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that the wave length continues to increase upward, and the lee/stoss
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thickness ratio decreases upwara through the coset. The amplitude,and
stoss~- and lee-angles increase upward through that portion of the coset
in which the angle of climb increases upward. Simultaneously with the
increase in amplitude and angle of climb, the shape of the foreset laminae
becomes progressively more and more sigmoidal.

Down-current changes in lamination types were recorded in
several beds. The rnost interesting change is from parallel lamination
down-current into ripple-drift, continuing downcurrent back into parallel

lamination.
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CHAPTER ONE. INTRODUCTION

1.1. Introduction

Abundant fallout of grains from suspension, in a ripple
system, enables each ripple to climb up the stoss slope of the next
ripple downcurrent, and results in the formation of the sedimentary
structure known as ''ripple-drift cross-lamination'.  This will be
shortened to ""ripple-drift" throughéut the thesis.

Sorby (1859, p.143) first used the term ripple-drift "for
all structures that are the effect of the action of ripples on drifted
material”. In a later paper (Sorby, 1908, p.171-233) he concluded
that thc:: production of this structure involves the depth and velocity
of the current, the size, shape and density of the material drifted,
the length and height of the ripples, and the rate of deposition. Further,
on the basis of difference in structure (meaning different types of ripple-
drift) he tried to ""distinguish between deposits formed from deep water
and those formed from shallow water'' meaning thereby that in deep
water sand and mud are rippled together and in shallow water, the

ripples are composed of sand only.



After Sorby, brief descriptions of ripple-drift (or climbing
ripples) appea.red infrequently in the literature until 1950. False
bedding or pseudo cross-stratification described by Spurr (1894)
from glacial outwash plain deposits, show strong concentration of very
coarse material (pebbles and g?avels) in the troughs. Walker (1963),
however, is of the opinion (quoting Jaggar, 1894) that this false bedding
and the ""compound cross-bedding'' of Gilbert (1899) probably owe their
origin to ripple migration. After Spurr, “Woodworth (1901) described
some steeply climbing (about 400) sets of ripple-drift showing selective
accumulation of mica on the lee face of the ripples. Bucher (1919) used
the term for ""a small scale pattern of cross-bedding'" and referred the
reader to Sorby (1908). He implied that clifnbing was involved in this
small scale pattern of cross-bedding.

McKee (1938, 1939) has illustrated steeply climbing (about
300-400) ripple-drift from the Célorado River delta and the flood plain
deposits of the Colorado River. According to Allen (1969, p. 121) these
"appear to have been generated by the steep climbing of small scale
linguoid ripples''.

Ripple~drift cross-lamination occurs commonly in fluvia-

tile deposits (Walker, 1963; Allen, 1963; DeRaaf et al., 1964; Coleman



w

et al., 1964; Friend, 1965; McKee, 1965, 1966; Coleman and Gagliano,
1965; Davies, 1966; Jopling & Walker, 1968). However, this thesis will
be restricted to the ripple-drift which is common in many turbidite

formations.

1.2. Ripple-drift cross-lamination in Turbidites

Rather exhaustive field observations supplemented by experi-
mental studies (Kuenen and Migliorini, 1950; Kuenen, 1951, 1965, 1966,
1967; Middleton, 1966a,b, 1967a,b, ¢c) and simultaneous theoretical
interpretations (Bagnold, 1962; Sanders, 1963, 1965; Walker, 1965;
Scheidegger and Potter, 1965; Waltpn, 1967) have helped to maintain a
rapid pace in the growth and development of the turbidite concept since
1950. Works of Dzulynski and Walton (1963), Dzulynski (1965, 1966),
Dzulynski and Simpson (1966a,b) and Allen (1969) lead to some under -
standing of the formation of sole structures. Bouma (1962) recognised an
ordered sequence of internal sedimentary structures (fig. 1) in some
turbidites. Walker (1965) and Harms and Fahnstock (1965) subsequently
interpreted the sequence in terms of flow regime.

The occurrence of ripple~drift cross-~lamination in the C
division (division of current ripple and convoluted lamination; attribu-
table to deposition in ripple regime) of Bouma (1962), has been reported

by very many workers (Sorby, 1908; Kuenen, 1953, 1967; Allen, 1960;



¥iG. 1.

The complete sequence of division in an ideal turbidite,

modified from Bouma (1962) by Walker (1965, fig. 1, p.2).

Division A:

Division B:

Division C:

Division D:

Division E:

attributed to formation in the antidune phase of
bed transport.

attributed to formation in the plane-bed phase
of transport.

attributed to formation in £he ripple-bed phase
of transport.

deposited from suspension with little bed-load
movement.

formed by normal pelagic deposition.
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Wood and Smith, 1959; Prentice, 1960; McBride, 1962; Bouma, 1962;
Sarders, 1963; Dzulynski and Walton, 1965; Reading, 1963; Walker, 1963,
1965, 1969; Jopling and Walker-, 1968; Enos, 1969a,b). Experimental
studies on the production of ripple-drift have been made by McKee (1965)
and Kuenen (1966, 1967).

