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ABSTRACT .

A linear topographic feature, approxlmately 10 km long
trends NW-SE through the town of St1ttsv1lle, Ontarlo. The
sediments of the rldge are 1nterpreted as subaqueous outwash
dep051ted from a subglacial or englacial meltwater tunnel
emptylng 1nto a4 re—entrant of the Wistonsin glacier front which
termlnated in tke Champlain Sea. The ridge formed by the
coalescence of subaqueous outwash fans as the ice retreated to

the north Sedimentological varlatlon,along the rldge is

1

attrlbuted to variation in the morphology of the re-entrant,

Re—entrant morphology may have been controlled by a crevasse
system w1th1n the glacier or by preferentlal melting of one
ice wall due to the- accumulatlon of mist on the downwind side
of the inlet. ,
‘Subaqueous outwash fans deposited in a narrow glacial
inlet are thought to form an upward fining sequence from
boulder gravel to silt and clay rhythmltes ~ The sequence was
1ntensely deformed by the melting of buried ice;aﬁd the walls

of the inlet, and the resulting landform is narrower-and

steeper than unconfined subaqueous outwash. However, in the

-

'Stlttsv1lle area the original form was modlfled by wave action

durlng the ‘regression of the Champlain Sea.
Subaqueous outwash deposxted in asymmetric re—entrants.
into the ice front yield paleocurrent dlrectlons which -are

deflected away from the relatively straight ice wall. The




(i%)
sedimentology of these‘depositslappaars to be cqntroiled by
the degree of asymmetry and the width of the inlet}‘ In
relatively narro& asymmetric inlets. the'deposiﬁ is dominated.
by ma551ve or 1am1nated sand- fllled channels with little
1nterchannel cross—stratlfled or flne sedlmenta preserved. 1In
a broad asymmetric embayment the fac1es are asymmetrlcally
distributed .across the deposit, with thick accumulations of
fine sediments preserved in the downcurrent direction. These
thick accumulations gave rise to widespread soft-sediment
defogmation in slumps on the fan surface and above'bﬁriéd
blocks of melting ice. ‘
. - A sequence of soft—aediment deformation structures was
observed in,exposures in the northern portion of the ridge;
In upward sequence it consisﬁs'of convoiqte stratification,
ball and pillow structures and dish structures. It is'
believed that the sequence formed as a result of water addad
to. a relatively impermeapie unit (silty fine sand) due to
consolidation of sedimeét belowfthe sﬁructures'and/or from
' buriad‘ice.

The stages in thefdevelopment of thé sequena? of
structures include: i) Local fluidization of sediments with low
permeability, forming convolute stratification with disrupted
anticlines actiag as vertical.fluidization channels; 2) Upward
penetration of more cohesive overlx}ng sediments by the vertical
channels, forming detached sediment masses which sank

downwards as ball and plllow structures; 3) Sllty fine sand

~
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which had paséed.upward'through the vertical channels
accumulated above the ball and pillow structures and may have

' ﬁovéd down—slopg as a liquefied sediment flow. Dish structures
formed by relatively uniform dewatering during fioﬁ,'and in

some cases were compressed.in.the downslope direction to give

oval'plan forms with long axes normal to the local paleocurrent .

diregtion.

/ *

. A significant feature of this structural sequence is
that ball and pillow structures are exotic, so that any
chronologic‘information which they contain is not necessarily '

representative of the surrounding sediments, ————
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" evolution of such landforms is far from complete.

|
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I. INTRODUCTION

The nature of glacial meltwatef depeosition in thé
subaqueous proglacial environﬁent is not well ande}atood.
However, the Glacial Méb of Canada (Prest et al., 1967) depicfs
over 25% of the total surface area as having been inundated by
fresh or marine bodies of water durf;g retreat of the Wisconsin
glaciers. As well as these large bodies of water one must not
forget the likelihood of relatively short-lived local ponding

of meltwater in contact with the glacier front. It is surprising,

" then, that this environment was not given §ufficient emphasis

in Canada until Rust and Romanelli t3975) discussed the
formation of eskers by subagqueous déposition from glacial
meltwater during the Late Quaternary in the Ottawa area.

