the bottom. Very irregular 
contours may point to limited multilateral flowage of the 
settled but unconsol idated suspension ("flow casts" in the 
meaning of Shrock, 1948; see also Prentice, 1956; Kuenen 
& Prentice, 1957). 

Load casts of type A on bottom surfaces of sandstones 
may also originate as post-deposit ional features. In experi
ments , this occurs in (ba) systems whose members are 
loosely packed and prone to shock-induced liquefaction. 
The morphology of such structures is identical with those 
produced simultanously with deposition. However , while 
the syndeposi t ional load casts represent in general single de
formational episodes, the postdeposit ional ones may result 
from repeated impulses and may pass through the succes
sion of transformations depicted in Fig. 10. Load deforma
tions of type B and C may occasionally occur on bottom 
surfaces of current deposi ted beds, however, in sub-aqueous 
envi ronments such deformations are rare. The above men
tioned load deformations should not be identified with those 
produced by unequal loading and exhibiting forms which 
may be correlated with non-penetrat ive structures of the 
overlying layer (Kell ing & Walton 1957). 

Intrastratal deformations 

Intrastratal polygonal deformations of type A may oc
cur within sandstone beds on intrastratal discontinuities cov
ered with thin films of finer sediment, which represent 
short-lived temporary lulls in the settling suspension. The 
structures of this kind, as seen on exposed parting surfaces, 
occur in the form of polygonal or square ridges, commonly 
associated with longitudinal ridges (PI. 36A). 

Intrastratal deformations known as "trendless-pattern 
convolu t ions" (Ten Haaf, 1956) or "casque-shaped" convo
lutions" (Anketell & Dzutynski , 1968a) are closely related 
to the above ment ioned features. Such deformations develop 
in d ichotomous beds whose upper member is rippled, lami
nated or massive, and whose lower member is horizontally 
laminated (PI. 22), provided both members are statistically 
homogeneous . The laminated sediment of the lower member 
is squeezed upwards in the form of narrow sharp-crested an
ticlines, between the downpending bowl-shaped bodies pro
duced by sinking of the upper member . Consequently, in all 
vertical cross-sections, the structure reveals the "cusp and 
p in-up" pattern (term after Selley et al, 1963), which is 
characteristic of convolute lamination. At triple points, the 
upward squeezed material may acquire mushroom-shaped 
forms. 

The structure in quest ion, is produced in the absence of 
horizontal shear by s inking of the upper member to an equi
librium level, after much if not all of the bed has been depos
ited. The deformation is initiated by softening or partial 
liquefaction of the lower member , resulting as a conse
quence of overloading. The ubiquity of casque-shaped con
volutions in thick sequences of strata makes other causes 

(e.g. ear thquake shocks) less likely. Parenthetical ly, it m a y 
be added that in the Cretaceous Inoceramian Beds of the 
Carpathians, the majority of sandstones in thick rock se
quences may show this kind of deformation. 

The above discussed type of convolut ions might have 
been described from different localities by many authors. In 
most instances, however , the illustrations of apparently 
analogous structures are given in one vertical section only, 
leaving thus the true shape of the deformation and hence its 
characterization as casque-shaped convolution conjectural. 

The casque-shaped convolut ion should not be confused 
with "ripple load convolut ions" , result ing from sinking of 
regularly distributed large ripples into laminated substratum 
(see later). 

Deformations of type B inside sedimentary units show
ing reversed density gradient, occur in systems whose lower 
members are subject to liquefaction result ing in a relative 
decrease in kinematic viscosity. The rising columns of the 
less dense material may be arrested in their ascent and, if 
closely spaced, acquire polyhedral shapes before reaching 
the top surface of evolving (ba) sys tems. PI. 23 A shows the 
upper surface of the deformed lower m e m b e r with "frozen" 
ascending columns. The structure depicted was produced 
experimental ly by depositing a loess layer upon the substra
tum made of plaster-of-paris/water mixture and clay. The 
deformation was shock induced and the surface exposed by 
washing away the loess. The same kind of deformation, 
however, may be initiated by other impulses, e.g., overload
ing. Natural equivalents of such surfaces are known to exist 
among subsurface periglacial structures (Richmond, 1949; 
Rohdenburg & Mayer , 1969) and are rightly regarded as a 
prelude to the formation of polygonal soils. Similar, though 
isolated columns (pillars), have been reported from the Ter
tiary Molasse of Switzerland (Dzulynski & Smith, 1963, fig. 
5) and produced experimental ly in unstable (ba) systems 
(Dzulynski & Walton, 1963, pi. XXIII b). It is to be empha
sized the the surface shown in Plate 23 A is a mirror image of 
polygonal load casts on the bottom surfaces of natural sand
stones and experimental turbidites (PI. 19). Viewed this 
way, the polygonal soils may be considered as reverse ana
logues of polygonal load casts (see later). 

A specific case of deformation is provided by non-mo
bile (ba) systems in which member (b) consists of cohesion-
less grains and the viscosity of the member (a) is greatly 
reduced. In such situation, the instability takes the form of 
closely spaced descending stringers of isolated grains 
(Dzulynski & Walton 1963, pi. XXIIa ; see also Fig. 11). The 
structure is analogous to nar row "f ingers" which develop at 
an unstable interface between two fluids mov ing vertically 
through a saturated porous med ium (Wooding , 1969), It is to 
be noted that similar structures were also obtained experi
mentally by Kuenen (1965, 1968) w h o introduced the term 
"settling convect ion" for this and similar types of deforma
tion. Presumable analogues of the above ment ioned defor
mations appear to be the "auto-inject ions" described from 
Aberystwyth Grits of Wales by Wood and Smith (1959) or 
the vertical sheet structures described by Laird (1970) and 
interpreted by him as due to convect ive movemen t initiated 
by differential settling of grains. As yet another possible 
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Fig. 11 Vertical striping produced experimentally by sandy 
threads sinking into very soft mud. Experimental structure. After 
photograph in Dzulynski & Walton (1962) 

natural analogue one can mention the "helictic flame" struc
ture, described by Brodzikowski and Hafuszczak (1987, fig. 
4) from Quaternary glacio-deltaic sediments of Poland and 
interpreted as shock initiated post-deposit ional deforma
tions. 

Top surface expressions 

If the upper member of an unstable (ba) system is thin, 
the previously ment ioned polyhedral columns may break 
through it, producing on the top surface of the system, first, 
roughly circular patches which correspond to the highest 
parts of the rising lobs (Fig. 12B, C). When the flow of the 
lighter material continues, the patches grow larger pushing 
aside the material of the upper member . In a further devel
opment , when the margins of expanding circular patches 
come to mutual contact, the resulting structure shows po
lygonal pattern of pendent wedges (Fig. 12D, PI. 23B). If the 
upper member contains platy fragments, these are set up in 
upright position in the previously mentioned wedges border
ing the polygonal compar tments . The structure bears a strik
ing similarity to polygonal soils described from cold cli
matic regions (PI. 24A). 

The formative process, through which the polygonal 
structures were produced in experiments , has been sugges
ted as an alternative explanat ion of natural sorted polygons 
formed under subaerial condit ions in dichotomous soil man
tles (Dzulynski , 1963a, 1966; see also Butrym etal., 1964). 
Ar tyushkov (1965) came to similar conclusion on the basis 
of theoretical considerations combined with field observa
tions. In the above interpretations, the processes leading to 
the appearance of polygonal soils are analogous to those that 
give rise to convective load deformations induced by unsta
ble density stratification in soft water-laid sediments. 

It is to be noted that the concept of convective move
ments has already been suggested to account for polygonal 
soils (Low, 1925; Gripp, 1927; Gripp & Simon 1933; Mor-
tensen, 1932). In most instances, however , it was based on 
the assumption that such movement s were set up by differ
ences in density of water at 4° and 0° C. Such differences, 
however , turned out to be insufficient to initiate convect ive 
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Fig. 12 Formation of polygonal soils from instability in density 
stratification in plan view (left) and cross-section {right). Based on 
experiments. Upper layer; sand and lower clay. After Dzulynski 
(1963 b) 

movements in clastic (ba) sys tems. Consequent ly , the con
cept of aqueous convect ive currents has been abandoned in 
favour of multigelation hypotheses (for references see; 
Washburn, 1969). In this context , it is to be noted that 
Sorensen (1935), in his important though not sufficiently ex
ploited publication, pointed out that the superposit ion of 
coarse debris upon finer materials is not the result of proc
esses which lead to the formation of polygons but vice 
versa. During the polygon-forming processes , the coarse 
rock debris is being pushed horizontal ly and sinks along the 
sides of polygonal compar tments . Sorensen also empha
sized the importance of the upward flowage of water-satu
rated fine materials in the formation of natural sorted poly
gons (see also; Gripp, 1952). 

The convective concept of polygonal soils, as here pre
sented, does not require a direct interference of frost action 
in the formation of such soils, a l though such action may 
play the role of impulses starting the deformational process 
(Jahn & Czerwitiski, 1965) and provide precondit ions for 
the formation of sorted polygons . The concept fits well with 
what is known on conditions at tending the formations of po
lygonal soils. The developmental s tages of experimental 

2 — Annales... 
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polygons (Fig. 12) also are identical with those recon
structed for natural occurences on the basis of field observa
tions (Elton, 1927). 

Inasmuch as the genesis of polygonal soils and, in gen
eral, the origin of "pat terned grounds" (term after Wash
burn, 1956) is still disputable, some additional comments on 
this subject are not out of place here. The explanations con
cerning the origin of polygonal soils have three basic as
sumpt ion in common: (1) the polygonal soils and related 
structures are features indicative of cold climatic regions 
and are in one way or another consequent upon the action of 
frost, (2) the structures are obviously associated with dichot
omy and reversed densi ty gradient in stone-rich soils af
fected by deformation and; (3) they tend to develop on flat 
surfaces in water- logged sediments or soils (e.g. Hamberg , 
1915; Sharp, 1942; Czeppe , 1961). It is to be noted that po
lygonal soils, once formed, are relatively stable and, in most 
instances, inactive (see also Washburn, 1969). 

The first contention is not necessarily true. It is the sec
ond and third contentions which are the key-notes of the 
structures in question. Under periglacial conditions the 
sorted polygons , tend to form on flats, where the dichotomy 
and reversed density gradient are produced by frost heave or 
deposit ion of coarse elastics upon frozen mud. The deforma
tion is initiated by the onset of thaw. 

The sorted polygons , however , are not limited to 
periglacial zones and do not provide an independent test of 
cold climatic condit ions. As already noted, the unstable (ba) 
systems, and thus the precondit ions for the formation of 
sorted polygons , may also occur in warm semi-arid sub-aer
ial environments with seasonal rainfalls. One of the most 
instructive examples , in this respect, has been recently pro
vided R. Soja (in preparat ion) who described well devel
oped sorted polygons from the subtropical region of Sivaliks 
in India (PI. 24B). These polygons were formed on an allu
vial plain covered with dry mud on which, at the onset of 
rainy season, the swollen river waters laid down a layer of 
gravel of approximately uniform thickness. The deforma
tion, which finished with the appearance of sorted polygons 
was started by infiltration of water into the mud and its con
sequent softening. 

The possibility that sorted polygons may be formed un
der subtropical condit ions was briefly ment ioned by Roma-
novsky and Cailleux (1942) . Such polygons were thought to 
originate on impervious muddy substratum. The above men
tioned authors, however , explained the formation of poly
gons in terms of temperature motivated density differences 
in the materials involved in deformation. Hunt and Wash
burn (1960) also described polygonal structures, resembling 
those in periglacial environments , from evaporitic sedi
ments . In this connection, reference should be made to brief 
information by Kaiser (1965) on one field experiment in 
Boulder, Colorado in which a gravel layer was laid down on 
weathered crystalline material . Small polygons were devel
oped after 5 years. However , no explanation nor details 
were given on these po lygons . Recently, Ahnert (1994), ob
viously unaware of relevant literature, described sorted 
polygons produced in the absence of frost action on parking 
lots and other places, where loose gravels were spread on 

"unobstructed groud surfaces". Ahnert , basing on theoreti
cal model experiments , considered these polygons in purely 
statistical terms without specifying physical condit ions and 
processes contributing to and at tending the formation of the 
structures in question. 

Polygonal structures similar to sorted polygons also oc
cur on recently exposed surfaces of near-shore sediments in 
front of temporary innudated canyons empty ing into the 
Dead Sea in Israel. The surfaces are covered with a carbon
ate cemented crust underlain by soft and mobi le clays. The 
extrusion of clays and the consequent breaking of the crust 
resulted in the formation of roughly polygonal compart
ments with ascending centers ( type B). The platy fragments 
of the crust, accumulated along the margins of polygons, 
became oriented in roughly upright position. Where the ex
posed sediment consisted of several crusty layers with clays 
between them, the resulting structure was less regular and 
was similar to some Pleistocene "cryoturbat ions" in thin-
bedded limestones with marly intercalations. Analogous po
lygonal patterns have been described and interpreted in 
terms of reversed density gradient by Dionne (1971) from 
recent tidal flats along the east coast of James Bay in Can
ada. 

The polygonal structures evolving from incipient defor
mations of type B are rarely encountered in subaqueous en
vironments . The manganese nodules , however , reported by 
Lonsdale (1950) from the floor of Atlantic ocean at depth of 
3,000 m and arranged in a polygonal network, might have 
been formed in unstable (ba) sys tem, in the previously sug
gested manner . 

In the hitherto discussed polygonal soils, the motion 
was upwards in the center and downwards along the periph
ery of incipient compartment ( type B). It should be realized, 
however, that polygonal patterns may also develop from in
cipient configurations of type A, in which the mot ion is 
downwards in the center and upwards along the periphery of 
evolving "cells". In such situations, the coarser and heavier 
material of the member b is concentrated in the center of 
polygons (as in "stone-centred po lygons" of Rozansky, 
1943). 

If the upper member of an evolving (ba) sys tems is not 
homogeneous in statistical sense, or the vertical movements 
are associated with limited multi lateral horizontal shear, the 
top surface expressions of deformations are irregular. 