Many of these and other published works on turbidites,
however, include dnly a brief or superficial description of ripple-drift,
along with one or two photographs or diagrams. There is little quanti-
tative data and even less experimental data.

'i'he most important turbidite ripple-drift literature consists
of papers by Sorby (1908), Kuenen (1953, 1966, 1967), Walker (1963, 1969),
Jopling and Walker (1968), Sanders (1963), McKee (1965) and Allen
(1970b).

Sorby (1908) described in detail the ripple-drift cross-
lamination of the Langdale Slates (Ordovician, English Lake District)
and included two good photographs (his plate No. XV and XVI). Some
of his observations have already been mentioned. Points to be noted
here are (i) the extremely fine grain size of the material, (ii) high
'concave-upward' and 'stratight' angles of climb and (iii) signs of

erosion of the stoss side laminae in the lower part of the cosets.



Kuenen (1953, pl. B) described ripple-drift from the
Gamlan Flags (Barmouth, Wales) and noted simultaneous upward growth
and forward travel. He sumrr;arised his observations in a later paper
(1967), where he included three figures (his fig. Nos. 4, 6, 7) illustrat-
ing ripple-drift cross-lamination from Pliocene rocks of the Ventura
Basin, California, and the Portobello and Gamlan Flags (Lower
Paleozoic of Britain) respectively. He noted that the angle of climb
in these cases varies from 40 to 450 (average about 120 =MbY, and
the grain size islusually between 150 and 50u (i.e. coarse silt and fine
sand). He .further quoted some other good examples of ripple drift
in flysch (Ballance, 1964, fig. 8 and Crowell et al., 1966, fig. 18).
Kuenen (1967, p. 219) also notes that '"J.R. Boersma made a field
study of ripple in 'turbidites' (personal communication) and found
' practically nothing but climbing ripples'. This is not the experience
of Walker (personal communication), who has detailed measurements
of 16,000 beds.

Walker (1963) originally distinguished three types of ripple-
drift which he assigned to different environments. In a second paper
(Jopling and Walker, 1968) a revised and genetic classification was
given based upon the ratio of fallout from suspension to bed load moved

by traction.



This ratio will be referred to throughout the thesis, and
can be considered as:

Rate of transfer of éuspended load to bed load
Rate of bed load transport

Type C of Jopling and Walker's classification is believed to be formed
by turbidity currents. In a third paper (Walker, 1969), the geometry
of ripple-drift cross-lamination was analysed.' From the field data
and some other available data from the literature, it was shown that the
ratio of thickness of the stoss-side and lee-side laminae is the single
most important factor (the other being stoss-angle) that controls the
angle at which the ripples climb. Walker also noted that higher angles
of climb are generally associated with thicker cosets.

Simultaneously with Walker's 1963 paper, Sanders (1963)
published a theoretical approach to the problem of formation of primary
sedimentary structures. He envisaged that the difference between
suspension and traction is reflected in the gross structures that result
from deposition by (i) tractional shifting of sand in ripples with no sand
fallout from current and (ii) tractional shifting of sand in ripples during
sand fallout from current (see his fig. 1). The second process leads to

the formation of ripple-drift.



The work of Sanders was followed by the experiméntal work
on ripple-drift cross-lamination of Kuenen (1966, 1967). He determined
the rz;te of ripple migration experimentally in a circular flume. Relating
the migration rate to the current velocity and the angle of climb, he tried
to show that the rate of upward ripple growth in turbidite ripple-drift
beds is about 0.1 cm/min.

Earlier experiments on the production of ripple-drift were
published by McKee (1965). He used a wave tank, with a combination of
wave action superimposed on unidirectional flow, and the resulting
patterns of ripple-drift, not surprisingly, were very complex. However,
he observed that the angle of climb is higher with weak currents and lower
with stronger currents, and he also noted that water depth and current
strength are the two main factors that cause an increase in the size of
ripples upward through the bed.

The most recent contribution is the theoretical work of
Allen (1970b). He proposed a quantitative model (see fig. 40) of climbing
ripples and predicted several spatial patterns of climbing ripple cross-
lamination types due to varied flow conditions. >The model, in essence,
is a theoretical treatment of the genetic classification proposed by
Jopling and Walker (1968), incorporating the experimental work of

Simons et al. (1965) and Bagnold (1966).



1.3, Non-climbing cross-lamination in Turbidites

In the Cloridorme Formation (Crdovician, Gaspé, Québec),
and in the examples of Kuenen (1967, p. 218-19), ripple-drift cross-
lamination is commoner than non-climbing cross-lamination. However,
Walker (personal communication) could not confirm this relationship
from his experience, and mentioned that in many sequences (e.g. the
Upper Devonian of Pennsylvania, Maryland and New York State)
non-climbing ripples may be very common and ripple-drift cross-
lamination completely absent.