Andthér aspect of esker deposits which has been
underemphhsized’is the sedimentological vafiaﬁion observed élong
the length of -individual eskers. éuch variations have been
explained by many workers éimply'as a response to changing
depositional controls §u¢1ng‘glacial retredat, without atfemp?ing
to expléin reasons for change. It is the:present author's -
kelief that without these explanatiéns the understanding of ﬁhe

Exposures in sand and gravel pits along the Stittsville -

Ridge (figure 1-1) brpvided an obportunity to 'study the

~sedimen£ology of a Late Quatérnary glacio-marine deposit in

relation to its geomorphic expression. A major goal of this



: - \ -
study is to describe sediments exposed along the length of the

Stittsville Ridge and td:T@Fonstruct the paleoenvironments in
which they were deposited. The Ottawa area is well suited to
such alstudy because its Late Quaternary history has been
extensively gtudied (Johnston, 1917; Gadd, 1961, 1963, 1977;

. Richard, 1975, 1978; Richard et al., 1977). This particular ridge is
of interest because it formed during the retreat of thé Wisconsin
Laurentide’ Ice Sheet, which in this area tegminated inua
standing body Qf wa%er, as indicated byiuplift cﬁrves (Rust ﬁnd
Romanelli, 1975; Rust, 19%7).

.A second, thou qually important goal is to descrlbe
soft-sedlment deformation structures exposed in excavations
into the northexrn portion of the ridge and to offer an -
explanation for their formation. The structures of interest
include convolute stratification, bai& and pillow structures
and dish structures. All £hree have béen'reported in sedifments
deposited in a wide range of environments, the c;ﬁmon charact-
eristic of which is the predominance of rapid rates of
sedimentation. Of the mechanisms which are believed to be
responsible for the formation of some or all of these structures
cryostatic pressure, differential l;ading, current draq;ggd
fluid escape are the most frequently cited.

Within sediments of the Stittsville Ridge these
structures have-been observed in a vertical sequence consisting

of (from the base) convolute stratificatioh, ball and pillow

structures and dish structures. The characteristics of the
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structures and the sequence in.which they occur strongly

supports the hypothesis that'they formed in response to rapid @

dewatering,

THE STUDY AREA
Location

The Stittsville Ridge is located approiimately 26 km
to the soutﬁwest of the cenfre of Ottawa (figure 1-1). It is
a linear feature of low relief, trending NW-SE, the town of
Stittsville occupying its midpoint. The excavations which are
?iscussed in the thesis are actéssible from Carlton County
Road #5, which intersects highway 7, 17 4 km northwest of
stittsville.

In all, seveh sand and gravel pits were studied for
the paieoenvironmental reconstruction of the ridge. The
locations of these pité are shown“in figure 1-1, each
designated by a reference number.

Most previous workers who have studied the deposits of

i
Athe ridge have referred to pits bf the surnames of the owner ’
‘of the excavating company working at that site. This praiggFe :
has led to confusion because in some cases the properties héve
changed hands. Furthgrﬁore, many companies are currently
excavating at more than one location in the Ottawa area, \(—<=l

Accordingly, a completely new nomenclature is used here, while
a list of the names used by other workers is included for

comparison (Table 1-1). , .




Figure 1-1. Location map.,;%he locations of sand and gravel
pits referred to in the thesis are marked "X" on the map
end are identified by their respective reference number.

The dashed llne is the limit of the "Fluv1oglac1a1 facies™

as mapped along the Stittsville Rldge by Richard et al (1977).

»
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Table 1-1. Names used in previous theses and publications to ,
identify ‘sand and gravel pits along the Stittsville
Ridge, ) '

I.D. number

Thesis or

used in the Name used by
present thesis earlier workers publication
5-1 'Mulligan's Pit Hayward, 1979
5-2 Stanley Corners Thibault, 1974
Sand Pit
S-4 Rump's Pit Laport, 1970
S§-5 — Burke's Pit Smith, 1970
Rust and Romanelli,
1975 ¢
Bradley's Pit Rust, 1977 -
S-6 Rump's Pit Laport, 1970
Rust, 1977
Rust, 1978
2 Gadd, 1978
s-7 Spratt's Pit Rust and Romanelli, 1975
{Huntley) - Rust, 1977 -
H
/
L‘—_‘_\

e




Only three pits gontained suitable exposhres of' the
various soft-sediment deformation structures. These were
sites S-4, S-5, and 5-6 (figure 1-1).

Quaternary Geology

In the Ottawa area unconsolidated Quaternary sediments
overlie predominantly carbonate rocks of Paleozoic age (Wilson,
1946) ., In general, theée surficial deposité can be organized.
into,four stratigraphic units (Rust, 1977, p. 175}):

(4) Post—marine'deposits: terrestrial sediments deposited
after regression of the Champlain Sea.