In fairness to earlier investigators, it should be pointed 
that differential or unspecified loading was invoked to ac
count for polygonal soils and related periglacial structures 
by several authors (e.g., Elton, 1927; Mortensen, 1932; 
Dewers , 1934; Sharp, 1942; Klaczyńska, 1960; Halicki, 
1960; Czeppe, 1961; Bulow, 1964). These explanat ions 
closely approach the concept here advocated which, in fact, 
has already been accepted by some investigators (e.g. 
Rohdenburg & Meyer, 1969; Cegła, 1973; Eyles & Clark, 
1986). 

Drop structures 

In sorted polygons of type B, the m a x i m u m concentra
tion of the top material is in triple points. This induces a 
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Fig. 13 Formation of polygonal soils from instability in density 
stratification in plan view (left) and cross-section (right). Based on 
experiments. Upper layer; sand and lower clay. After Dzulynski 
(1963b) 

more rapid and deeper sinking of the material (b), giving rise 
to the appearance of drop structures (Pl. 25A). On encoun
tering a resistant layer, the drops become flattened. The 
polygons with such "frozen" drop structures are referred to 
as "rooted po lygons" (Romanovsky & Cailleux, 1942). 

In polygons of type A, it is the lower member material 
which, at triple points, is squeezed farthest upwards (Fig. 
13). The natural equivalents of such reversed drop structures 
have also been described (e.g. Lea, 1990; see Fig. 14). 

The drop structures m a y also originate from concentra
tion of heavier material in the centres of polygonal compart
ments , if the motion is downward along the axes of such 
compar tments (Pl. 25C, D). The concentration of material 

Fig. 14 Upward injected drop structures in Pleistocene sands; 
organic silt - dotted, sand - white. Modified after Lea (1990) 

towards the center, induces there more rapid sinking. The 
resulting drops commonly lose their connection with their 
parent layer or the top surface of (ba) system and acquire the 
shape of isolated rounded bodies . 

It is realized that drop structures may develop inde
pendent ly of sorted polygons . In heterogeneous (ba) sys
tems, such structures may form in places where the heavier 
upper layer is thick enough to promote more intensive sink
ing. 

Fossil drop structures have been described from various 

c 

Fig. 15 Deformations in (ba) system in which (b) shows brittle 
behavior and (a) is prone to liquefaction. After Anketell el al. 
(1970) 

environments , including Pleistocene glacifluvial sediments 
(e.g., Steusloff, 1950; Maas & Muller, 1954; Steward, 1963; 
Selley, 1964; P?kala, 1964; Ktysz, 1975). Such structures 
may also reveal the previously ment ioned bilobate contours 
in vertical cross-sections which tend to form when a drop of 
liquid penetrates into another liquid with which it is immis
cible. Experimetal analogues of drop structures have been 
repeatedly investigated by several authors from physical 
point of view and in order to explain the injection phenom
ena in sedimentary and and igneous rocks. 

Deformations in non mobile (ba) systems showing 
partly brittle behaviour 

In sedimentary (ba) systems in which the upper member 
shows brittle behaviour, the disturbance consequent upon 
liquefaction of the lower member may result in collapse and 
fragmentation of the upper member (Anketell et al., 1970). 
Depending on mechanical propert ies of the upper member , 
its fragments may be angular, subangular or crumpled. In 
many instances, the collapsing platy fragments become ro
tated by 90°. Such rotated fragments are known to occur 
among natural structures. On "freezing" of the liquefied me-
member , the fragments become suspended in the fixed mass 
and the resulting structure resembles that of intraformational 
breccias (Fig. 15B). 

If the viscosity of the lower m e m b e r is sufficiently re
duced or its state of liquefaction continues for an apprecia
ble t ime interval, the fragments of the upper member m a y 
accumulate at the base of the system to form a rubble bed as 
shown in Fig. 15C. 
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Fig. 16 Deformations in (ba) system in which (b) behaves as 
quick sand and (a) approaches plastic limit. After Anketell et al. 
(1970) 

In anticipation of wha t will be discussed in the last but 
one chapter of this paper, reference is made to yet another 
exper iment described by Anketell et al, (1970). In this ex
periment , the upper m e m b e r of an unstable (ba) system con
sisted of a heavy sandy suspension, and the lower one of 
settled kaolin clay approaching its plastic limit. Under the 
weight of the accumulat ing upper member , the lower low 
density clay layer underwent fragmentation. The opening 
fractures were filled with, and enlarged by descending 
sandy suspension (Fig. 16). Some of the detached clay frag
ments were lifted and incorporated into the structureless 
mass of sandy material . Natural analogues of the above 
ment ioned "in situ f ragmentat ion" were described by Covan 
and James (1992). 

Convect ive deformations in non mobile (ba) systems 
in which instabil ity propagates laterally 

The hitherto discussed deformations affected more or 
less s imultaneously the whole interface separating layers 
differing in density and kinematic viscosity. In non-mobi le 
(ba) systems, the deformations arising from instability may 
affect instantaneously only a part of the interface between 
the member s and then spread progressively over the area 
initially unaffected. Such case was investigated by Anketell 
and Dzulynski (1968b) in an experiment in which a thin and 
soft layer of plaster-of-paris turbidite was deposited upon a 
clay layer to produce an unstable (ba) system. The system 
was then subject to a slight single tap on the shute through 
which the plaster-of-paris suspension was introduced into 

Fig. 17 Plan view of deformation pattern resulting partly from 
intermittent propagation of liquefaction front in non-mobile (ba) 
system in which k a < kt,. Polygon covered area affected by instan
taneous liquefaction of low density lower layer (a). Transverse 
pattern trending parallel to margin of intact upper layer (dotted 
area) produced by intermittent propagation of disturbance. After 
Anketell & Dzulynski (1968b) 

the flume. In the proximal part of the flume, the disturbance 
was followed by instantaneous liquefaction of the clay and 
the appearance of clay polygons (Fig. 17). The distal part of 
the turbidite was at first unaffected and an irregular sharp 
boundary was formed between the disturbed and undis
turbed turbidite. Then, however , the deformation was ob
served to spread slowly and intermittently toward the distal 
end of the tank, breaking the undeformed plaster-of-paris 
layer into elongated clay compar tments parallel to the 
boundary between the deformed and intact area (Figs. 17 & 
18). Because of its higher kinematic viscosity, the plaster-
of-paris was squeezed into narrow pendent wedges between 
broader clay bodies. This process is shown schematical ly in 
Fig. 18A. Natural features showing similar morphologies 
are to be found among some periglacial structures. This 
question, however, requires further field investigations. 

In similar experiments with more viscous clay ( k a > kb), 
the configuration was reversed in that the under lying clay 
formed narrow injective ridges and the overlying plaster-of-
paris was downbuckled to form canoe-shape bodies whose 
axes were oriented at right angle to the spread of liquefac-

Fig. 18 Schematic presentation of deformation pattern in non 
mobile (ba) system in which instability propagates laterally. Di
rection of propagation shown by arrow. After Anketell et al 1970 
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tion (Fig. 18B). Morphological ly similar structures are 
known to occur in the form of semi-isolated bodies in shales 
and on bot tom surfaces of natural turbidites. Whether or not, 
these natural structures were formed in the way indicated by 
the experiment , remains open to question. The structures of 
similar morphologies may also belong to the scheme of 
transformations evolving from polygonal compartments 
acted upon by a slight horizontal shear (Dzulynski & Simp
son, 1966b; see later) and there is no simple set of criteria to 
distinguish one from another. 

Other deformations result ing from instability in non 
mobile (ba) systems 

Some of the structures previously discussed are recently 
explained in terms of fluidization. The role of fluidization in 
the formation of such structures must not be overlooked (see 
e.g., Lowe, 1975), notably, in view of recent experiments by 
Nichols et al. (1994). However , most of the deformations 
here under consideration fail to reveal evidence of transfer 
of sediment particles by fluid drag which is restricted to ver
tical conduits and results in break-through pipe-like features 
(e.g., Brencheley & Newal l , 1977; Mills, 1983) as is the 
case with cylindric structures produced by springs pouring 
through stratified sands (Havley & Hart, 1934; Dionne, 
1973). Moreover , in consider ing synsedimentary deforma
tions it is not easy to differentiate between liquefaction and 
fluidization. Intruding sandy suspension behave as one ho
mogeneous liquid and it is not water that drags the sand 
grains. 

The previously discussed structures resulted chiefly in 
s imple bipartite (ba) sys tems with more or less homogene
ous members , deforming chiefly by plastic flow. The defor
mations in multi layered unstable systems and/or reflecting a 
plurality of deformational events , are more complicated, no
tably when the layers involved differ in their mechanical 
properties, texture, structure and water saturation (see; e.g., 
Brenchley & Newal l , 1977). 

The mult iple (ba) systems may occur: (1) in a single bed 
produced by intermittent but essentially one depositional 
episode and, (2) within in a sequence of beds comprising 
several discrete sedimentary episodes which are then amal
gamated into one new bed. 

With respect to the first case, reference may be made to 
the well known "dish-and-pi l lar" structure (e.g., Wenth-
worth, 1967; Staufer, 1967; Lowe & Lo Piccolo, 1974). The 
structure in question consists of concave-upward lamination 
disrupted by vertical pillars attributed to explosive water es
cape and/or eruption of fluidized sediment. The dish-and-
pillar structure may be due to overloading or earthquake 
motivated collapse of stratified beds containing sandy inter
calations which are prone to liquefaction and transformed 
into quick-sand. The concave-up shape of disrupted frag
ments of layers results from violent discharge of the quick
sand and/or foundering of upper members into more viscous 
layers below. The dish-and-pil lar structure, as seen in plan 
view, shows roughly polygonal pattern and in this respect 
appears to be related to deformations arising from type A of 
incipient deformations. It is, however , the presence of rela

tively thick sandy intercalations, prone to liquefaction and 
confined between less permible or impermible clay-rich 
laminae, that provides condit ions to vertical quicksand in
ject ions. 

More complicated deformations occur when a sequence 
of alternating unconsol idated beds of differing charac
teristics is subject to abrupt gravitational collapse, produc
ing thus a "new bed" (see Selley et al., 1963). Less coherent 
and lighter layers are thereby squeezed upwards between 
descending heavier units. The disrupted fragments of such 
units, foundering into soft and/or liquefied substratum ac
quire turned up or even infolded margins . Such structures 
known as "pseudonodules" (Macar & Antum, 1949-1950) 
or "bal l -and-pi l low" structures (Smith, 1916) were pro
duced experimentally by Kuenen (1958). Where the 
pseudo-nodules are uniformly concave upward and show-
little or no rotation, essential descent in place is indicated. 

In many instances, the deformation in such beds m a y 
proceed consecutively and it is possible to discern earlier 
deformational stages. In other instances, the deformations 
pertaining to different stages are projected onto each other in 
such a manner that the recognition of the preceding stages is 
hardly possible. Particularly complicated structures arise 
during deformations involving layers differing drastically in 
competence and when horizontal shear is included into the 
deformation. Irregularities also arise from the fact that me-
tastable aggregates of grains may contain port ions which re
sist liquefaction. 

It is not necessary to dwell further on the above men
tioned structures as they are illustrated and described in 
many publications (e.g., Selley et al, 1963; Rizzini & De 
Rosa, 1969; Dionne, 1971; Brencheley & Newa l , 1977; 
Brodzikowski & Haluszczak, 1987; Brodzikowski & Van 
Loon, 1985; Davenport & Ringrose, 1987). 

CONVECTIVE DEFORMATIONS 
IN MOBILE (BA) SYSTEMS 

Convect ive deformations in mobi le (ba) systems may 
be considered in terms of two componen t vectors V p and V n , 
representing the movement perpendicular and horizontal, 
i.e., parallel to the interface between (b) and (a). T w o situ
ations are feasible here: (1) the perpendicular and horizontal 
vectors are approximately of the same order and, (2) the 
horizontal vector is greater then the vertical one ( V p < Vh). 
The resulting features will be referred to as " sca les" and 
"longitudinal r idges" (abbreviated to 1-ridges) respectively. 
Although these two types grade one into the other, they will 
be dealt with under separate headings , taking into account 
the ratio of kinematic viscosities k a /kb and assuming that the 
deformation involves s imultaneously the whole interface 
between (a) and (b). 

Scales on bottom surfaces of beds 

Variously shaped and arranged moulds of scaly ridges 
were described by Craig and Walton (1962) from the Silu
rian flysch of Scotland as erosional features affected by 
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Fig. 19 Transformation of hexahedral pending lobes ( k a > k b ) 
into scales arranged in rows. After Anketell et al. (1970). Comp. 
PI. 28B, C. Explanations in text 

loading. The above ment ioned authors emphasized the inti
mate association of these structures with the moulds of lon
gitudinal ridges. 

Consider ing the origin of the structures in question in 
terms of two component vectors, one can envisage that such 
structures originate by means of two processes operating 
separately in two successive stages. In the first stage there is 
a vertical movement which ends with the appearance of 
pending or rising polyhedral columns (as was the case with 
non mobi le (ba) systems) . In the second stage, the polyhe
drons produced are acted upon by a slight horizontal shear. 
The simplified vision, where the two stages are considered 
separately, is admissible for clarity of presentation. It should 
be borne in mind, however , that these two processes operate 
s imultaneously. In sedimentary (ba) systems, the lateral 
shear is effected by current drag or gravity creep on gently 
sloping surfaces. Let us consider the scaly deformations pro
duced experimental ly by sandy suspensions flowing upon a 
substratum made of watery mixtures of plaster-of-paris and 
clay ( k a > kb). Suppose that the polygonal compartments 
formed in the first stage of deformation and bordered by 
squeezed up ridges of the substratum (type A), are oriented 
with respect to the direction of lateral shear as shown in Fig
ure 19. The diagram is somewhat idealized in that the com
par tments are hexagonal in plan view. If acted upon by hori
zontal shear, the compar tments are attenuated parallel to the 
direction of shear. The clay ridges which are oblique to this 
direction are straightened. Those which are transverse, are 
bulged outward, with their convexit ies up-shear. This be
haviour occurs because of the clay wisps which project from 
triple points into the overlying slowly moving and settling 
suspension. The wisps , whose tops extend into zones of 
higher shear velocity, are dragged forwards and draw with 
them those parts of t ransverse ridges which are close to the 

wisps. The least affected by drag are the central portions of 
transverse ridges. Being the lowest, these port ions are not 
dragged as much as the other parts of the r idges. Conse
quently, the transverse ridges are curved and acquire U-
shaped forms oriented with their convexit ies upcurrent . 