The non-climbing ripples generally consist of single sets
of cross-lamination or a few sets of irregular and truncated cross-
lamination. These cosets may occur singly or on top of either a
graded bed or a parallel laminated bed. A characteristic feature of
these beds is that the thickness of the cosets does not exceed 3 inches
and rarely exceed 1 inch (Hsu, 1964, p. 379). The sands and silts are
sometimes found to be better sorted than that of the associated graded
beds. The cross-laminated sands may sometimes occur in discontinu-
ous patches and may contain a deepwater fauna mixed with a transported
fauna.

The occurrence of these beds in turbidite sequences has

been reported from the Ordovician Martinsburg and Devonian Trimmers
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Rock Formations of the central Appalachians (McBride, 1962; Mclver,
1961), the Mississippian and Pennsylvanian Stanley, Jackfork and Atoka
formations of the Ouachitas (Clline, 1960); the Pennsylvanian Tesnus
and Haymond formations of the Marathon Basin (Cotera, 1962; McBride,
1966); the Mesozoic Franciscan group of the Coast Range and the
Cretaceous and early Tertiary flysch of the Swiss Alps (Crowell, 1955;
Hsu, 1960); Pliocene sandstones of the Ventura Basin (Hsu, 1964);
Palaeozoic graded bedded sequences of the British Isles (Kopstein,
1954; Basset and Walton, 1960; Kelling, 1958) and in the Carboniferous
graded grey\.vackes of Germany (Kuenen and Sanders, 1956).

These cross-laminated beds associated with graded beds
have often been referred to as turbidity current deposits. Natland
and Kuenen (1951) suggested that these were deposited by '"ripple-~
" forming dilute turbidity currents''. Hsu (1964) strongly advocated the
hypothesis that these beds were initially deposited as graded beds but
later they were reworked and re-deposited by the "rippling action of deep
marine bottom currents'. Deep marine bottom currents exist and are
sometimes strong enough to ripple the deep sea bottom (Menard, 1952;
. Ericson et al., 1955; Emery, 1956; Heezen and Hollister, 1964; Hubert,

1964; Shepard and Dill, 1966; Stanley and Kelling, 1967).
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However, despite all this work it does not presently seem
possible to distinguish turbidity current formed ripples from ocean
bottom current formed ripples. Probably the best clue is the ripple

vs. sole mark orientations.

1.4. Current Direction in Turbidites (from Cross-Lamination and

Ripple-Drift)

Crowell (1955) found a good parallelism between the cross-
lamination direction and the direction of sole marks. Hsu (1964) also
observed such parallelism in the Palaeozoic outcrops of the Ouachita
and the Marathon Basins. McBride (1962) also noted a good agreement
between the two types of directionai measurements. In the Cloridorme
Formation they show a fair degree of parallelism (Enos, 1969b).

Current directions measured from ripple-drift and sole marks by the
present author in the Cloridorme formation indicated a strong parallelism.

Prentice (1960) noted that the palaeo-current direction
obtained from the measurements of flute casts do not agree with those
indicated by the ripple marks and cross-lamination. Basset and Walton
(1960) reported that the current direction indicated by cross-lamination
measurements does not show any preferred orientation, while the current
direction obtained from flute cast measurements in the same rocks do

show good preferred orientation.
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Adjacent beds of ripple-drift showing current directions
differing by almost 180° were noted by the present author and Enos

(1969b, p. 696) on several outcrops of the Cloridorme formation.

1.5. Previous Work on the Presen'tr Area

The Middle Ordovician rocks exposed along the north coast
of Gaspe’: peninsula (Fig. 2) were described briefly by McGerrigle (1959).
Enos (1969a) narrlled these rocks the Cloridorme formation and made a
detailed study. The general descriptioﬁ of the forrrlation given here is
based on the work of Enos (1965, 1969a,b).

The Cloridorme formation is divided into three constituent
structural blocks (with uncertain stratigraphic relationship) namely:
Eastern, Central and Western (Fig. 2). Enos erected 14 stratigraphic
members, viz. e to Gy ﬁl to {37 and ¥ to Vg4 respectively. The
formation consists of 7700 m (''with an upcertainty factor of 2'") of
greywacke, calcisiltite, and dolostone interbedded with argillite, and
is exposed in a narrow belt 80 miles long and 12 miles wide along the

northern Gaspé coast, Québec.

The entire sequence, assigned to the 'Orthograptus

trunc atus intermedius Zone' of Berry (1960), is considered as age

equivalent to the upper part of the Normanskill formation (Enos, 1969a;
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'Berry; 1962). However, from an analysis of the graptolite faunas of

the Gaspé north shore, Riva (1968) found it impossible to interpret

the Gaspé fauna in terms of the Berry's 'Zone' of the Ordovician

sequence of Texas. Riva concludes that more than one graptolite zone

is included in the Cloridorme Formation. The formation as a whole
forms a part of the geosynclinal assemblage of the folded Appalachians,
extending from south-eastern Tennessee to Newfoundland. The Cloridorme
Formation, although faulted and overturned, has not suffered extensive
metamorphism.