(3) Fossiliferous sediments: includes clays, silts, sands and’
gravels which were deposited dﬁring the occupation of the

.fOttawa valley by the Champlain Sea between approximatelf
13,000 and 10,000 years B.P. (Richard, 1978). These are
_the most extensive surficial deposits in the Ottawa area.

(2) Nonfossiliferous sediments: stratified sands and gravels
deposited from glacial meltwater, This unit is not
uniformly distributed over the Ottawa area but is exposed
in several distinct ridges (Rust and Romanelli, 1975);

(1) Till: unsorted diamict deposited directly from glacial
icé. If the basal contact is observeq to be overlying
bedrock, this unit may be differentiated from flow tilis,
which may be interstratified with, or overlie, the non-
fossiliferous. unit. Exposures of basal till were not
observed during the present study.

}

The bulk of the sediments making up the Stittsville
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Ridge ére unit 2, nonfossiliferoué(stratified deposits, which
are overlain unconfo%mably by a thin unit of fossiliferous
sediments belonging to unit 3 (abpve). Johnson (1917; mapped
the ridge as a marine déposit and interpreted ;he'underlying
sediments as fluvioglacial, ﬁpereas Gadd (1963, p. 2) interpreteé
the underlying deposit as moraine. The mapping of the ridge

as a marine deposit was based on the:observation of fossiliferous

sediments which weré exposed in relatively shallow excavations.

More. recent exposures have shown that these marine sediments

occur extensively along the ridge as a relatively thin cover

(less than 2 m), locally thickening to more than 9 m where
they fill irregqularities in the surface of unit 2, In light
of these new exposures the ridge has been mapped most recently
as a fluvioglacial landform (Richard; 1976 and Richard et al.,
1977).

| Rust and hSmanelli (1975) and Rust (1977) interpreted
the sediments within the northern portion of the Stittsville
Ridge, and other ridges in the Ottawa area, as deposited from
glacial meltwater on subagueous fans at the ice front. This
interpretatioh was based largely on regional uplift curves
which showed that the ice front terminated iﬁ the Champlain Sea
at this time. Additional evidence was derived from the’ .
sedimentological similarity between the sediments Qithin the
ridge and those reported in ancient submarine fan deposits.
These include stéep-sided channels filled with massive sand,

units of climbing ripple drift and an abundance of dish
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structures and bﬁTT\andzplllow structures, which are belleved
to have formed by rapid ﬁ\yaterlng of the sediment. 75&
h Gadd (1978) questioned Rust's (1977) ice-proximal ‘§<t>
interpretation of a unit of intensely deformed sediments .

within the rldge. Gadd's ohJectlon was based on the occurrence

of maring fossils”{in ball and pillow structurgs within the
unit. Furthermore, the fossils yielded a radioearbon date
indicatifg that the orxganisms lived.a? a time'when the glacier
front was well to the north of Stittsville. This led Gadd
(19785 ty suggest that the fossilifefous ball and pillow
structures d associated sediments are strictly marine in origin,
presumably(deposited beyond the direct influence ofrglacial
meltwater. \Observations made by the present author suggest ehat
the fossiliferous sands were emplaced into underlying unfossil-
iferous subagueous outwash sediments at a tiﬁe well after

glacial retreat.

METHODS

The sediments of the Stittsville Ridge have been
investigated to determine its depositional environments_and
the mechanisms of soft-sediment deformation which occurred
abundantly in its northern portioﬁ.

The bulk of the information on the sedimentology ef
the Stittsville Ridge was acquired during the measurement of
sections at sites §-1, S-3, S-4, S5-5 and S-6. These were drawn

in the field by visually correlating vertical sections measured

I . " -
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at 10 m intervals along the exposure. Where faéies changes
were complex and tighter control was required this interval

was reduced. A datum for each section was obtained using an

.abney level, for which elevations were determined by aneroid

“barometer.

\ . Sediment textures were determined by visual comparison
ip'the field. More quantitative descriptioqs of sediments
within the Stittsville Ridge are given in Laport (1970), Smith
(1970) and Thibault (1974}, Primary and secondary sedimentary
structures énd fossil species were also identified, and their
positions indicated on the sections. Paleocurrent directions
were measuréd by Brunton compass and were analysed by the
method described in Curray (1956). For each set of data the
following are given: 1) 8, the resultant (mean) vector; 2) N,
the number of observationé;.B) L, the magnitude of the
resultant vector in percent (Curray, 1956, p. 119); 4) p, the
probability of obtaining a gieater amplitude by.pure ehaﬁce
combinations of random phases (Curray, 1956, p. 125) .