The diagram in Figure 19, showing the posit ive aspect 
of scaly structures arranged in rows, was based on experi
ments in which a fine-grained sandy t-current was al lowed 
to flow along bot tom sediment made-up of clay and plaster-
of-paris mixture. The result ing relief was exposed after 
hardening of the bot tom sediment and wash ing away the 
sandy turbidite. This relief is shown in Plate 26C. The sur
face depicted on the right side of the photograph shows 1-
ridges with wispy protuberances. These ridges correspond 
to the stretched out f low-oblique sides of incipient poly
gons. The protuberances extending from original triple 
points are inclined in the direction of shear. The specimen 
depicted on the left side of the photograph shows the same 
surface after the uppermost thin layer of congealed substra
tum has been brushed away and the remaining sand grains 
removed from the furrows. The brushing exposed arcuate 
ridges which correspond to curved flow-transverse sides of 
polygonal compartments . Plate 26B shows moulds of scales, 
arranged in rows, as they are seen on bot tom surfaces of 
artificial plaster-of-paris turbidites and Plate 26A illustrates 
the same type of structures on the sole of natural turbidite. 

If the shear direction is as shown in Figure 20, the hexa
hedral compartments acted upon by current drag are ar
ranged into an "en echelon" pattern. This t ime, however , the 
central port ions of oblique sides of the compar tments are 
least affected by shear, in contrast to flow-parallel sides. 
Plate 27A and B show moulds of the structures in question 
as they are seen on the bottom surfaces of artificial and natu
ral turbidites. The scales arranged in en echelon pattern were 
described by Ten Haaf (1959) as "squamiform load casts". 

From the foregoing considerat ions it appears that po
lygonal compartments developed in mobi le sedimentary 
(ba) systems are drawn into scaly pattern as is the case in 
experiments on heated fluids in the presence of a slight hori
zontal shear (Fig. 5). 

Scaly structures on bottom surfaces of natural turbidites 
are reliable directional criteria facing with their convexit ies 
up-current. In vertical cross-sections, they are bulbous or 
flat-bottomed, depending upon the absence or presence of a 
resistant layer below the active (ba) system. 

The two types of scaly patterns indicated above, corre
spond to two arbitrarily selected arrangements of incipient 
polyhedrons with respect to the direction of horizontal 
shear. The arrangement of incipient polygonal compart
ments , however , is variable. Consequent ly , the resulting 
structures are less regular and there are various combina
tions of scaly patterns. An example of such combinat ion is 
shown in Plate 28 which illustrates the natural and experi
mental scales. In general, the spatial distribution and ar
rangement of polygons and scales m a y be determined by 
bottom irregularities and changes in the character of flow. 

Scaly structures may be t ransformed into transverse 
structures when compressed in front of an obstacle. For k a > 
kb, the resulting structures take the form of convex-down 
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Fig. 20 Transformations of hexahedral pending lobes (ka>kb) 
into scales arranged in en echelon pattern. After Anketell et al. 
(1970). Compare PI. 29. Explanations in text 

square bodies whose longer axes are oriented at right angle 
to the direction of shear (Dzutyriski & Simpson, 1966b; see 
Pis. 29, 30A 3 1 , 32 in this paper) . Depending upon the pri
mary arrangement of scales, such bodies are distributed al
ternately or set in parallel rows (PI. 3 1 , Fig. 21). 

The transverse scaly structures, here under considera
tion, compare to the scheme of convective deformations 
known from exper iments on heated fluids (Chandra, 1938). 
The natural structures shown in Plates 29 A and 30A belong 
presumably to the same scheme of transformation. 

Scaly structures bear morphological similarity to flute 
moulds and are commonly identified as scour structures. 

i i i i i i i i i n i i i i i i i i i l i i l l l i i i i i 

Here again, the distiction between scour and deformation is 
hazy. As noted, the erosion and deformation are comple
mentary processes depending upon mechanical properties of 
the bottom. If the bottom is ductile rather than loose, the 
resulting structure is dominant ly of deformational origin, al
though small amount of erosion cannot be excluded. Becuse 
of the role played by sediment intrusion, some of the scaly 
structures have been recently indicated as "flute-like marks" 
(Keighley & Pickerill, 1994). The present writer would not 
wish to use this term, for only further confusion would re
sult. 

Scaly structures on top surfaces of (ba) systems 

Scaly structures which develop from incipient deforma
tions of type B, face with their convexit ies downcurrent 
(Fig. 22). Such orientation is explained by the fact that, con
trary to the previously discussed scales, it is the upper mem
ber material that is pushed aside by rising lobes of the under
lying less viscous and lighter material to produce down-
hanging polygonal wedges (not ridges!). At triple points, 
this material forms pendents whose ends extend to zones of 
highly reduced or no shear. Consequent ly , the more shallow 
wedges between the triple points are pushed forwards in 
preference to the pendents and their central port ions run 
ahead of the remaining portions (Fig. 22). Natural equiva
lents of the above mentioned structures, known as "stone 
gar lands" (e.g., Gripp, 1927), occur on gently sloping sur
faces in "periglacial" regions (Fig. 23). 

Parenthetically, it may be noted that analogous pattern 
of pending wedges was obtained in experiments in which 
plaster-of-paris t-currents were flowing over slightly con
gealed gelatine substratum (Dzulynski & Walton, 1963, 
their pi. X X B). 

L-ridgcs on bottom surfaces of beds 

In mobile (ba) systems in which the lateral component 
of motion predominates , the flowing suspension tend to or
ganize itself into flow-parallel double rolls showing helicoi
dal cross-currents with opposite sense of rotation (Fig. 24). 

The helicoidal or spiral flow is of diverse origin (see 

Fig. 21 Idealized diagram showing transverse deformation pat
terns resulting from pressing of scaly structures against obstacle. 
Based upon experiments. Comp. Pis. 31, 32. Explanations in text 

Fig. 22 Transformations of hexahedral up-rising domes 
(ka<kb) into scales arranged in an en-chelon pattern. Aftei 
Anketell et al. (1970). Explanations in text 
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Fig. 23 Sketch of stone garlands. Plan view. Modified after 
Sharp (1942) 
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e.g., Vanoni , 1946; Mat thes , 1947; Kolar, 1956; Karcz, 
1970; Allen, 1971a, 1984; Wilson, 1972; Best, 1992). It 
may be stimulated by bot tom irregularities, curvature of the 
flow, sudden increase in current velocity, generated as the 
boundary effect and, caused by density gradient. 

In flowing suspensions, the preservation of spiral flow 
for long t ime intervals requires a continuous expenditure of 
energy. Vanoni (1946) attributed this energy to the presence 
of suspended load and the result ing secondary circulation 
(spiral cross-currents) . This idea was adopted by Dzulynski 
and Walton (1963) and Dzulynski (1966) to explain the ori
gin of ridges preserved as moulds on the base of turbidites, 
in terms of reversed density gradient. Such gradient may 
originate when the flowing suspension sinks into a soft sub
stratum. It also may be generated in the boundary layer close 
to the bot tom where the current velocity is reduced and 
coarser grains, which higher up remain in suspension, settle 
onto the floor. In such situation, there appears a layer of 
lighter and more dilute suspension close to the bottom. Con
sequently, the sediment- laden suspension tends to sink 
down, and this, combined with forward flow, sets up the 
spiral circulation. With settling suspensions, the instability 
in density stratification is expected to occur repeatedly in 
the immediate neighborhood of the bottom. 

If the kinematic viscosity of the suspension is less than 
that of the cohesive ductile substratum, the surface of the 
substratum is warped into narrow flow-parallel ridges sepa
rated by broader t roughs (Fig. 24 a). Such a structure was 
first obtained experimental ly by H. Casey (1935). Whatever 
the origin of spiral motion, the flow pattern in longitudinal 
stringers is characteristic of s teady and uniform flows. 

Moulds of ridges and intervening furrows on bot tom 
surfaces of sandstones (PI. 32) have long been recognized as 
the result of current action. They were first attributed to heli
coidal flow in double rolls by Dzulynski and Walton (1963) 
and Dzulynski (1966); a concept developed and expanded 

b. 
Fig. 24 Schematic presentation of development of experimen
tally produced current ridges (a) and sorted stripes (b). After 
Dzulynski & Walton (1963"), Dzulynski (1966). Explanations in 
text 

by Allen (1971). The structure is generally regarded as 
purely erosional and/or depositional feature (e.g., McBride , 
1962; Karcz & Kersey, 1980; Flood, 1981, 1983: Allen, 
1984 ). As noted, such opinion is justified where a granular 
sediment is acted upon by helicoidal flow and the grains are 
capable of independent motion. The cross-currents pro
duced, redistribute the sand particles to form flow-parallel 
ribbons (for details and references see e.g., Karcz, 1970; 
Grass, 1971; Grass et al., 1991). However , when the helicoi
dal flow is superimposed upon a ductile substratum, the 
main r idge-forming process is the deformation in which in
dividual particles have limited or no freedom of movement . 
This is observed where the substratum, in which the 1-ridges 
develop, is laminated. In such situation, the laminae are 
warped into sharp-crested anticlines and rounded synclines, 
but retain their identity (see later). 

The 1-ridges are striking because of their marked paral
lelism, constant size and wave length (PI. 32). Closely 
spaced sets of ridges are indicative of relatively rapid flow 
and relatively low density of the settling suspension. The 
ridges may bifurcate up- , and down-current . The upcurrent 
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Fig. 25 Polygonal ridges and scales passing into l-ridges in nar
row passage of flume. After Dzulyiîski & Simpson (1966b) 

bifurcation occurs when the streamlines are pressed together 
by lateral constraints (Fig. 25) . In such situation, some of the 
double-rolls are thrust upward out of place. On the other 
hand, where the suspension spreads laterally (e.g. in places 
where the passage widens) , the streamlines tend to separate 
and the overlying double rolls are pressed downward. If this 
be the case, the resulting ridges bifurcate downcurrent 
(Dzulynski & Walton, 1963; Folk, 1977). 

Moulds of l-ridges showing distinct upcurrent bifurca
tions are known as dendrit ic ridges (PI. 33) or "syndromous 
load-casts" (Ten Haaf, 1959). They were produced experi
mentally, by the slow advance of the crenulated front of 
water upon an exposed, soft and superficially aerated sur
face of clay (for details see, Dzulynski & Walton 1963, 
1965). The clay was pushed aside between the double rolls 
forming ridges along the lines of ascending cross-currents 
and the advancing front became scalloped reflecting the mo
tion towards a medium of higher kinematic viscosity (air !). 
The scallops were split into still smaller lobes (analogous to 
fractal parti t ion) between which minor tributary ridges were 
formed (Fig. 26). Such ridges jo ined the main ridges obli
quely, giving rise to upcurrent bifurcation. These upcurrent 
bifurcations, however , we re not produced by upward thrust
ing of double rols, as was the case of the previously dis
cussed l-ridges. This m a y be an argument in favour of poly-
genetic nature of bifurcation. 

The results of the above ment ioned experiment cannot 
be directly applied to explain the origin of natural dendritic 
ridges. Such ridges do not originate in the front of an ad
vancing t-current, as previously suggested (Dzulynski & 
Walton, 1963), but away from it (Dzulynski , 1965a; Allen, 
1984). They belong presumably to the endmost generations 

Fig. 27 Diagram showing formation of dendritic ridges by roll
ing cylinder 

of sole markings. A vague suggestion can be m a d e that the 
already condensed "traction carpet" is pushed forwards by 
the current drag, and produces dendrit ic ridges in much the 
same way as the impact induced ridges are generated (see 
below). The "fractal part i t ion" of secondary lobes as de
scribed in this section may , however , throw light on the de
velopment of frondescent marks (see later). 

Dendrit ic ridges, in system with posit ive density gradi
ent may also be produced in purely mechanical w a y by 
pressing the exposed surface of a settled clay by rolling cyl
inder (Anketell et ai, 1970; Folk, 1977). The rolling of the 
cylinder inflicts an unidirectional horizontal shear and this, 
combined with loading, results in the appearance of den
dritic ridges on the top surface of the lower clay layer (Fig. 
27). Natural equivalents of such impact induced ridges oc
cur bottom surfaces of some prod marks (Fig. 28). The 

Fig. 28 Diagram showing impact induced dendritic ridges. 
Comp. PI. 11C. After Dzulynski etal. 1972 

structure depicted in PI. 11C, resulted from instantaneous 
loading and horizontal shear produced by the the fish verte
bra striking the bot tom m u d (Dzulynski et ai, 1972). 

I II III 

A 

Fig. 26 Schematic diagram showing showing formations of den
dritic ridges by secondary crenulation of lobes of advancing water 
front. Explanation in text Modified after Dzulynski & Walton 
(1965) 

Interrelation between polygonal , scaly 
and longitudinal r idges 

Moulds of polygonal , scaly, and longitudinal ridges on 
bottom surfaces of sandstones are int imately interconected 
and pass one into another (Craig & Wal ton, 1962). Plate 34 
shows the undersurface of natural and experimental tur-
bidite in which the moulds of t roughs reveal traces of arcu
ate sides of scaly structures. 

With current-induced ridges, any change in their pattern 
reflects the change in the pattern of streamlines. In this re
spect, such ridges may serve as convenient means of visual
izing the pattern of streamlines. In general , the pattern and 

\ 
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distribution of ridges depend upon: (1) the pattern of s tream
lines inherent to the flow and, (2) the shape and distribution 
of bot tom irregularities. 