From a detailed study of the stratigraphy, sedimentary struc-
tures and lateral variation in the greywacke sequence, Enos (1969a,b)
concluded that these rocks were deposited by turbidity currents, which
periodically invaded the quiet pelagic mud and ooze environment.

Current directions were longitudinal and mainly to the west except in
the upper two members (i.e. Y, and y3) where easterly directions are
found. From the tentatively inferred en echelon configuration of the
members, Enos suggested that they were wedges built successively
towards the west as the elongate trough was, filled from the eastern end.

Following Enos, Parkash (1969) made a detailed study of the

sedimentary structures, textures and fabric of 8 greywacke beds and
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concluded that the beds were deposited by ""low concentration, highly
turbulent;' tur]:;idity currents. This type of work is made possible only
by the superb coastal exposures.

Walker (1969) measured a sequence of 61 turbidite beds,
including 15 beds of ripple-drift, at Petite Vallée harbour (one of the
four localities of the area studied by the present author), and made
some geometrical conclusions which will be fully discussed later.
Skipper (1970) correlated a sequence‘of beds from the [31 member for
a distance of 7.5 miles and described the occurrence of some antidune
beds and certain unusually thick turbidites displaying '"a sequence of
internal sedimentary structures different from the typical 'Bouma
Sequence''. At the same time, Pett (1970), from a study of the
morphology of flutes (1511 flutes measured in total) from different
members of the Cloridorme f.orrnation (including a few from other
formations), demonstrated that ’cﬁere exists a continuum of flute shapes
independent of the bed types (A, B, C of Bouma, 1962) except that
wider flutes tend to be present on the soles of A beds (Pett and Walker,
1971). :

The excellent coastal exposures of the rocks of the Cloridorme

Formation have made the sequence one of the best of its kind in the world
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and present an ideal situation to study the different aspects of turbidites

that have been fascinating sedimentologists since 1950.

1.6. Area of Present Study and the Problem of Cloridorme Ripple-Drift

After a reconnaissance survey along the northern Gaspé
coast, four localities were selected for the purpose of present study.
They are: (1) St. Maurice, (2) Fame Point, (3) Petite Vallée and (4)
Grande Vallée (Fig. 1). At all of these places, except St. Maurice,
the beds are overj:urned. Table 1 shows the dip and strike of beds in
the respective localities. At St. Maurice, the bed measured belongs
to the @, member of the eastern structural block. The beds measured
at Fame Point belong to the {31 member of the central structural bloék.
The beds measured at Petite Vallée and Grande Vallée belong to the 57
member of the central structural block. In all the localities the mean
current direction is parallel to the strike of the beds.

A total of 49 ripple-drift beds were studied (Table 1).

Of these, bed 477 of St. Maurice, beds 5, 7, 8, 9 and 10 of Petite

Vallée Harbour and beds 1 and 2 of Grande Vallée (East of Anse 3
Mercier) were studied in detail. The features that distinguish the ripple-
drift of the Cloridorme turbidites from other ripple-drift are the spectacu-

larly thick cosets (range 2 to 75 cm), the consistently large wavelengths



PLATE 1.

View of the ripple-drift beds at Petite Vallée. Bed 7 is

to the right (AC with a little B). Bed 6 lies on bed 7.
Overlying bed 6 is a very thin unnumbered bed. Overlying
the unnumbered bed is bed 5. Stratigraphic top is to the

left. Current from top —> bottom, east to west.






PLATE 2
View of bed 8 of Petite Vallée. Stratigraphic top is to the right
and flow east to west (bottom to top of picture). Note the gradual

decrease in angle of climb and wave length downcurrent.






PLATE 3.
View of the wave-cut platform, east of Anse 3 Mercier,
Grande Vallée, showing bed 1 (lower right) and bed 2 (lower

left). Stratigraphic top is to the right.






PLATE 4.
View of beds 1, 2 and 3 at Petite Vallge, Note thick parallel
sided cosets. View facing east, current flow from east to

west.



%
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(range 13 to 84 cm) and comparatively small amplitudes (range 0.4 to

5.2 cm). The ripple-drift beds are spectacularly parallel-sided and

can be followed along strike o¥1 the wavecut platform for more than 100
metres without any apparent significant change in their character. In
most of the beds, individual laminae can be traced from stoss-side to
lee-side, across the ripple system. Signs of erosion of stoss-side
laminae are fairly common in the lower part of a coset. The wide range
(1 to 44 degrees) of the angle of climb is in good harmony with the wide
(6 types, see F1g 6) variety of the spectacularly displayed climbing
patterns. éurrent directions measured from ripple-drift cross-
lamination are close to the mean direction of flow given by sole marks

in all the localities studied. Surprisingly, in some of the beds the
current direction deduced from the ripple-drift is opposite to the regional
' East-to-West palaeoflow direction. Some of these characteristics and
many others were noted earlier by Walker (1963, 1969) and Jopling &
Walker (1968). However, a detailed field investigation of the turbidity-
current-formed ripple-drift has not been undertaken previously. It is
therefore difficult at present to relate some of‘fhe field observations to

the experimental work of Kuenen and the theoretical work of Allen.
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In his experiments, Kuenen (1966, 1967) has tried to assess
the growth raté of the turbidite ripple-drift beds from the experimentally
determined rate of ripple migration and current velocity, combined with
data on the angle of climb obtained from field measurements. His main
conclusion indicates rates of upward growth of ripples for about 0.1
cm/min.