To facilitate the description and interpretation of
the Stittsville Ridge it has been divided into three areas which
appear to be morphologically and sedimentclogically distinct
(figure 1-1). These are: 1) the southernmost part of the
ridge (site 5-1): 2) the area near Stanley's Corners (sites
S-2 and S-3); 3) the northern part of the ridge (sifes s-4,
S-5, S-6 and S~7). It is important to note that these
divisions are rather arbitrary, and that a gradational

. @
- 1
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transition in morphology gnd sedimentology probably cccurs
between each area. |

In the description of site S-1 the detailed measured
section is presented within the text of the tliesis to show the
facies relationships at that site. The measured séction at
site 5-3, however, was rendered of little use when n?ﬁ}hmore
extensive exposures became available following.the 1378

field season. The new exposures were examined in detail and

the information was added to that collected earlier, Site S-2

v~

was badly degraded during 1977 and 1978l although some
information on its sedimentology was aviailable in Thibault
(1970). Within the teﬁt (Chapt. II) /a generalized stratigraphic
section has been constructed for—tHe portion of the ridge near
Stanley's Co;ners. -

0f the sites representing the northern part of Ehe
ridge, sites'S—4, S-5 and S-6 were examined in the field.
While the exposures at S~-7 were very badly degraded, considerable
information was available for site S-7 in Rust and Romanelli
{1975) and Rust (1977). This information was compiled with
that for the other sités along the northern portion of the
ridgé to produce a'generalized section for tﬁat area. Measured

sections for. sites 514, 5-5 and S-6 are présentea in Appendix I.
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II. A PALEOENVIRONMENTAL RECONSTRUCTION OF THE STITTSVILLE RIDGE

In this chapter of the thesis is presented a deScrlptlon
of the morphology and sedlmentology of the Stittsville Ridge
and an lnterpretatlon of its paleoenv1ronmental hlstory. The
sedimentolo of each part of the ridge (see page 9) is
considered ¥eparately while at the end of thie chapter the
interpretations are summarized into -a discussion of the
history of the entire ridge. ‘. .

To facilitate the interpretation of the stittsville
Ridge it will be useful to examine first the literature
concerniing the various enviroﬂments in’ahich eskers are

formed and the criteria by which they may be identified.

—

ESKERS AND THEIR DEPOSITS, - PREVIOUS WORK

Glacial meltwater deposits - geﬁeral

Three types of glacial meltwater deposits are
frequently described in the literature: kames, eskers, and
outwash plains. Both of the terms "kame" and "esker" are.
defined as morphologic entities formed by glacial meltwater
deposition., Neither term, by itself, bears any more specific
genetic connotation. Outwash plains, however, heve very
specific genetic implications.

The term "kame" is most commonly used to refer to
isolated mound-shaped deposits of stratified‘sand end gravel
(Embleton and King, 196% Price, 1973; Bloom, 1978). These

are formed where glacial meltwater deposits its sediment load
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as flow expands on leaving the confines of a channel or tunnel.
The site of deposition may be a small pond on, or ca;ern in,
the ice or-at the margins of the glacier. Because of the
ice~contact environment‘kame sédiments are -characteristically
intensely deformed‘by ice melt. Modifications of the germ
k?me, which denote a specific genetic type, include: kame
tefrace, formed at ice-maféinal lakes between the glacier and
the walls of an adjacght'valley; kame delta, formed in the
subaqueous proglacial environment; moulin kame,.forméd in
hollows on the ice {Bloom, 1978).

Eskers differ morphologically from kames in that they
are narrow, often sinuous, linear ridges §f stratified sand
and gravel which generally trend parallel to the lastLd%rection

of ice advance (Embleton and King, 1968 ; Price, 1973; Sugden-

‘and John, 1976; Bloom, 1978). They may be formed as a result

of: 1) deposition within glacial meltwater -conduits, their

form being inherited from the shape of the conduit itself after .