As indicated previously, the transformation of 1-ridges 
into polygonal , pi l low-like and transverse structures may 
occur in front of obstacles (PI. 30), It also may occur in on 
the downcurrent sides of bot tom undulations or ripples (Fig. 
29), where the smooth steady flow breaks into turbulent 
cell-vortices (Dzulyiiski & Simpson, 1966b) and in areas of 
interference between deflected and undeflected flow (PI. 
35A, B) . Admit tedly, however , the flow-transverse zones of 
1-ridges, alternating with zones showing polygonal struc
tures may also reflect t ransverse oscilations or pulsations in
herent in natural flows (e.g., Matthes, 1947; Folk, 1976; 
Karcz & Kersey, 1980). 

The control of bot tom irregularities upon the pattern of 
ridges and scales is also shown by other experiments . For 
instance, the 1-ridges exhibit an approximately radial con
vergence toward the center of roughly circular bot tom de
pression (Fig. 30 ). With flow-parallel elongated bot tom de
pressions, the ridges and scales reveal downcurrent conver
gence towards the axis of the depression (Fig. 31). This pat
tern is analogous to the "f leur-de-lys" pattern of scales de
scribed by Craig and Walton (1962, fig. 2c). Finally, the 
1-ridges also may occur in flow parallel zones alternating 

Fig. 29 Sketch showing formation of 1-ridges on upcurrent side 
of ripples and polygonal structures on their lee side 

with zones showing polygonal ridges (PI. 35). Such pattern 
corresponds to alternating zones of relatively rapid and 
highly reduced flow velocities at the bottom. 

Postdcposit ional 1-ridges and scales on load-deformed 
bases of ripples 

Special type of short 1-ridges occur on load-deformed 
bases of ripples (Pl. 35C) . It is to be recalled that ripples 
deposited on soft substratum may be subject to deformation 
resulting in downbuckl ing of their undersurfaces, whereby 
the max imum sagging is underneath the crests of ripples 
(Dzulynski & Slaczka, 1959; Dzulyiiski & Kotlarczyk, 
1962; compare also Craig & Walton, 1962, pl. IV, and 
Dzulynski & Walton, 1965, fig. 104 and 105). The moulds 
of the r idges discussed, occur exclusively on the upcurrent 

Fig. 30 Radial convergence of 1-ridges and scales around circu
lar bottom depression. Modified alter Dzulynski & Simpson 
(1966b) 

Fig. 31 Fleur-de lys pattern of 1-ridges and scales developed in 
flow-parallel bottom depresión. Modified after Dzulynski & 
Simpson (1966b) 

side of load-deformed base of r ipples, and in this respect, are 
reliable directional indicators. They terminate abruptly 
and/or break into small knobby, scaly or reticulated pattern 
of ridges along the line of m a x i m u m downbuckl ing . 

The ridges in question, appear to have been m a d e simul
taneously with the deformation of ripples through partial 
liquefaction of the lowermost foreset laminae. The liquefied 
material was pressed into the under lying muddy substratum 
and slightly pushed along the sand /mud interface towards 
the region of m a x i m u m sagging. This brought about the ap
pearance of ridges or r idge-and-furrow structures on the up-
current side of the down-buckled base of ripples. On the lee 
side of deformed ripple bases, the formation of r idge-and-
furrow structure was impeded by the foreset laminae which 
intersect the bent sole of ripples at this side and obstruct the 
flow of liquefied material. 

Argument in favour of the above explanat ion was pro
vided by an unpublished exper iment made in 1961 by E. K. 
Walton and the present writer. The exper iment was carried 
on in a water tank with rubber bot tom in which a layer of 
clay was overlain by a layer of sand mixed with plaster-of-
paris. The rubber bottom was bent down by means of a han
dle attached in the middle of the rubber bot tom to produce a 
roughly U-shaped deformation. The sagging was accompa
nied by a shear and mutual interpénétration between sand 
and clay, as well as the formation of a dilatant crack in the 
middle the deformed sand layer. The exposed base of this 
layer revealed "r idge-and-furrow" structure fringing on both 
sides the dilatant crack. Inasmuch as the clay had lesser ki
nematic viscosity, it penetrated into the overlying sand to 
form round-crested ridges separated by narrow sharp-
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crested pendents (an arrangement reversed to that observed 
on the base of deformed natural ripples). The symmetrical 
distribution of structures with respect to the dilatant fissures 
was due to structureless and homogeneous character of the 
sand layer. 

Intrastratal I-ridgcs 

The simplest form of intrastratal 1-ridges are linear 
sharp-crested ridges (Pis. 36 & 37A) showing "cusp and 
poin t -up" pattern in t ransverse cross-sections. The size 
range of these structures is measured in mil imetres and cen
timetres . In rare instances the ampli tude of ridges attains 
several tens of centimetres. Care should be taken not to con
fuse the ridges under discussion with linear wave ripples. 

Of part icular interest are ridges which develop in lami
nated sediments (PI. 37B) . The ridges in successive laminae 
follow the contours of r idges in the preceding laminae. This 
indicates that the ridges are deformation structures and re
sult from the tendency of flowing suspensions to move in 
the form of double-rolls with opposite sense of rotation. 
Such rolls create alternating zones of upward suction and 
downward pressure which deform the hydroplastic substra
tum into flow parallel " sync l ines" and "anticl ines". The 
above described ridges m a y be regarded as current struc
tures produced by flow of suspension, accompanied by in
termittent rhy thmic accretion of new laminae upon the ear
lier deposi ted laminae. As long as the conditions promot ing 
the deve lopment of ridges remain unchanged, the axes of 
"ant ic l ines" persist in the same vertical planes. This means 
that the flow-parallel r idges, once formed, influence the lo
cation of subsequent ridges, as is the case with sand streaks 
produced on friable substratum (comp. Best, 1992). It may 
be noted that structures identical with the previously men
tioned deformational ridges were observed in sloping, lami
nated cave muds and rightly interpreted as non erosional 
features by Bull (1978). 

As far as the formative process is concerned (spiral m o 
tion), the deformation ridges discussed are analogues of ero
sion-induced "accumula t ion" ridges on incohesive granular 
substratum or on hard substratum covered with a thin layer 
o f s a n d ( K a r c z & Kersey, 1980). 

To the same category of structures belong ridged convo
lutions (PI. 38A) which tend to form in mobi le (ba) systems, 
whose lower member is laminated and the upper one rip
pled, mass ive or laminated, both members being structurally 
homogeneous in statistical sense (Anketell & Dzulynski , 
1968a). The downsinking of the upper member , combined 
with unidirectional movemen t along the interface between 
(a) and (b), gives rise to longitudinal ( f low-paral le l ) undula
tions which, in transverse cross-sections, reveal "cusp and 
poin t -up" pattern. In flow parallel cross-sections, the inter
face be tween the members is flat or gently undulated, occa
sionally with vertical knobs . 

The convolut ion ment ioned is synchroneous with depo
sition o f the host bed as a whole , but postdates the deposi
tion of members involved in deformation. The horizontal 
shear a long interfaces separat ing the members is, presum
ably, due to current drag. 

Longitudinal undulations in mass ive sandstones 

While the concept of convect ive motion m a y still be in
voked to explain the above described ridged convolut ions, 
some troubling questions arise with respect to flow parallel 
undulations illustrated in Plate 3 8 B . The undulat ions in
volve thick massive sandstone beds deposited in an 
erosional channel . The top surface of the host bed is sharply 
delineated with short upward injected sandstone dykes, in
dicative of partial liquefaction of the upper member . It is not 
clear whether the sandstone bed represents separate deposi-
tional episodes welded together into one "new bed", or re
flects changes or lulls within one depositional act. The flow 
transverse wrinkles on interfaces separat ing the undulated 
layers, reorientation of grains and apparent schistosity of 
fine-grained intercalations between the members , inconsis
tent with the trend of tectonic features, bear evidence of lim
ited flow parallel shift of the upper member . 

Inasmuch as the sandstone in quest ion fills a relatively 
narrow erosional channel and the undulat ions are neither 
regular nor areally widespread, there is room for argument 
that such undulations are longitudinal folds result ing from 
lateral pressure to which soft masses of sediments are al
ways exposed when sliding into a narrow passage (see 
later). The previously discussed minor experimental I-
ridges, however, also originate when the suspension in ex
cess, enters a narrow passage. 

"Bcsko type" convolut ions 

W e conclude our survey of flow parallel deformation 
ridges with brief comments on some unusual type of struc
ture which, for the lack of a better term, is here indicated as 
"Besko type" convolut ions, after the name of locality in the 
Polish Carpathians, where this structure was first described 
(Dzulynski & Slaczka, 1958). 

The structure in question develops from flat-lying thick 
laminae in the lowermost part of a turbidite bed. Higher-up, 
the the laminae become thiner and are warped into regularly 
spaced longitudinal and transverse round-crested r idges (PI. 
38A). 

From intersections of these ridges, vertical conical 
knobs arise. Still higher up, the relatively large ridges be
come vaguely delineated, but the conical knobs are still rec
ognizable. The growth of these knobs affects the subsequent 
laminae which are rised without interruption by the growing 
cones. Towards the top of the bed, the internal layers be
come thiner and are thrown into more densely spaced flow-
parallel undulations. In places, such undulat ions are de
formed plastically by the growing knobs , which also here do 
not break the laminae but arch them upwards . Close to the 
top of the bed, the deformations vanish and the parting sur
faces become flat with only localized dis turbances. 

Experiments with plaster-of-paris suspensions coloured 
by coal dust, and flowing over a soft substrate (mixture of 
clay and plaster-of-paris) provided an insight into the devel
opment of the pattern discussed. The exper iments men
tioned were not entirely realistic in that the unstable system 
(ba) was produced by two separate t-currents following 
shortly one upon another. The first current resulted in the 
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formation of the soft white substrate which was then cov
ered with another artificial and dark turbidite. The resulting 
structure, as seen in plan view, is shown in Plate 39B. The 
left side of the structure depicted represents a horizontal sec
tion close to the interface between the two members of the 
system, exposed after the removal of much of the second 
dark turbidite. The exposed surface reveals the pattern of 
longitudinal and transverse ridges developed on the inter
face separat ing the two successive depositional episodes. 
From the intersection points of these ridges arise conical 
protuberances whose horizontal sections are seen on the 
right side of the specimen. The right side represents a higher 
section of the second turbidite exposed after the removal of 
its uppermost layer. 

The pattern of longitudinal and transverse ridges is 
similar to that revealed by parting surfaces of the natural 
structure. The vertical injections which rise from intersec
tion points of the ridges correspond to the previously men
tioned vertical knobs. Significantly, both the natural and ex
perimental knobs are vertical and do not show downcurrent 
deflection. In exper iments , the rise of knobs was initiated by 
a slight tapping of the flume, shortly after deposition of the 
second turbidite. Whether the tapping only stimulated the 
further growth of the already formed protuberances or acted 
as the main formative agent, remains open to question. Also 
open to question is the origin of transverse ridges, which 
might have resulted from shock-induced wave or may repre
sent undulation effected by the current action. The vertical 
orientation of conical knobs , however , is not in accord with 
the action of effective current shear. 

The Besko type convolution is not commonly encoun
tered. Somewhat similar deformations, however , have been 
described by Ian Rolfe (1963) from Old Red Sandstones and 
attributed to air-heave and by Nougier (1964) from 
periglacial sorted stripes. 

Linear deformations on top surfaces of (ba) systems 

As indicated, with lesser kinematic viscosity of the 
lower member , the more viscous material of the upper mem
ber is pushed aside to form pending wedges . Linear features 
of this type, which form on top surfaces of mobi le (ba) sys
tems, have been designated "sorted stripes" (Washburn, 
1956). Such features (PI. 40A) tend to develop on sloped 
surfaces in cold climatic regions and their origin is disputed 
(for references and details see: Washburn, 1969). In experi
ments , the analogues of sorted stripes were produced in the 
following w a y (Dzulynski , 1963, 1965, Butrym et ai, 
1964). Clay settled in a water-filled tray was covered with a 
thin layer of coloured plaster-of-paris deposited from sus
pensions or sieved through water unto the clay surface. Af
ter the water was removed, the tray was slightly tilted and 
held in an oblique posit ion. On tilting the tray, the strips 
were formed spontaneously on the sloping surface. The ris
ing clay diapirs were seen to transform into elongated 
tongues, whereby the heavier and coarser material of the up
per m e m b e r was pushed aside to produce pending longitudi
nal wedges (PI. 40B) . The above experiments offer an alter
native explanation for the origin of sorted stripes. It is real

ized, however , that these features may originate in more 
than one way. 

FRONDESCENT MARKS 

Specific structures resembling foliating leaves which 
occur on bottom surfaces of turbidites are known as "cab
bage l e a f structures (Kuenen, 1957), "feather-like hiero
g lyphs" (Ksiazkiewicz, 1958), "deltoidal h ie rog lyphs" (Bir-
kenmajer, 1958) or "frondescent marks" (Ten Haaf, 1959). 
The characteristic spreading "fol iage" of these structures is 
believed to be directed downcurrent which, in most in
stances, is true (Pis. 41 A, & 42A) . 

The origin of frondescent marks is disputed. Ksiazkie
wicz and ten Haaf considered them to be current marks. 
Birkenmajer regarded these structures as due to the flowage 
of sand into depressions of the bot tom accompanied by the 
movement of the underlying lutite. Allen (1984) , basing on 
experiments by Einsele et al. (1974) and morphological 
similarity between frondescent marks and the "p lumose" or 
"herr ingbone" structures on joint surfaces of rocks, sug
gested that such markings were formed by tearing off strips 
of mud from the bottom by strong currents. Aal to (1995) 
interpreted frondescent markings to be moulds of scours 
produced by two oppositely rotating corkscrew eddies 
which were present in the liquid that eroded m u d during 
flute formation. Dzulyiiski and Slaczka (1958), came to the 
conclusion that frondescent marks were produced by local 
liquefaction of sand, the conclusion confirmed by later ex
periments (see below). 

Any plausible explanation of frondescent marks must 
take cognizance of the following observat ions: (1) these fea
tures belong to the last generation of sole markings , (2) al
though in most instances the structures in quest ion foliate 
downcurrent , they also may diverge radially from point 
sources and, in some instances, upcurrent , (3) the body of 
frondescent marks is a structureless sandy mass devoid of 
any depositional structures such as grading, lamination or 
cross-lamination and, (4) they may occur, as entirely post-
depositional features, on bedding surfaces of source beds of 
sandstone dykes. 