Recently Allen (1970b) published a theoretical analysis of
ripple-drift cross-lamination and predicted that for various types of
flows, different sequences of types of ripple-drift cross-lamination
would be formed. However, no work has been done in the field in
determining different sequences of turbidite ripple-drift, and hence
one of the main objectives of this study is to see whether Allen's
theory does in fact account for the field observations.

The primary purpose of this study, therefore, is to investi-
gate the morphology of turbidite .ripple-drift and to evaluate the findings

in terms of the published experimental and theoretical results.



TABLE I
Data on strike and dip, bed thickness, current direction

and number of ripples measured
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St. Maurice oy S. 297° * 477 0 70 24 5 118 900" 307° 306° 303°
(North of Church) D. 409 207° #%301°
West of Fame Point B, S. 282° * 666 0 0% 1.2 1 3 3 40" 274° 281° ...
D.859192° * 700 O 0 9.4 1 3 3 " " s
* 701 0 0 7.5 1 3 3 " " o
* 702 0 0 14.5 1 3 3 " " e
* 759 0 0 6.5 1 3 3 " 2789  281°
®* 765 0 0 8.0 1 3 3 " " "
* 772 0 0 5.9 1 3 3 " 286°  ---
* 773 0 0 4.8 1 3 3 " 284° ...
* 774 0 0 5.1 1 3 3 " 281° .-
* 790 0 0 9.8 1 3 3 " 286°  ---
* 791 0 0 14.5 1 3 3 " " wxy
* 793 0 [ R X 1 3 3 " 2839 ...
* 794 0 0 8.5 1 3 3 " 2840  .--
®* 795 0 [ 1 3 3 " 281°  ---
* 798 0 0 9.0 1 2 2 " 286°  ---
* 799 0 0 6.5 1 3 3 " " 279°
* 800 O 0 5.5 1 3 3 " " 281°
* 801 0 0 723 1 3 3 " " "
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#1021 0 0 5.0 1 3 3 " 286°  ---
%1030 0 0 5.6 1 3 3 " 288°  290°
%1031 0 0 6.1 1 3 3 " " "
%1033 0 0 9.0 1 3 3 " 286°  291°
#1034 0 0 5.1 1 3 3 " " "
#1035 0 0 4.6 1 3 3 " " "
#1036 O 0 3.6 1 3 3 1 291°  288°
#1038 0 0 5.1 1 3 3 " 293° ...
Petite Vallée B, S.272°
Harbour, East. D.80°5182° 1 0 0 . 32.0 1 6 6 3000  270° 261°  --
2.0 0 57.0 1 6 6 " 2650 2850
3 0 0 35.0 1 4 4 " 261°  um
4 0 0 7.0 1 4 4 " 2470 -..
5 0 0 38.0 17 4 71 340' 2540 266°
6 0 0 3.4 1 4 4 " 250°  ---
7 52 2r 225" ' 17 4 3 " 246°  259°
8. 40 5 208, .12 4 42 L 2490  273°
9 0 0 60.0 10 5 50 250 2550 o
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6 0 0 75.0 1 4 4 " 2729 i
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G. Vallee D. 78°5189° 8 0 0 65.0 1 4 4 " wom
N.B. » Amount and direction of dip.

%* Those with asterisk are Bed Nos. of logged sections, others are ordinary serial Nos.

## Orientation direction of Graptolites,
#i% Current directions in these beds are opposite to the regional current direction.
wixki Mean of several measurements,



CHAPTER TWO. PARAMETERS AND THEIR MEASUREMENT

2.1. Parameters

Fig. 3(A) (after Walker, 1969) shows the model of a climbing
ripple and explains the terminology used in describing the geometrical
parameters. In the text the author has conveniently used some shorter
forms of these terms and/or some letter symbols to designate these
parameters. All these terms (including some others not shown in
fig. 3-A), symbols and their precise explanations are given in Table
i §

Explanations of a few other terms, frequently used in the
text, are given below:

Measured Angle of Climb: This indicates the actual angle

of climb measured in the field and is given the symbol €. The term
angle of climb, wherever used, refers to this measured (actual) angle

of climb only. In certain places the term '"measured angle of climb!"

has been used (instead of 'angle of climb') to avoid any confusion that
might arise between the terms ""measured angle of climb" and "computed

angle of climb''.