£

glacial retreat; or 2) deposSition at the ice margin where a .
conduit empties into a standing body of water, the deposit
taking a linear form because the site of deposition at

mouth of the conduit retreated as the glacgier retreategégyln
some cases this second type of esker is made up of a series of
mounds and is referred to as a "beaded esker", which may be
considered as an intermediate form between true kames and
eskers. A more detailed discussion of the types of eskers and

their sedimeﬂtolbgy will be presénted later. !
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The third important type of giacial meltwater deposit,
the outwash plain, is'formed by the coalescence of outwash
fans deposited by meltwater streams in front of the terminal
moraine of a Qlacier (after Gary et _al., 1972). fThis type ;f
landform may be readily distinguished from eskers and kaﬁesjﬁyf@‘
it; considerably iower topograpggﬁ expréssion, gréater latéral
extent and lower incidence of ice-contact deformation.

From the discussion above it is apparent that the
three types of glacial mg}ﬁyater deposits have diétincé
morphologic characteristics, althgugh a gradation probably
exists between kames and eskers formed in similar environments.
In the section that follows the var%qus possible environments

in which eskers form are described and. the criteria for their

recognition are discussed, .

Esker-forming environments

Although eskers are known to have formed by deposition
in a humber of distinct environments no complete genetic
classification is available. The simplest genetic classificat-
ion is based on thé recognition of eskers deposited in each of
the environmeﬁig described above, namely in conduits and at the
ige margin in a standing body of water. Eskers formed by

deposition in either environment have distinpt morphological,

structural and sédimentological characteristics which allow

* them to be differentiated in the field. It is, however,

#Possible to subdivide‘these further into more specific genetic

types.
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Three diétinét types-of in~-conduit environments may be
identified as possible sites of depositibn (Banerjee and
McDonald, 1975; Price, 1973): 1) open chanﬂéls, 2) tuﬁnels
flsqégé full, and 3) glacial lakes or ponds which occur along
the conduit (which may ﬁerelﬁ be a widenigé of the channel.)
These can in turn be d}assifiéd according to the position of
the conduit, whether they are on, in or under the glacier. -
All three qf these esker—formiﬂg environments may develop in
subglacial and englacial Positions whiie open channels and
glacial lakes may also develop in a suﬁraglacial position.

Esker formation in an ice marginal position can also
take place in two diétiﬁct,environments: 1) on a subaqueous

outwash fan (Rust and Romanelli, 1975; Rust, 1977} at sufficient

- depth that the ambieqt waterzsurface h;s no effect on the fan, .

and+=2) on the-subaerial and subaqueous portions of a delta, in
shallower water (Price, 1973). The fan or delta may alsc vary
in response tb variations in the morphology of the ice front
at the site of deposition. Deposition can take place at a
straight ice margin or where a glacial meitwatgr conduit
terminates at a water-filled re-entrant into the ice front.
Such re-entrants may be marginal crevasses (or crevasse
complexeﬂ (Price, 1973; Rust and Romanelll, 1975) or supraglac1al
conduits which became flooded for some élstanqe up-ice from
the glacier terminus Eskers formed by deposition within
(;urther depending on tﬁe form of the

re-entrants may vary

re-entrant, which can range from a narrow symmetrical inlet

W
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(Price, 1979) to a broad asymmetrical embayment (Rusé and
—— — —Romanelii, 1975). The symmetry or asjmhetry could be

controlled by the orientation of crevasses or crevasse (ffﬂgﬁ“‘
systems (Rust anq Romanelli, 1975). Alternatively, Lundgvist
(1955} suggested that symmetrical inlets méy evolve into
asymmetrical embayments in response to variations in the rate
at thch the ice wails melf. The proéess involves the
concentration of fog on the down—wind side of the inlet,
reducing the flux of solar.radi;;ion onto the glacial ice. As.
as result the ice wall on the up-wind side of the inlet will
"melt at a faster rate than on the down-wind sidé, causing. the
inlé& to become increasingly asymmetrical over time, providing
the prevailing wind direction is constant.

Figure 2-1 is an attempt to express the diversity of
esker~-forming environments, providing a basis for theit detailedhl
classification. An attractive aspect of this scheme is that any
level of interpretation may be made, depending on the requirements'
of the project and the data available. For example, in geomorphic
mapping it is often sufficient to make a first order‘interpretation
of allandform simply as an esker. In a projedt which aiﬁs to
predict the disfributioﬁ\bf-various grades of sand and gravel,
however, a fifth order interpretation may be necessary. ‘

The classification of an individual esker is eomplicated
by the fact éhat many different combinations of specific

environments may have been involved in its formation. For this

reason it is impractical to establish a set nomenclature for



Figure 2-1.

environments.