An insight into the origin of frondescent marks was pro
vided by experiments in water-fil led glass tanks with a 
transparent gelatine substratum at the bot tom (Dzulynski & 
Walton, 1963). The most instructive were exper iments in 
which the relatively strong gelatine substratum was overlain 
by a warmed-up thin layer of soft gelatine, with or without 
water above. When the cooling produced a more resistant 
skin on the top of this layer, a plaster-of-paris suspension 
was poured over it. In places, where this skin was broken, 
the plaster-of-paris suspension was seen to flow in the form 
of flaring stringers within the soft gelatine. The penetrat ing 
suspension produced elongate tongue-l ike bodies on the un-
dersurfaces of plaster-of-paris suspension, which were char
acterized by flaring and scalloped margins (Pis. 4 2 B , 43B) . 
Where the suspension penetrated the weak layer a long a 
broad front, then the resulting structures had broad crenu-
lated fronts. Where sinking at a point occured and the impe-
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tus imparted by the current flow maintained the motion of 
the suspension, the interpenetrating plaster-of-paris crept 
forwards in the form of fan-like flaring overlapping lobes, 
each with scalloped margins. The axes of scallops bifurcated 
downflow. In the absence of unidirectional forward motion, 
the plaster-of-paris suspension spread radially from points 
of injections. 

The experimental structures are morphologically identi
cal with natural frondescent marks. The observed formative 
processes , were not much different from those involved in 
the formation of longitudinal and dendritic ridges. The hori
zontal spread of downsinking suspension which brought 
about the appearance of artificial frondescent marks , took 
the form of familiar double-rolls or stringers. The essential 
factor, however , was differential sinking of the stringers af
ter breaking through the surface of gelatine. As the stringers 
sank, they became separated from their neighbours. Having 
little confinement at their sides, the sunken and thus isolated 
stringers become unstable. They send out lateral scallops 
from which new tips may shoot out, in much the same way 
as was the case with dendrit ic ridges (Fig. 32). The axes of 
scallops were inclined in the direction of the spreading plas
ter-of-paris. The sinking stringers were followed by another 
portion of viscous suspension so that the contact with the 
parent suspension, and thus the turbidite, was not lost. 

The structures discussed are synchroneous with deposi
tion. They may, however , also represent post-depositional 
phenomena . The radiating markings, for instance, were ob
tained experimental ly from point injection of already depos
ited but still very soft plaster-of-paris under the above indi
cated condit ions. 

The results of exper iments fit well with field evidence 
and may explain the occasional occurrence of frondescent 
marks marks on the surfaces of source beds of sandstone 
veins. Such source beds are, otherwise, devoid of any pri
mary structures (Dzulynski & Radomski , 1956). It is to be 
noted that, in many instances, the natural frondescent marks 
start from prod marks. Such a situation is analogous to 
point-injection of very soft plaster-of-paris by breaking a 
skin of the je l ly layer by means of a needle prick. 

The frondescent marks , as seen in vertical cross-sec
tions, may be bulbous or flat-bottomed (Pis. 41 & 42). The 
former originate when the upper soft portion of the lower 
member of (ba) system is relatively thin. Frondescent marks 
may occasional ly spread upcurrent. This occurs when the 
flowing suspension intrudes into the underlying mud at the 
downcurrent end of step-like bottom defects ( Dzulynski & 
Walton, 1965, fig. 92). 

Summing up, frondescent marks appear to be the result 
of the injection of liquefied sediment from the base of the 
settling turbidite into the underlying clay layer. In most in
stances, the spreading "fol iage" is directed downcurrent . 
This occurs when the impetus of the current drives forwards 
the liquefied sediment. Such situation, however, is not al
ways the case. Consequent ly , the frondescent marks alone 
are not reliable indicators of current direction, 

Morphological ly very similar to frondescent marks, but 
genetically different are "feather structures" (Woodworth , 
1897; Ksiazkiewicz, 1968) or "p lumose markings" (Parker, 

Fig. 32 Sketch showing formation of frondescent marks. After 
Dzulynski & Walton (1963) 

1942) on joint surfaces of sandstones and splitting surfaces 
of soft cohesive sediments (Cegla & Dzulyiiski, 1967). The 
plumose markings are occasionally observed on the surfaces 
of ripped up fragments of semi-consol idated sandstones en
closed in dense sediment flow deposits or subaqueous 
s lumps. Such structures, indeed, record the tearing of strips 
of mud from a relatively stronger sediment , as envisaged by 
Einsele et ai (1974) and Allen (1984) . In the present 
wri ter ' s opinion, however , these structure should not be 
identified with sole markings referred to as frondescent 
marks. 

CONVOLUTE AND CONTORTED 
LAMINATION 

The term "convolute bedding" (Kuenen 1952) or "con
volute lamination" (Ten Haaf, 1956, Sanders , 1960) is gen
erally applied to more or less cont inuous intrastratal distur
bances that die out both upward and downward within a 
given sedimentary bed, attaining its m a x i m u m in the middle 
of the bed. Strictly speaking, the term should be applied 
only to deformations which," in cross-sections, are charac
terized by regularly spaced, narrow sharp-crested "anti
cl ines" separated by wider and rounded "sync l ines" ("cusp 
and point-up structure" of Selley et a/,, 1963). In this re
spect, the structure is a reliable top and bot tom criterion 
(Signiorini, 1936). The structures which do not show the 
cusp and point-up pattern should be referred to as contor
tions ( e.g. Dott & Howard, 1962). 

On the scale of the host bed, the convolute lamination is 
a synsedimentary deformation, accomplished before the fi-
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nal deposition of the host bed. As indicated by Einsele 
(1963) , the convolute lamination is formed during the trans
formation from metastable to stable conditions and only in 
this short t ime interval, are the formative processes able to 
produce such deformations in fine-grained, laminated and 
water-saturated sediments . Although the force of gravity 
plays a dominant role in such processes, the formative 
mechan ism may vary. 

The origin of convolute lamination is still disputable. 
The once widely accepted explanation that this type of 
structure is produced by sediment creep on inclined bottom 
surfaces is now definitely abandoned. Consequently, the ab
sence of lateral displacement of the deformed laminae has 
been included into the definition of convolute lamination. 
However , as shown previously (ridged convolution), the 
bedding parallel shear m a y be a factor controlling the pat
tern of convolute lamination. Some authors attribute the 
convolute lamination to expulsion of water, gas or quick
sand (e.g. Steward, 1956; Jan Rolfe, 1963; Wunderl ich, 
1967; Boer de, 1979). Indeed, water-saturated granular ag
gregates, during deformation and compact ion, give off much 
of the interstitial water, but such dewatering is the result and 
not the cause of convolute lamination. This is indicated by 
the observed continuity of the deformed laminae, which is a 
distinct feature of convolu te lamination. The laminae are 
thinned, streched and, finally, may wedge out, but are not 
disrupted. 

Such hydroplast ic deformations do not form in response 
to water or air escape. 

The prerequisite for the formation of convolutions is 
fine lamination and hydroplast ic behaviour of the sediment 
involved. The lamination facilitates plastic deformations, 
because the adjacent laminae tend to slip by each other in 
opposite directions. The presence of lamination makes also 
the deformation visible. The finely laminated sediments 
yield easily to all kinds of deformations, including those in
flicted by current-generated pressure and sucction or load 
imposed by the settling suspension (e.g., Emery, 1950; Hol
land, 1959; D o t t & Howard , 1962; Selley etai, 1963; Sull-
wold, 1959; Davies, 1965; M c K e e & Goldberg, 1969; Al
len, 1977). 

As noted, when the laminated substratum becomes co
hesive and ductile, the current shear, which otherwise would 
tend to redistribute the particles individually, generates un
dulation or streaked-out protuberances. The undulations 
once formed, may tend to become magnified through further 
depression of troughs by accumulat ing sediment and by ris
ing of adjacent ridges (Ten Haaf, 1956). With ripple cross-
lamination, such ridges represent the crests of ripples, and 
the above ment ioned processes give rise to convolutions 
which are casually connected with intensification of the rip
ple crests by current drag. This type of deformation has been 
adequately dealt with by several authors (Kuenen, 1953; 
Sanders , 1960; Sutton & Lewis, 1966) and is mentioned 
here merely for comple tness ' sake. 

Reference has already been made to convolutions in 
structurally homogeneous d ichotomous (ba) systems result
ing from instability in density stratification and following 
convect ive patterns. Due to variations in texture, structure 

and composit ion, normal to many natural sediments , the 
structural homogenei ty is not commonly realized in nature. 
Consequent ly , the resulting structures are less regular, 
though there is still a tendency toward the appearance of 
cusp and point-up pattern. 

The cusp and point-up pattern, however , may also result 
from regular distribution of non penetrat ive features. This is, 
for instance, the case with "r ipple-load convolut ion" (Dzu
lyiiski & Slaczka, 1965) which results from sinking of large 
semi-isolated ripples into a soft horizontally laminated sub
stratum (see also Dzulynski & Wal ton, 1965, fig. 105). 

Inasmuch as the sinking is greatest below the ripple 
crests, the p lano-convex ripple bodies are transformed into 
planoconcave structures with flat top surfaces. The underly
ing, and originally horizontally laminated sediment , is 
squeezed upwards between the deformed ripples to form 
commonly , mushroom-shaped "ant ic l ines" . The distribution 
of such anticlines may be regular or quasi-regular, provided 
the ripples are distributed at more or less regular spaces. 
Parenthetically, it may be added that the here described 
load-deformed ripples are occasionally "homogen ized" by 
early diagenetic ankeritization and transformed into concre
tionary bodies in which the pr imary structure is partly or 
entirely obliterated. In such cases, the mechanical deforma
tion is accompanied by physico-chemical replacement in
duced by connate waters flowing towards the region of 
max imum deformation (Dzulynski & Smith, 1963). 

A m o n g contortions which do not fall into the category 
of convolute lamination sensu stricto there is "cr inkled lami
nat ion" or "curly bedding" (Sutton & Watson, 1960). The 
structure consists of irregularly contorted and, commonly , 
discontinuous lamination. It does not reveal the cusp and 
point-up design and is locally disrupted by sandy injections. 

The crinkled lamination here under discussion, mantles 
the tops of thick and coarse turbidites (PI. 43A, B). The cha
otic j umble of contorted laminae is, in places, haphazardly 
interpenetrated by and interfolded with injected coarse sand 
veins from the subjacent coarse turbidite. 

An insight into the possible origin of the deformation in 
question was given by an unpubl ished experiment , carried 
out by the present author many years ago. In this experi
ment, a dense watery suspension of sand, silt and plaster-of-
paris was released to flow in a water tank with settled lami
nated clay at the bot tom. The clay was rised by the advanc
ing front of of the t-curren to form dilute c louds os suspen
sion above the dense moving slurry. In the waning stage of 
of the flow, the clouds began to settle intermittently upon 
not yet stabilized and slowly moving mass of coarse sand. 
Under such conditions, the deposit ion from the settling 
clouds resulted in the formation of crinkled laminae (PI. 
43C). It is tentatively suggested, that the deformation shown 
in Plate 43 (A, B) might have been formed in a similar way. 

Although it is not in direct relat ionship to the subject 
discussed in this paper, brief comment is made on contor
tions which originate in a sequence of soft horizontal layers 
or laminae which is pressed down at one end by obliquely 
imposed burden. In this context, reference is m a d e to experi
ments by Rettger (1935) and Bucher (1956) , in which the 
obliquely imposed load threw the laminae into a series of 
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folds and small thrusts. 
The structure varied from overturned folds near the 

source of pressure to a lmost symmetrical folds away from it. 
Significantly, the deformations decreased upward and 
downward from a m a x i m u m attained in the middle of the 
sequence (Bucher , 1956). In this respect, the deformations 
were similar to convolute lamination, but differed from it in 
the absence of cusp and point-up pattern. 

Deformations corresponding to Bucher ' s experiments 
occur in nature. On a small scale, such deformations are ob
served in association with ice-, and plant-drifted dropstones 
or rock fragments falling from the roofs of karst caverns 
unto soft stratified substratum. On a larger scale, such defor
mat ions are exemplified by folding of thin layers in the 
lacustrine Pleistocene Lizan formation in Israel (e.g. Arkin 
& Michael i , 1896). These deformations resulted presumably 
as a consequence of a sudden lowering of the lake level and 
loading of the marginal parts of the fine-grained laminated 
sediment by huge landslides following the lake level fall. On 
much larger scale, similar deformations are observed in 
front of nappes thrust upon molasse sediments in the fore
land of the Carpathians (Krzywiec , 1994). 

Upper boundaries of covolutcd and contorted beds 

As indicated previously, the convolutions and related 
contortions commonly die out upwards , passing into undis
turbed horizontally laminated sediment. In other instances, 
the convolute lamination may pass gradually into rippled 
sediments showing the same composit ion and transport di
rection as the remaining host bed. In places, the ripples may 
show minor posterior deformations indicative of deposition 
upon not yet entirely stabilized substratum. It is to be noted 
that the convoluted and rippled parts of the bed are laid 
down by the same current, the rippled portion being depos
ited by the current ' s tail. 