24
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Computed Angle of Climb: Symbol used for this term is

€ ', and it refers to the angle of climb computed from the values of
actual measurement of the pafameters By e tL and tS, using the

equation (Walker, 1969, p. 387) given below:

-’(tL sin B + tS sin a)

£ =
T (tS cos a - tL cos B) (1)

Coset thickness: The term refers to the vertical thickness

of sets of ripple-drift cross-lamination contained in a bed (for details
see Allen, 1968, p. 99, Fig. 5.2). The terms 'thicker coset' and
'thinner coset', sometimes used in the text, refer to coset thicknesses

greater than and smaller than 10 cm respectively.

2.2. Field Measurement Procedures

On the basis of the simple geometry explained in Fig. 3-A,
ripple data were recorded in the field on pre-designed sheets. A
sample copy of the data sheet is enclosed in Appendix 1(a).

Most of the column headings in the data sheet are self-

explanatory. However, a few need a little clarification. '"Position
on Bed'" - indicates the distance in feet from an arbitrary zero bench
mark on the bed. "Position on Bed'"" when recorded as 0. 0 indicates

only one measurement station on that particular bed. All measurements

except '"Positions on Bed' were recorded in centimetres. Under '""Bed
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MODEL OF A CLIMBING RIPPLE SHOWING THE TERMINOLOGY USED
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B =stoss angle; d=lee angle; € = angle of climb.
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TABLE II

Terms and symbols used and their explanation.
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TABLE II
Term Symbol Explanation
Wave length W (= S+L) Length from trough to trough of a ripple.
Amplitude A Perpendicular height from the base to

the crest of a ripple.

Lee length L Projected length of the lee side.
Stoss length S Projected length of the stoss side.
Stoss-angle B Inclination of the stoss-slope with respect

to the base (i.e. line joining the trough
points) of a ripple.

Lee-angle a Inclination of the lee-slope with respect to
the base of a ripple.

Stoss-thickness tS The perpendicular thickness of a single
or a set of laminae on the stoss side of
a ripple.

Lee-thickness tL * The perpendicular thickness of the same

single laminde or the same set of
laminae on the lee side of the same ripple.

Angle of climb The angle between the base of a ripple
(assumed to be parallel to the base of
a coset) and the line joining the crests
of successively superposed ripples from
bottom upward and forward through a
ripple-drift coset.

Ratio of Lee-to-Stoss /t
side lamina thickness S

. W  Wave length
Ripple Index Z— ———
£ e =l el A Amplitude

Stoss-length
Lee-length

Ripple Symmmetry Index RSI RSI = % =
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Thickness'" A-B-C indicate Bouma's (1962) divisions of é turbidite bed.
"Inter'" means interturbidite, i.e. argillite.

After selecting theh ripple -drift bed for measurement, the
'"Positions on Bed' (i.e. stations) were chosen and marked by paint.
The interval between stations (in case of beds studied in detail) was not
regular but was determined by the nature of exposure.

At each station on the bed, angle of'climb, stoss~-angle, lee-~
angle, tL, t., wave length, amplitude, lee length and ripple shape

S

were measured.

'i‘he angle of climb, the stoss-angle and the lee-angle were
calculated in the laboratory from hori%ontal and vertical length measure-
ments made in the field. |

Fig. 4 illustrates the measurement procedure of the angle of

" climb. The angle of climb at the points (i.e. 'Position within Bed') P, Q
and R are then defined respectively by the angles £QPK, Z RQL and

/ SRM respectively. Once the lengths AB, AC, AD and AE and the
heights PB, QC, RD and SE are measured, the angles of climb at the

points P, Q and R can be calculated easily. For example:

Z. QPK (in degrees) = )] [180] where

QK = QC-PB and PK = AC-AB



FIG. 4.

Field procedure for measurement of-Angle of Climb,
Position on Bed and Position within Bed. Details

explained in the text.
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In fig. 4, the angle of climb has been shown as a line passing
through the troughs of the subsequently superposed ripples upward through
the coset. This scheme was adopted in the field for data recording be-
cause of the ease of recognising the angle of climb from the ripple
troughs, where from the sea had etched out the softer clayey sediments
leaving thereby a slightly dépressed dark line (see Pl. 2).

The methods of measurements of the stoss- and lee-angles
are illustrated in Fig. 3B, where the lengths BC and EF and the heights
DB and GE, laid out arbitrarily, were recorded in the field. Then the

required angles are given by:

o

t - 1 BCD) 1 d i —— s
Stoss angle (L G ) in degrees an ( ) ‘ X C

i (180 |
Lee-angle (£ EFG) in degrees = {tan : (%)]X —.%(—)J

=

In order to minimize errors in such measurements, lengths
of the bases of the triangles were usually chosen to be as large as
possible.

Depending on the thickness of the coset, measurements of
these parameters were made at every station on 3, 4, 5 or 6 selected
(well defined) ripples from different levels (see fig. 4) in the bed

along the angle of climb.
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Palaeocurrent data on ripple-drift cross-lamination and sole
marks were recorded with the help of a dip compensator (described by
Enos 1969b; Parkash, 1969, p.16) in conjunction with a Brunton compass.
Current directions in the ripple-drift beds were recorded at each station
from the line of intersection of the lee side laminae with the wave eroded
stoss side planes (see Pl. 5) exposed along the base of the beds.

While recording the ripple shapes, fhe base of every ripple
was marked at 5 cm intervals and the vertical heights at those points

were recorded as shown in fig. 3(B).

2.3. Rock Samples

Rock samples, one from the bottom and one from the top
of every coset were collected. In all cases the samples were from near
_the crest on the stoss-side of a ripple. Similar samples located a couple
of hundred feet apart (see Table VI) were collected from the beds that
were studied in detail. From bed 477 at St. Maurice, three similar
samples from the base, the middle and the top of the coset were collected
at 4 stations (0', 300', 600' and 900' points). in addition, one oriented
specimen of a complete ripple was obtained from each of the three localities
at Grande Vallée, Petite Vallée and St. Maurice. Fig. 8 shows the number
of the bed and the exact position of the extracted ripple specimen within

each bed at these three localities.
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2.4. Laboratory Methods

Data Processing: Direct measurements of W, A, L, tS,

t. and coset thickness were possible in the field. But the final values

of the rﬁeasurements of a, B, €, €', S, RI and RSI were later calculated
in the laboratory (523 measurements of each in total) with the help of

a computer. Both raw and processed data are given in the Appendix

1(c) and 1(d) respectively.

Grain Size Analysis: In this study two different methods

were used for tw‘o different sets of collected samples. (1) The samples
collected fo;' the purpose of studying the relationship between (i) coset
thickness and maximum grain size, (ii) angle of climb and maximum grain
size, (iii) wave length and maximum grain size, and (iv) ripple index and
maximum grain size, were analysed by using binocular microscope.

(2) The samples collected for the purpose of studying grain size distribu-
tion across ripples were analysed in thin section by the help of the
shadowmaster using a magnification of X100.

Modal Analysis: This was done with the help of a shadow-

master using X100 magnification. A total of 100 counts (taken to be suf-
ficient for such analysis; see Parkash, 1969, p. 66) were made using a

5X20 rectangular grid.
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Statistical Analysis: Graphic Mean (MZ) and Inclusive

Graphic Standard Deviation (O"I) were calculated (after Folk, 1968;
p. 45-46) for four parameters W, A, RI and RSI.

Correlation coefficients were calculated for each two
parameters plotted and the results are shown on the plots. The sig-
nificance of the correlation coefficients was evaluated by means of
comparison with standard tables (Table A-30a; Dixon and Massey, 1957,
p. 468). The calculations of correlation coefficients was done using the

standard formula:

Xy
0L e

where x = X-X andy = Y-V.

r =

2.5. Accuracy of Measurements

A high degree of accuracy can only be achieved in the case
of easily measurable parameters such as Wave Length and Lee Length
(L). Measurements of Amplitude, Stoss-angle, Lee-angle, Angle
of Climb, tL and tS were more difficult to make and hence they are less
accurate. All these measurements were made with extreme caution
and were recorded after several checks. However, in each of the dif-

ferent types of measurements as mentioned above, the accuracy is about

:L-lO%.
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In all the four localities (Grande Vallée, Petite Vallée,
Fame Point and St. Maurice) measurements of the geometrical para-
meters of the ripple drift weré made on vertical sections through the
beds and the vertical sections were parallel to the palaeoflow direction.
Hence, no correction was necessary for oblique sectioning.

The accuracy o(f measurements of flow direction from ripples
and sole marks are probably about +10° degreeé.

The accuracy of grain size measurements done with the help

of (i) the binocular microscope and (ii) the shadowmaster are 0. 01 mm

and £, 005 mm respectively.



CHAPTER THREE. DESCRIPTION OF RIPPLE-DRIFT

OBSERVATIONS AND RESULTS

3.1. General Sedimentology of Ripple-Drift Bearing Rocks

Composition and Texture:

Ripple-drift beds occur in all the three dominant lithologies
of the Cloridorme formation, namely: Calcisiltites, Calcareous wackes
and greywackes.

Ripple-drift cross-lamjnation is infrequently present in
calcareous wackes and even more infrequently present in graywackes.
Calcareous wackes, containing more than 10% argillaceous matrix, but more
sparry calcite cement than matrix, may grade vertically and perhaps
laterally into type-1l calcisiltites by decrease in both grain size and
degree of recrystallization. Three typ;es of graywackes were distinguished
by Enos (1969a) on the basis of sedimentary structures, approximate
matrix content, distinctness of contacts and colours. With the downcurrent

increase of matrix type-1 graywackes may grade to type-2.
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Of the two types of calcisiltites distinguished by Enos (1969a),
the more abundant type-1is characterised by thin beds, by ripple-drift
and convoluted lamination and by relatively little matrix. Some beds of
type-1 are darker at the top, suggesting an increase in argillaceous
content, hence grading. The terrigenous grains (largely quartz)are
angular, equant to elongate, moderately well sorted and 0. 01 to 0. 09 mm
in diameter. The carbonate grains, largely irregular single crystals,

a few polycrystalline, are 0.005 to 0. 08 mm in diameter. The carbonate
content of type-1 varies between 45 and 82 percent. The matrix (excluding
carbonate) varies between 2 and 32 percent, and is mainly chlorite with
some carbonaceous material.