In amalgamated beds, the convolutions may be trun
cated by erosion surfaces and covered with a new turbidite. 
Such surfaces are commonly irregular and bear clear evi
dence of scouring (PI. 44A) . Of particular interest are the 
convolut ions or contortions which are truncated by sharply 
delineated flat surfaces devoid of any evidence of current 
scour, and covered with horizontally laminated fine-grained 
silt or m u d (PI. 44B) . The truncating surfaces of this kind 
were produced experimental ly by Anketell et al. (1969) in 
the following way. Unstable horizontally laminated se
quence was produced in water tanks by alternate deposition 
of variously coloured clays, silts and fine sands, settling 
from dilute suspensions. The deformation started spontane
ously with the deposition of a critical layer that raised the 
total weight of the column beyond the limits of its bearing 
capacity. In other exper iments the deformation was trig
gered of by a slight shock. The deformational process fol
lowed the well known pattern of density controlled defor
mat ions (PI. 44C) . As long as the deformation occured 
within the sediment, the laminae, although streched and 
thinned, preserved their identity. On reaching the sediment-
water interface, however, the rising columns disintegrated, 
producing clouds of suspension. The interface was trans

formed into flat surface t runcat ing the folded laminae (PI. 
44C), and the previously ment ioned suspension clouds set
tled on this surface to form a set of fine horizontal laminae. 
In the experiment under considerat ion, the deformations 
were irregular because the requirement of structural homo
geneity was not satisfied. The point in question, however , 
was that such truncated surfaces originated in the absence of 
unidirectional current erosion. The surfaces of this kind are 
encountered among natural convolut ions (PI. 44B) . It is re
alized, however , that flat surfaces, t runcat ing the deformed 
laminae of turbidites may be p roduced by bot tom currents 
(not t-curents) which sweep the bot tom under condit ions of 
non deposition. 

DISTURBANCES PRODUCED BY 
IMPACT OF HEAVY SUSPENSIONS 

W e come now to structures produced by the impact of 
heavy suspensions upon horizontal ly stratified bot tom sedi
ment. Such impact may result in the formation of new beds 
showing slump-like deformations. Without entering into the 
general subject of s lump and sediment-f low deposits , de
scribed and illustrated in numerous papers , we shall concen
trate on some selected problems. 

Let us begin with one exper iment described by Anketell 
and Dzutyiiski (1968b) in which diluted and variously col
oured plaster-of-paris suspensions, mixed with small 
amounts of clay, were successively released to form a se
quence of laminae on top of a clay layer. Then a dense plas
ter-of-paris suspension was al lowed to flow over the still 
soft sequence. The flowing suspension threw the laminated 
sediment into a series of f low-transverse structures showing 
"pseudonodular" cross-sections (PI. 45A, B). The corru
gated sequence became truncated and amalgamated with the 
newly deposited turbidite, without being incorporated as 
clasts into its matrix. The clay wisps, rising from the layer 
underlying the laminated sequence, were vertical or de
flected down-, or upcurrent. The t ransverse structures of the 
type discussed are occasionaly observed at tached to bot tom 
surfaces of thick natural turbidites. On a smaller scale, simi
lar structures occur also among sole markings (PI. 44C) . 
However , the mechanism through which such sole markings 
are produced is not clear, notably if t ransverse structures are 
devoid of internal lamination. In such situation, particularly 
obscure is their relationship to structures result ing from pro
gressing liquefaction front and to transverse scales showing 
similar morphology. There is also a possibility of their inde
pendent and different origin cannot be el iminated (as a 
curent shear effect). 

The impact of heavy slurries upon soft stratified sub
stratum also leads to its erosion, whereby the ripped-off 
fragments of the substratum are lifted and incorporated into 
the moving slurry. The case in question was investigated 
experimentally in water tanks in which the layered bottom 
sediment was produced by successive introduction of di
luted and variously coloured plaster-of-paris and clay sus
pensions (Dzulynski & Radomski , 1966). The bot tom sedi
ment, thus prepared, was then acted upon by dense t-current 
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Fig. 33 Sketch showing formation of prolapse folds 

made up of plaster-of-paris suspension and coarse sand. In 
proximal parts of the flume, the bot tom layers, impover
ished in clay, were broken into angular fragments. These 
fragments were incorporated into the moving suspension 
and scattered chaotically or concentrated at specific levels 
of the settling sediment . Such levels coresponded to drastic 
changes in density of the settling suspension (Pl. 46D) . With 
very dense suspensions, the fragments were concentrated 
near or at the top of the deposi ted slurry. Further away from 
the discharge, the layers of the substratum were enriched in 
clay and thus prone to plastic deformation, The detached 
fragments of such layers were folded, contorted and over-
thrust in a highly complicated manner (PI, 46B) . The above 
ment ioned experimental structures find their exact equiva
lents a m o n g natural structures (Pl. 46A, C ). 

A notable feature of the experiments under considera
tion is the appearance of "prolapse folds" (Wood & Smith, 
1959) or "s lump overfolds" (Crowell , 1957), i.e., the flat-ly
ing recumbent folds with horizontal axes trending at right 
angle to the direction of flow. In experiments, such folds 
were seen to form when the passing suspension was bending 
the layers of the substratum into flow-transverse broad un
dulations whose crests broke up, producing transverse fis
sures. The fissures were immediately filled with the sinking 
suspension, which then penetrated laterally between the lay
ers causing their further splitting (Fig, 33), The margins of 
the cleaved layers were bent upwards and those facing up-
current were peeled off and transformed into flat recumbent 
folds (Pl. 47A) . The overturned limbs of folds also broke 
into tabular fragments. Such slabs were sometimes observed 

to glide on top of the settling slurry ( comp. e.g. Pos tma et 
al., 1988) and, occasionally, preserved in it in upside-down 
position. This observation explains the occasional oc
curence of large overturned slabs on top of mass ive sandy 
turbidites and sediment flows in flysch. 

Another notable feature of the exper iments discussed 
was the appearance of the already ment ioned longitudinal 
folds or fold-like deformations whose axes were parallel to 
the direction of flow (PI. 47B , Q . In most instances, such 
deformations occur in the form of closely set isolated gutter
like bodies (PI. 47D) . 

The stress distribution responsible for the formation of 
longitudinal folds, generated also longitudinal fractures in 
the subjacent layers. Such fractures were filled and widened 
by the sinking slurry, which then was injected laterally 
along suitable bedding planes (PI. 49A, B, comp. also His-
cott, 1979) in much the same w a y as was the case with in
cipient prolapse folds or forcible detachment of clasts by 
sinking slurry from layered bot tom sediment ( comp. PI. 1C). 
By this mechanism, large port ions of the bot tom layers may 
be lifted and entrained in the slurry. In the presence of inter
secting transverse fractures, the ripped-off bodies acquire 
loaf-shaped forms (PI. 49C). It is to be noted that the mar
gins of such bodies are also warped upwards - a feature ob
served in some experimental and natural clastic wedges pro
duced by downward injection of viscous and heavy materi
als into a layered substratum (Dzulynski , 1965a). 

Longitudinal folds and fold-like disturbances are com
mon in flysch rocks (PI. 48A, B). Such disturbances are also 
observed in peaty solifluction tongues (Dzulyiiski & Pekala, 
1980) and snow avalanches entering narrow pasages (La-

joie , 1972). Consequent ly , the orientation of fold axes in 
slump and sdiment flow deposits alone, should not be taken 
as a safe criterion of the strike of paleoslope (Hansen et al., 
1961; Murphy & Schlanger, 1962; Enos , 1969) showed that 
fold axes in natural subaerial and subaqueous s lumps or 
sediment flows are not a lways normal to the direction of 
movement . Consequent ly , the orientation of axes alone, 
should not be taken as a safe criterion of the strike of paleos
lope, 

The existence of slump-like folds produced by impact 
of heavy suspensions on flat bot tom surfaces illustrates the 
difficulties one may encounter in differentiating between 
s lump generated and impact- induced slump-l ike distur
bances in poorly exposed rocks. The chief criterion, indica
tive of the impact induced deformation, is the presence of 
exotic material in the matrix enclosing the contorted frag
ments, a quality which may be overlooked by an unprepos-
sesing observer, Such material includes exotic rock frag
ments derived from outside the deposit ional basin which do 
not occur in the subjacent sediments . The s lumps proper are 
generally devoid of such fragments and consist of material 
derived exclusively from the under ly ing strata, 

It is to be noted that heavy slurry moving a long resitant 
layers, which do not yield by plastic flow, produce in them 
open fissures which may be filled either from above or from 
below by by the subjacent soft sediment. Such features are 
common in turbidite sequences and confirmed by experi
ments (PI. 48C) . 
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CONCLUDING REMARKS 

Structures to which appeal has been made in the preced
ing sections need not be summarized. As noted, one of the 
objectives of this paper was to indicate that genetically con
sanguineous sedimentary structures are sometimes divided 
by arbitrary classifications. Despi te the wide spectrum of 
morphologies exhibited by erosional and deformational 
structures, many of these structures may be attributed to the 
same or similar formative processes (comp. Allen, 1984). A 
large number of such structures represent the "frozen" 
stages of one formative process . In geologic literature, such 
stages have been commonly assigned different names and 
regarded as genetically unrelated features. 

Between erosion, deformation and deposition structures 
there are gradations which indicate overlaping and transi
tions between the formative processes . Thus, the change in 
morphology of prod markings to flute markings occurs con
secutively wi thout a clear separation between them. The dif
ferences in morphology of sole markings also reflect the dif
ferences in mechanical behavior of the sediment involved in 
their formation. 

There is dispute about the role of bottom sediment in the 
formation of flute markings. This dispute has been concen
trated on two sharply contrasted concepts; the "passive bed 
theory" and "defect theory" of erosional features (Allen, 
1971a). Accord ing to the first concept, the pattern of turbu
lences within the flowing suspension controls the shape and 
distribution of sole markings independantly of bottom ir
regularities. The second concept implies that bottom irregu
larities determine the formation of such markings. The argu
ment s tems from discussion concerning the origin of flutes 
and scallops formed, on exposed rock surfaces, by water and 
air currents . According to Maxson (1940, p . 720), "the form 
of the flutes is determined by vortices formed by turbulent 
flow along large more or less flat surfaces and by distur
bance of flow along irregularities of all types" . Curl (1959) 
insisted that flow properties alone may control the shape and 
size of flutes in caves. Accord ing to other authors, the cave 
flutes are determined by surface irregularities (Colleman, 
1947; Rudnicki , 1960). These latter ideas provided support 
for Al len ' s "defect theory" of flute markings preserved as 
moulds on bottom surfaces of turbidites. 

The two ways of v iewing the origin of flute markings 
are not mutual ly exclusive. The irregularities, préexistent in 
bottom sediments or inflicted by tools impinging upon the 
bot tom are among the most important factors controling the 
locationand formation of flute markings and related 
erosional features on undersurfaces of current-deposited 
beds. On the other side, the vortices inherent to a turbulent 
flow and apparently independent of bot tom irregularities, 
also may give rise to morphological ly similar markings. It 
should be borne in mind, however , at any given part of the 
bottom, the pattern of streamlines, seemingly independent 
of bot tom irregularities, may reflect earlier flow properties, 
and these might have been determined by earlier, undis
closed bot tom defects. In addit ion, the unequal distribution 
of suspended load, the presence or absence of tools and the 
changing density of the flowing suspension, also are factors 

controling the development and distribution of scour mark
ings. These factors cannot be assesed quanti tat ively from 
the structure of resulting sediments . 

Parenthetically, it may be noted that scour and tool 
marks on bottom surfaces of turbidites find close analogues 
among features produced on glaciated rock surfaces by sub-
glacial melt waters or moving glacier ice armored with hard 
rock fragments (comp. Chamberl in , 1885/86; Dahl , 1965). 
Also among tectonic marking or " tec tog lyphs" (term after 
Teisseyre, 1921) on slickensided fault surfaces, there are 
analogues of groove and prod markings revealed by the 
soles of turbidites. Some of such tectoglyphs were given 
names coresponding to their sedimentary analogues, e.g., 
tectonic prod marks (Dzulynski & Kotlarczyk, 1965). 

As indicated in the preceding sect ions, the interaction 
between the flow and the bottom depends , among other 
things, upon mechanical properties of the bot tom sediment. 
For example, if the bottom sediment consists of incoherent 
sandy particles, the flow in double rolls results in entrain-
ment and redistribution of grains. The grains are rearranged 
to form closely spaced ridges all igned parallel to the flow, as 
in the experiments on bed forms p roduced in sand (e.g. 
Crickmay, 1960; Karcz, 1970; Karcz & Kersey , 1980). If, 
however , the bottom sediment is plastic and shows a high 
degree of ductility, the same kind of currents m a y result in 
deformations with little or no entra inment of particles. Con
sequently, there is no contradiction between the "deforma
t ional" and "erosional" explanation of 1-ridges. It is the pat
tern of motion that determines the form of structure. The 
genesis of spiral cross-currents responsible for the formation 
of 1-ridges is disputable. This quest ion, however , has more 
than one explanation. 

Soft-sediment deformations may be contemporaneous 
with, or postdate the final deposit ion of particles which 
make up the resulting bed. In the first case, the particles set
tling upon the bottom may be still parts of the same flowing 
current. Consequent ly , the resulting structures are, with rea
son, called current structures. It is realized, however , that 
liquefaction of the already deposi ted sediment may set the 
particles in motion in much the same w a y as is the case with 
the settling suspension. The result ing post-deposi t ional 
structures may be morphological ly undist inguishable from 
syndepositional features. 

Accordingly, it is often impossible to designate the de
formation structures clearly in terms of their t ime of forma
tion vis-a-vis the t ime of final deposit ion (Dzulynski & Wal
ton, 1963). 

Much controversy has arisen from a simple misconcep
tion that deformation structures alone may provide informa
tion on the direct cause of deformation. Hence , the abusive 
employment of genetic names . However , in disturbances 
generated by instability in density stratification, the work on 
deformation is exerted by potential energy stored in an un
stable system. The "tr iggers" releasing this energy are not 
necessarily imprinted in the result ing structure and the con
clusions concerning their nature are conjectural and may 
often be fraught with uncertainty. In such instances it is not 
warranted to specify explicitly the origin of structures in 
their denomination. 

3 — Annales... 
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Morphological ly and genetically identical deformations 
occur in various and, commonly , very different environ
ments . Processes considered to be characteristic of a given 
envi ronment have been often implicitly or explicitly identi
fied with as being responsible for the formation of the struc
tures discussed (Anketell etai, 1970). For instance, the "in
volu t ions" or polygonal soils have been regarded as pro
duced by the action of frost. These structures were consid
ered as reliable indicators of cold climatic environments , be
cause they, indeed, are very common in periglacial sedi
ments . However , they also occur in other environments . 

M a n y deformation structures in sediments are dupli
cated in igneous rocks . Thy and Wilson (1980) described 
and illustrated instructive examples of polygonal load casts 
from layered basic intrusions of the Fongen-Hyll ingen com
plex in Norway . The present author observed similar fea
tures at the base of basalt ic lavas laid down on rough, blocky 
and porous upper port ions of the underlying lavas 
(Dzulyiiski, 1979). N e e d h a m (1978) called attention to large 
(up to 200 m in diameter) circular and polygonal load defor
mat ions produced by extrusion of basaltic lava onto water-
saturated sand in Proterozoic rocks of Australia. 

Bear ing on the foregoing discussion are also parallel 
ridges with projecting excrescences described by Elwell et 
al. (1960) from interfaces separating different kinds of 
magma. The ridges were produced when the heavy magma 
was injected in the form of a sill upon not yet entirely solidi
fied lighter magma. Elwell and others (1960) suceeded in 
producing experimental ly a close analogue of the ridges in 
question by pouring the molten gum onto a layer of solid 
parafin. Similar structures were also reported by Nichols 
(1936) from a close-fitt ing contact between two Quaternary 
basaltic flows in which a massive lava was superimposed 
upon a vesicular lava (see also, Shrock, 1948, fig. 327). 

The general rule in all the examples just cited is the 
presence of unstable density stratification in non-mobile and 
mobi le ba systems. In this respect, the above mentioned ig
neous structures are analogous to some soft-rock deforma
tions in layered sediments . 

Longitudinal ridges occur also on walls of basaltic 
dykes cutt ing across horizontally disposed limestones (Baer, 
1991). In such situation, the ridges are due to lateral pressure 
imposed on the walls of dykes by intruding lava. Similar 
ridges may occur within the igneous dykes by pressure of 
intruding m a g m a on partly crystalized and thus more vis
cous margins of the dyke (Campbel l , 1978). 

No te of warning, however , is necessary concerning 
analogies based upon similarity in morphology of deforma-
tional structures. Na tu re has been prodigal in providing dif
ferent mechanisms for bringing about morphological ly simi
lar structures. For example , the tadpoles struggling for air at 
the bot tom of shallow pools give rise to polygonal nests 
whose moulds would be morphological ly identical with po
lygonal load-casts. The formative agents are here different 
and the only feature in c o m m o n is a tendency towards the 
appearance of surfaces of min imum potential energy, a 
property shared by both organic and inorganic structures. In 
this context, a passing reference may be made on ablation 
polygons in snow which are formed by convection cell-vor

tices of air on contact with the snow surface ce (e.g. Leighly, 
1948; Richardson & Harper, 1957; Jahn & Kłapa , 1968). 
Also some of the polygonal taffonis might have originated 
in the same way. Consequent ly to asses the true nature of 
deformations in sedimentary rocks it is necessary to take 
into account the whole assemblage of environmental and re
lated data. 

The deformational structures resulting from instability 
in density stratification are independent of scale. The ex
periments designed to produce such structures are based on 
the assumption that within certain limits "Nature on the 
small scale and on the great acts a lways by the same laws 
and is ever analogous to h e r s e l f (Paul Frizi, 1762, quota
tion after Mavis et al., 1935). 

It is no coincidence that the previously described ex
periments meant for product ion of minor sedimentary defor
mations were, in principle, similar to those designed to pro
duce tectonic and igneous features (e.g. Ramberg , 1971). 
Minor sedimentary deformations may be viewed as scaled 
down natural analogues of gigantic diapiric bodies. As indi
cated by Anketell et al. (1970), the investigation of the one 
may provide an insight into the others. 
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Streszczenie 

Rozważania nad pochodzeniem struktur erozyjnych 
i deformacyjnych w ławicach osadowych 

Stanisław Dżulyński 

Rozważania, które są przedmiotem tej pracy, dotyczą struktur 
sedymentacyjnych w obrębie i na powierzchniach ławic skal osa
dowych, a częściowo również w pokrywach glebowych. Rozwa
żania te są próbą synoptycznego ujęcia wyników badań doświad
czalnych i terenowych, prowadzonych przed laty przez autora 
pracy i jego współpracowników. Wyniki tych badań, są rozpro
szone w różnych publikacjach, a struktury doświadczalne i natu
ralne były tylko wyrywkowo zestawiane ze sobą dla porównania. 
Pełniejszemu zestawieniu służy niniejsze opracowanie, a czas 
który upłynął od zakończenia badań pozwala na krytyczne spoj
rzenie na ich rezultaty. 

Prawie wszystkie procesy, w następstwie których tworzyły 
się określone struktury, nakładały się na siebie i przechodziły 
jedne w drugie. Między strukturami, które w klasyfikacjach są 
często rozdzielone i traktowane odrębnie, istnieją formy prze
jściowe. Na spągu lawie, przejścia takie istnieją między śladami 
niesionych przedmiotów (zadziory uderzeniowe), jamkami wi
rowymi i strukturami odkształceniowymi. W zakresie hieroglifów 
prądowych, forma i pochodzenie tych struktur zależy, między 
innymi, od właściwości mechanicznych osadu dennego. W ni
espoistych osadach piaszczystych, w których poszczególne ziarna 
mają dużą swobodę ruchu, przepływ powoduje przemieszczanie 
ziarn. Powstają wówczas struktury erozyjno-akumulacyjne. W 
ciągliwych osadach ilastych, taki sam przepiyw wywołuje głównie 
deformacje plastyczne. Na przykład, przepływy spiralne na pod
łożu piaszczystym powodują powstanie podłużnych grzbiecików 
rozdzielonych bruzdkami erozyjnymi, natomiast na podłożu ilas
tym w wyniku takich samych przepływów powstają grzbieciki i 
bruzdy deformacyjne. Biorąc pod uwagę wyłącznie morfologię, 
dyskusja czy są to struktury erozyjno-akumulacyjne czy odkształ
ceniowe, staje się bezprzedmiotowa. 

Szczególny nacisk położono w pracy na mniej lub bardziej 
regularne deformacje w dwudzielnych układach niestatecznych, w 
których nałożone na siebie warstwy są statystycznie jednorodne i 
jednakowej miąższości oraz odkształcają się plastycznie. 

Najczęściej, niestateczność powstaje w następstwie nałożenia 
warstwy cięższej na lżejszą. Tego rodzaju układy są układami 
spustowymi i zawierają pewien zasób energii potencjalnej, która w 
określonych warunkach może być przetworzona w pracę potrze
bną do deformacji. Formy odkształceń będą tu analogiczne do 
tych, które powstają w podgrzewanych płynach gdzie niestatecz
ność gęstościowa jest wywołana różnicami temperatury. Podo
bieństwo morfologiczne jest w tym przypadku uwarunkowane 
podobieństwem procesów formotwórczych. W procesach tych is
totną rolę odgrywa: (I) lepkość kinematyczna, która jest miarą 
ruchliwości ośrodków podlegających odkształceniom płynnym 
oraz, (2) brak lub obecność ruchu poziomego między warstwami o 
różnej gęstości. Przy braku horyzontalnego ruchu między wars
twami, układ niestateczny nazywamy układem horyzontalnie nie
ruchomym. Jeśli natomiast ruchom pionowym towarzyszy prze
mieszczenie poziome, niestateczne układy nazywami układami 
poziomo ruchomymi. 

W układach poziomo nieruchomych, proces deformacyjny 
upodabnia się do komórkowych zawirowań konwekcyjnych. Ma
teriał o mniejszej lepkości kinematycznej wciska się w ośrodek o 
większej lepkości pod postacią słupowych "diapirów", które przy 
gęstym rozmieszczeniu stykają się wzajemnie ścianami. W po
czątkowych stadiach rozwojowych, "diapiry" przybierają formy 
wielobocznych wypukłości lub wklęsłości. 

W podwodnych środowiskach morskich lub jeziornych opa
dająca na dno zawiesina piaszczysta posiada stosunkowo małą 
lepkość. Przy braku poziomego przemieszczenia zawiesina taka 
grzęźnie w bardziej spoistym mule pod postacią poligonalnych lub 
owalnych pogrązów. W tym przypadku jest to deformacja synde-
pozycyjna. 

Analogiczne struktury powstają również jako struktury post-
depozycyjne. Bodźcem wyzwalającym deformację może tu być 
n.p. wstrząs sejsmiczny który spowoduje upłynnienie lub uplasty
cznienie osadów. Zarówno syndepozycyjnejak i postdcpozycyjne 
struktury są morfologicznie do siebie podobne lub takie same. 

W środowiskach kontynentalnych zaburzenie niestabilnej 
równowagi może nastąpić przez nawodnienie warstwy ilastej 
podścielającej ławicę żwirową lub piaszczystą. W strefie pół
suchych klimatów ma to miejsce podczas gwałtownej ulewy kiedy 
wezbrane potoki naniosą żwir lub piasek na wyschnięty mul. 
Deformacja rozpocznie się z chwilą, gdy wsiąkająca w mul woda 
spowoduje jego rozmiękczenie. Dochodząc do powierzchni nani
esionej ławicy, wyciskany osad ilasty o stosunkowo malej lep
kości kinematycznej będzie rozpychał na boki gruboziarnisty 
ma-teriał dając początek glebom poligonalnym. W wilgotnych 
środowiskach "peryglacjalnych" dwudzielność i niestateczność 
po-kryw glebowych jest wynikiem mrozowego wymarzania lub 
osa- dzenia przez roztopowe wody warstwy gruzowej na zamar
zniętym drobnoziarnistym lub ilastym podłożu. Bodźcem, który w 
takich warunkach może spowodować deformację, będzie odwilż. 
W tym rzypadku również może dojść do utworzenia się gleb 
poligonalnych, które same w sobie nie są jednak wskaźnikiem 
chłodnego klimatu i procesów mrozowych. Nim dojdzie do prze
bicia warstwy gruzowej, zdeformowana powierzchnia która 
oddziela warstwy o różnej gęstości i lepkości kinematycznej jest 
odwróconym odbiciem zwierciadlanym pogrązów na spągu osa
dów prądowych. Biorąc pod uwagę procesy formotwórcze, po
grąży na spągu piaskowców i gleby poligonalne są strukturami 
pokrewnymi. Analogia taka obejmuje również śródławicowe kon-
wolucje powstałe wyłącznie w następstwie pionowych przemi
eszczeń grawitacyjnych. 

W niestatecznych układach ruchomych miejsce zawirowań 
komórkowych zajmują zawirowania spiralne. Jeśli przemieszcze
nie poziome jest stosunkowe nieznaczne to syndepozycyjne defor
macje na spągu piaskowców mają formy łuskowe. Jeżeli natomiast 
ruch poziomy przeważa to deformacje mają formę podłużnych 
grzbietów. 

Analogiczne odkształcenia pojawiają się także w obrębie ła
wic jako struktury syndepozycyjne w stosunku do ławicy jako 
całości, to znaczy przed jej ostatecznym uformowaniem. Do tego 
rodzaju struktur należą podłużne konwolucje w postaci śródlawi-
cowych garbów o kierunku równoległym do kierunku przepływu. 
Podobne struktury tworzą się również w pokrywach glebowych na 
skłonach stoków (gleby pasowe) i w niezastyglych magmach. W 
tym ostatnim przypadku ma to miejsce na styku dwu magm, 
różniących się gęstością i lepkością kinematyczną, z których 
cięższa intruduje na lżejszą. Przy braku ruchu między magmami, 
deformacje na ich styku są analogiczne do wielobocznych pogrą
zów na spągu lawie skal osadowych. 
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Plate 1 (A) Moulds of crescentic scour marks produced at upcurrent side of resistant patches of lithified shalv intercalation. Successive 
crescents indicate intermittent retreat of undercut edges of resistant patches. Oligocène Krosno Beds, Wernejowka. Comp. Fig. 1. (B) 
Undercutting of cohesive bottom mud by strong t-current (sheet flow). Direction of flow is away from observer. Oligocène Magura Beds. 
Ropica Gôrna. (C) Incipient uplift of semi-consolidated bottom laminae by downsinking heavy suspension. Detail of amalgamated bed. 
Direction of flow away from observer. Oligocène Magura Beds, Ropica Gôrna. Comp. Fig. 35 
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Plate 2 (A) Discoidal shale fragment at downcurrent end of groove mould. Oligocene Menilite Beds, Rudawka Rymanowska. (B) 
Mould of fractured shale fragment at downcurrent end of groove mark. Transverse ridges represent infillings of open fractures by settling 
sand. Oligocene Podhale Flysch, Witów. (C) Mould of brush mark produced by impact of large shale fragment with moulds of smaller 
pieces of shale detached from margins of impinging fragment on collision with bottom. Oligocene Krosno Beds, Besko 
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Plate 3 (A) Armored mud balls in fluxoturbidite. Eocene Ciężkowice Beds, Wola Komborska. (B) Discoidal shale fragments on 
intrastratal parting surface of sandstone. Oligocene Menilite Beds. Rudawka Rymanowska. (C) Scratches and grooves produced by soft 
mass of sand gliding upon sandy substratum. Detail of amalgamated fluxoturbite bed. Upper Cretaceous Istebna beds. Rożnów 
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Plate 5 (A) Skip casts. Oligocene Krosno Beds, Kąty. (B) Experimental skip casts. Base of artificial turbidite 
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Plate 6 (A) Mould of groove produced by dragged lignite fragment, prod markings and longitudinal ridges. Base of artificial turbidite. 
(B) Twisted groove mould produced by dragged lignite. Base of artificial turbidite (after Dzulynski, 1965). (C) Piece of wood at 
downcurrent end of groove mould. Oligocene Menilite Beds, Rudawka Rymanowska. (D) Twisted groove mould . Oligocene Menilite 
Beds, Rudawka Rymanowska 
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Plate 7 (B) Drag Mark. Upper Mancos Shale, Cretaceous, Black Mesa, California, USA. (B) Experimental drag marks. Base of artificial 
turbidite (after Dzulynski & Simpson, 1966) 
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Plate 8 (A) Rounded groove moulds. Oligocene Krosno Beds, Rudawka Rymanowska. (B) Moulds of rounded grooves produced by 
lolling clav spheres upon soft substrate, Base of artificial turbidite. (C) Groove moulds produced by clay spheres rolling upon thin layer 
of soft bottom mud underlain by more cohesive clay. Base of artificial turbidite 