Type-2 calcisiltites exhibit spectacularly thick cosets of
ripple-drift. Type-2 is distinguished from type-1 '""by the presence of
parallel lamination or false bedding, or both, by an average matrix
content of 18 percent versus 11. 6 percent in type-1l calcisiltite, and by
an average thickness of 24 cm about 7 times that of type-1 calcisiltites"
(Enos, 1969a, p. 20). The median grain size (both terrigenous and
carbonate grains) is about 0. 02 mm. The quartz grains are moderately
well sorted. The carbonate grains are dominantly single crystals but a

few of them are polycrystalline.
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Some of the data relevant to the present topic are tabulated
below (see TaBle III) from Enos' work, (1969a, b).

For the present purposes, it should be noted that the bed
477 of St. Maurice represents a mixed lithology, with calcareous wacke
in the lower half of the bed and calcisiltite type-1 in the upper half of the
bed. All of the 30 beds measured near Fame Point are type-1 calci-
siltites. All the beds measured at Petite Vallée and at Grande Vallée
are calcisiltite type-2.

- Sole Marks:

Table III shows the frequency of occurrences of different
types of sole marks in different lithologic units. Out of 49 beds studied
by the present author, sole marks were recorded from 20 beds only.
No flute casts were observed at the base of the ripple-drifted beds.

The only type of sole marks present were the shallow longitudinal ridges,
which are usually poorly developbed except in bed 5 of Petite Vallée (see
Pl. 6) and in bed 2 of Grande Vallée, where they were found to be fairly
well developed, with small cuspate crossing bars.

Current Direction:

The data on current directions measured from ripple-drift
and sole marks are presented in Table I. Graptolite orientation direction

was measured only in bed 477 of St. Maurice. Fan-shaped orientations of



TABLE III
(A) Petrology of the dominant rock types of the

Cloridorme Formation (from Enos,'1969a,b)
(B) Characteristics of dominant rock types.

(C) Lithology of ¢z [31 and ﬁ,? Members.



A. PETROLOGY OF DOMINANT ROCK TYPES OF THE CLORIDORME FORMATION (Enos 1969 2, Table 1)

Matrix Grains*
Quartz Rock fragments
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Graywacke,
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*Calculated as 100 percent excluding matrix, except for dolostones, limestone, and dolomitic silty argillite.

B. CHARACTERISTICS OF DOMINANT ROCK TYPES (Enos 1969 b , Table 2)

MATRIX STRUCTURES
ROCK TLEE (percentage) ABXTURE (percentage of beds)
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Calcareous wacke 11 32 21 133 1.7 66 47 97 55 8 18
Calcisiltite, type 1 12 62 3 30>4 13 3 | e 3 1 1
Calcisiltite, type 2 18 48 24,150>4 51 62 1 <1 2 <1
* Includes cement and/or detrital carbonate matrix.
Jc. LITHOLOGY OF £3 ,B; and p7 MEMBERS (Enos 1969 c, Table 4)
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PLATE 5.
Lines of intersection o.f lee side laminae with wave-eroded stoss

side of underlying ripple. Current from right — left, east to

west.

PLATE 6.

Longitudinal ridges at the base of bed 5, Petite Vallee.
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graptolite synrhabdosomes were observed in the saddles of weakly
si’nuous ripples (small scale dunes ?) in two cases at the top of bed 477.
The local mean current directions deduced from the sole marks and
graptolite orientations agree fairly well with those deduced from ripple-
drift in all the four localities. These results also agree closely to the
figures obtained by Enos for local mean palaeoflow difections (see
Table I). Surprising occurrences of thick beds of ripple-drift, parallel
lamination and both parallel lamination and ripple-drift, showing a
reversal of curre‘nt directions relative to the local mean palaeoflow
directions w.ere observed at Petite Vallée (2 beds, 28 and 15 cm thick),
at Grande Vallée (3 beds, 27, 25 and 65 cm thick) and at Fame Point

(2 beds 25 and 39 cm). Not all of them were studied in detail, hence
only 4 were included in Table-II. Fig. 11 shows a schematic diagram of
" bed-1 of Grande Vallée.

Continuity of Beds:

Type-1 calcisiltite beds containing ripple-drift appear con-
tinuous in any outcrop, but can not be satisfactorily traced between out-
crops because they lack distinguishing features.

Despite their spectacular thickness, ripple-drift beds of
type-2 calcisiltite appear less persistent laterally than any other
lithology of the Cloridorme Formation. Enos (1969a) noted that none

of the type-2 calcisiltite beds could be traced as far as 1 mile.
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The assumption that the ripple-drift beds of type-2 calci-
siltite lithology exhibit a very poor lateral continuity, is evidenced by
the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>