EROSIONAL AND DEFORMATIONAL STRUCTURES 149 

Plate 9 (A) Doubly ruffled groove. Base of artificial turbidite (after Dzulynski & Simpson. 1966). (B) Partly double ruffled groove 
Oligocene Krosno Beds, Rudawka Rymanowska. (C) Chevron mark produced by skiming fish vertebrae Base of artificial turbidite (D) 
Chevron mark produced by skiming fish vertebra. Oligocene Krosno Beds, Katv 

4 — Annales... 
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Plate 10 (A) Markings produced by somersaulting and saltating fish vertebra. Note fish vertebra at downcurrent end of markings. 
Oligocene Menilite Beds. Rudawka Rymanowska. (B) Markings produced by somersaulting and saltating fish vertebrae. Base of artificial 
turbidite (after Dzulynski, 1965). (C), (D) markings produced by rolling fish vertebrae. Note fish vertebra preserved at downcurrent end 
of marking C. Oligocene Menilite Beds. Rudawka Rymanowska 
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Plate 11 (A) Club-shaped markings produced by saltating and draging of fish vertebra. Oligocene Krosno Beds, Rudawka Rymanowska. 
(B) Club-shaped markings produced by draging and saltating offish vertebra. Base of artificial turbidite (after Dzulynski & Walton 1965). 
(C) Skip moulds produced by proding fish vertebra. Note moulds of impact induced dendritic ridges on surface of prod markings. Comp. 
Fig. 28. Oligocene Krosno Beds. Rudawka Rymanowska 
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Plate 13 (A) Flute markings at downcurrent ends of prod markings. Oligocene Krosno Beds, Rudawka Rymanowska. (B) Flute moulds 
at downcurrent ends of prod markings. Base of artificial turbidite (after Dzulynski & Simpson, 1966). (C) Relatively large flute moulds at 
downcurrent ends of prod marks. Note prod mark with smaller flute superimposed upon large flute. Base of artificial turbidite (after 
Dzulynski & Simpson, 1966) 



154 S. DŻULYŃSKI 



EROS ION AL AND DEFORMATIONAL STRUCTURES 155 

Plate 15 (A) irregular transverse scour marks developed upon horizontally laminated substrate. Note parallel contour lines on walls of 
moulds recording horizontal silty laminae in sub-bottom sediment. Oligocene Krosno beds. Rudawka Rymanowska. (B) Moulds of 
transverse scour markings passing into elongated flute moulds. Oligocene Krosno Beds. Wernejowka 
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Plate 16 (A) Slightly meandering moulds of rill markings. Oligocene Krosno Beds, Wernejowka. (B) Rill markings arranged in diagonal 
pattern. Oligocene Krosno Beds, Wernejowka 
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Plate 17 (A) Changing directions of palecurrent markings in succesive fiysch beds. Oligocene Krosno Beds, Wernejowka. (B) Amalga
mated turbidit bed. Remnants of light coloured lower layer, deposited by current coming from NNW, overlain by coarse grey layer laid 
down by current coming from SE. Oligocene Krosno Beds, Sieniawa (after Dzulynski & Slaczka. 1958). (C) Isolated erosion channel 
(gutter mark) in shales. Direction of flow away from observer. Oligocene Magura Beds, Dragaszow 
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Plate 19 (A) Polygonal load casts. Oligocene Krosno Beds, Rudawka Rymanovvska. (B) Polygonal load casts. Base of artificial turbidite 
(after Dzulynski & Simpson, 1966) 
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Plate 20 (A) Rounded load-casts. Note moulds of point injections of clay in centres of some load casts. Eocene Magura Beds Koninki 
(B) Rounded load casts. Base of artificial turbidite 



EROSIONAL AND DEFORMATIONAL STRUCTURES 161 



162 S. DZULYNSKI 

Plate 22 (A) Casque-shaped convolutions. Top view. Cretaceous Inoceramian Beds, Koninki. (B) Casque-shaped convolutions. Side 
view. Cretaceous Inoceramian Beds, Ropica Gorna. (C) Casque-shaped convolutions. Base of upper member of dichotomous convoluted 
bed in plan view. Oligocene Magura Beds, Ropica Gorna 
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Plate 23 (A) Surface of rising columns of lower member (a) before they reached top surface of non mobile (ba) system. Experimental 
structure. (B) Experimental sorted polygons and sorted circles on top surface of non mobile (ba) system (after Cegla& Dzulynski, 1970) 
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Plate 25 (A) Drop structures. Pleistocene fluvio-glacial sediments. Leżajsk, Carpathian foreland. (B) Experimental drop structures 
descending from tripple points of sorted polygons (after Cegła & Dzulynski, 1970). (C) Experimental drop structures descending from 
centres of polygonal compartments. (D) Irregular load pockets and unconformable truncation surface produced at sediment-water 
interface, in absence of current erosion. Experimental structure 

5 — Annales... 
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Plate 26 (A) Scales arranged in flow-parallel rows. Oligocene Magura Beds, Ropica Górna. (B) Scales arranged in now-parallel rows. 
Base of artificial turbidite (after Dzulynski & Simpson. 1966). (C) Positives of experimental scales arranged in flow-parallel rows. 
Explanation in text (after Dzulynski & Simpson. 1966) 
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Plate 28 (A) Mixed assemblage of scales arranged in rows and in en echelon pattern. Oligocene Krosno Beds, Rudawka Rymanowska. 
(B) Mixed assemblage of scales. Base of artificial turbidite 
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Plate 29 (A) Transverse scales and polygonal structures. Eocene Magura beds, Koninki. (B) Transverse scales. Base of artificial turbidite 
(after Dzulynski & Simpson, 1966a) 
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Plate 30 (A) Scaly structures passing into transverse structures. Oligocene Krosno Beds. Wolkowyja. (B) Scaly structures passing into 
Iransverse and roughly polygonal structures. Base of experimental turbidite (after Dzulyiiski, 1965). (C) Scaly structures and/or flute 
moulds passing into pillow-like structures. Oligocene Krosno beds. Tylawa 
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Plate 32 (A) Closely spaced moulds of l-ridges. Oligocene Krosno Beds, Rudawka Rymanowska. (B) Closely spaced moulds of l-ridges 
Base of artificial turbidite (after Dzulynski, 1965) 
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Plate 33 (A) Moulds of dendritic ridges. Oligocene Krosno beds, Mokre. (B) Experimentally produced dendritic ridges. Explanation in 
text 
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Plate 34 (A) Moulds of 1-ridges and furrows with incipient scales. Oligocene Krosno beds, Rudawka Rymanowska. (B) Moulds of 
1-ridges and furrows with incipient scales. Base of artificial turbidite (after Dzulynski. 1965) 
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Plate 35 (A) Moulds of polygonal structures formed in zone of interference between deflected and undeflected flow. Oligocene Krosno 
Beds. Wolkowvja. (B) Moulds of polygonal structures formed in zone of interface between deflected and undeflected flow. Base of 
artificial turbidite (after Dzulynski & Simpson 1966b). (C) Base of loadcasted ripples with moulds of 1-ridges and dilatation ridges. 
Oligocene Krosno beds. Rudawka Rymanowska 
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Plate 36 (A) Top of parting surface of sandstone bed showing alternating zones of longitudinal and polygonal ridges. Oligocene Menilite 
Beds, Wetlina. (B) Positives of alternating longitudinal and polygonal ridges. Experimental structures (after Dzulynski & Simpson, 1966) 



EROSIONAL AND DEFORMATIONAL STRUCTURES 177 

.if 

î • 1 < f 

a:-
¡SKI 'Wy.,- • 

S** *' y i" * ÎJ ( 
Si* 

* : Vf A 3 cm 

Plate 37 (A) Positives of longitudinal and square ridges on intrastratal parting surface. Oligocene Krosno Beds, Rudawka Rymanowska. 
(B) Longitudinal ridges in laminated sandstone, locally disturbed by rising conical knobs (comp. Pl. 39A ). Top view. Oligocene Krosno 
Beds, Besko 
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Plate 38 (A) Ridged convolutions in dichotomous bed whose lower member is horizontally laminated and upper one rippled. Oligocene 
Krosno Beds, Myrnoh. (B) Ridged convolutions in laminated sandstone. Oligocene Krosno Beds, Sicniawa 
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Plate 39 (A) Besko-type convolutions. Oligocene Krosno Beds, Besko. Top view. (B) Experimentally produced deformation pattern 
similar to that of Besko type convolutions. Explanations in text 
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Plate 40 (A) Sorted stripes. Engadin. Swiss Alps. (B) Experimentally produced sorted stripes. Explanations in text 
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Plate 41 (A) Frondescent marks. Oligocene Krosno beds, Rudawka Rymanowska. (B) Experimental frondescent markings (after 
Dzulynski & Walton 1965) 

6 — Annates... 
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Plate 43 Crinkled lamination on top of massive sandstone. (A - side view; B - top view). Oligocene Magura beds, Bednarka. 
(C) Experimental crinkled lamination. Top view 
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Plate 44 (A) Erosional contact between convoluted and horizontally laminated member of amalgamated bed. Oligocene Krosno beds, 
Sieniawa. (B) Flat surface produced by self-truncation of convoluted layers at water/sediment interface in absence of current erosion. 
Cretaceous. Inoceramian beds, Szczawa (original position of strata is vertical). (C) Flat self-truncation surface produced experimentally. 
Explanations in text 
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Plate 45 (A) Transverse pseudonodular bodies produced by impact of heavy suspension upon soft layered substratum. Base of 
amalgamated experimental turbidite. Explanations in text. (B) Detached pseudonodular bodies as seen from above and in cross-section 
(center). (C) Presumed natural analogue of (A) of undersurface of sandstone. Paleocene, Beloveza beds, Lipnica Wielka 
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Plate 46 (A) Contorted pack of ripped-up layers in sediment-flow deposit. Oligocene Magura beds, Ropica Gôrna. (B) Analogous 
structure produced experimentally. (C) Angular clasts incorporated into sediment flow. Oligocene Magura beds. Ropica Gôrna. (D) 
Analogous structure as above produced experimentally 
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Plate 47 (A) Experimentally produced prolapse fold (after Dzulynski & Radomski, 1966). (B) Flow parallel longitudinal folds. Base of 
heavy sediment flow deposited upon layered substratum. Base of experimental flow deposit (after Dzulynski & Radomski, 1966). (C) 
Transverse section of experimental longitudinal folds. (D) Transverse cross-section of longitudinal structures produced by flow of heavy 
suspension upon stratified substratum. Experimental structure 
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Plate 48 (A) Longitudinal folds in plane view. Base of overturned sandstone. Eocene Magura beds. Krynica (after Dżulyński & 
Radomski, 1966). (B) Transverse cross-section of structure shown above. (C) Open shear fissures produced by impact of heavv 
suspension upon semi-consolidated layer. Experimental structure 
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Plate 49 (A). (B) Downward injection of haevy slurry and formation of canoe-shaped structures. Oligocène Magura beds, Ropica Gorna. 
(C) Kidney-shaped clast ripped up and rised by impact of heavy ssediment flow. Corrugations on undersurface of covering bed represent 
moulds of sole markings and moulds of deformed top surface of clast. Cretaceous Inoceramian beds, Ropica Gôrna 



Announcement 

The new Grzybowski Foundation Library at the Geological Museum 
of the Jagiellonian University 

The Grzybowski Foundat ion Library was established in 
1995, with the aim of providing a central resource for re
searchers in the field of micropalaeontology. The G F Li
brary is convenient ly located in a research office at the Geo
logical M u s e u m of the Jagiellonian Universi ty, just upstairs 
from the Library of the Polish Geological Society. Al though 
the Grzybowski Foundat ion affiliates itself and cooperates 
with the Geological Society of Poland, the Library is a sepa
rate institution and is housed in separate quarters. The Grzy
bowski Foundat ion has also transferred a number of geo
logical journals and publicat ions that were obtained through 
private donat ions to the Library of the Polish Geological So
ciety. 

The library collection contains the book and reprint col
lection of the late Professor Stanisław Geroch. A manuscript 
catalog of the Geroch reprint collection has been produced, 
and a copy is available for inspection in the Library of the 
Geological Society of Poland. Through the kindness of pri
vate individuals and addit ional purchases , the library now 
contains the following sets of journa ls : 

Cushman Foundation Special Publications 
Journal of Micropalaeontology 
Journal of Foraminiferal Research 
Micropaleontology 
Marine Micropaleontology 
Paleobiology 
Paleoceanography 
Palaeontographical Society Special Publications 
Revue de Micropaleontologie 
Stereo Atlas of OstracodShells 

The G F is also in possession of a set of Initial Reports of 
the Deep Sea Drilling Project, which owing to space limita
tions, is housed in the Institute of Geological Sciences, 
Jagiellonian Universi ty. 

It should be also ment ioned, that during 1996-97 w e ex
pect to obtain a number of additional journals form certain 
persons as well as Insti tutions, e.g. complete set of Micropa
leontology and Micropaleontology Special Publications, se
lected volumes of Palaeontologica Polonica and others. 
The library is also wel l stocked with over 150 textbooks, 
monographs , and occasional publicat ions on the subject of 
Micropalaeontology, with special emphasis on the Forami-
niferida. 

The G F Library is open on weekdays from 9 A M until 3 
PM, and it is equipped with a reading desk, a microscope, 
and a Macin tosh computer with reference data bases on the 
subject of Foraminifera. The G F Library is open to any re
searcher w h o is active in the field of micropalaeontology, 
irrespective of professional affiliation. However , book bor
rowing privileges are currently restricted to member s of the 
Geological Society of Poland. Donat ions of all micropa-
laeontological literature are gratefully accepted, especially 
any reprints and publications deal ing with Carpathian mi
cropalaeontology. It is envisaged that the holdings of the GF 
Library will expand further in 1996-97, and that the library 
will begin to serve as a centre for micropalaeontological re
search in Krakow and its surroundings. 
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