I

r

An ordered arrangement of esker—-forming
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eskers. However, the hlerarchy of types in figure 2-1 may be
used as an outllne for the desription of esker-forming environ-
ments at the various levels of 1nterpretat10n.

Environmental interpretation of eskers

" The environmental interpretation of eskers‘propoéed here
follows the classification‘scheme outlined above. Thus the
first decision is whether the landform in question is an esker .
or not. This decision is not always straightfofWard, especially
when the landform has been modified by wave §ction.
The criteria for distinguishing éskers formed by deposition
in conduits and at the submerged ice margin are listed in Table 2-1.
Eskers formed in conduits are generally continuous, steep-sided
ridges whereas marginally deposited eskers may consist of a
number of isolated mounds or "beads", and are flat topped with \\\\k
more gently sloping sides. -
Because, by definition, glécial meltwater conduits must
be in contact with ice walls, th¢ sediments they deposit
are intensely deformed by melting of the walls-.along the flanks
of the ridge.' High angle reverse faults (McDonald and SHilts, -
1975) and normal faults (Boulton, 1972){ both striking parallel
to the trend of the ridge are common in this type of esker.
Shilts and McDonald (1975) also found that’sediments deposited
on ice marginal fans are loéﬁlly affected by large normal faults
which develop as blocks of ‘ice, buried'by the fan, melt out.

-Sedimentologically these two types of eskers are

significantly different. With few exceptions fine sediments (silt
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Table 2-1, Criteria for the differentiation between eskers

formed in conduits and at the ice margin in a

standing .body of water. (See text for -specific C:;\

reﬁgrence.)

Conduit

Marginal .

- continuous linear steep-
sided ridge

- éxtensive evikdence of ice
melt, especially along
the flanks

- generally lacking in silt
and clay

-

- low to moderate .
variability of paleocurrent
directions.

~ flow till uncommon

more gently sloping sides and
generally flat-topped, may
consist of isolated "beads"

evidence of ice melt only local

a range of grain sizes present,
from boulder gravel to silt and
clay

high variability of unidirectional
paleocurrent directions

flow till commonly preserved




~19- - .

and clay) are-rarely deposited in a glacial meltﬁater conduit,
because they are transported in suspension to the glacier
terminus. On a marginal fan, however, a complete range gf
grain sizes may be deposited, from boulder gravei at the aﬁex
(Rust, 1977) to silt and clay rythmites on the most distal

2

portion of the fan (De Geer, 194Q). Banerjee and McDOnaldf
(1975) found that paleocurrent data‘are also useful in %
differentiating these two environments. Eskers believed to
have been formed in conduits yvield paleocurrent data which
are considerably less variable that those collected from
assumed fan deposits. The strength of the vector mean of
paieocurrent data derived from two marginally deposited eskers
were 0.49% and 0.59% whiie the value obtained from tunnel
deposits was 0.80%(Bane£jee and McDonald, 1975).

Flow tills,‘mixtures of till and water capable of flowing
down relatively gentle slopes (Boulton, 19685, commonly occur
interstratified with marginal fan deposits (Evenson}g;_g&., 1977;
Hicock and Dreimanis, 1978). Boulton (1972) also reported £low

tills ‘interstratified with supraglacial open channel deposits

and overlying sediments deposited in englacial™and su;;I%cial

conduits; However, more common énd more e#tensive preservation
of flow tills would be expected in the ice marginal environment,
There flow tills are transported across the fan, away from the
mouth of the conduiE where their preservation potential is low,
and become interstratified with the more distal fan seéiments.

Flow tills which are deposited in, or near the mouth of

~—
|
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conduits have a greater probability of being médified, or
totally removed by‘high water dischafges.

The interpfgtation of thHird and fourth order in-conduit
esker-forming epvironments requires mbre‘infofmatioﬁ on.the
'sedimentology'and structure of the esker. Shaw-(1972)
suggested that an esker formed by deposition in an open channel
would exhibit a fining of sedimént awaf:from the centre, where
coarse channel deposits would be preserved.  These flanking
fines include fine sand, silt and clay deposited during
overbank flooding from the main channel. In tunnels flowing
full one would not expect to f£ind this lateral fining begause
of the much more uniform hydraulic conditions across the
conduit and the impossibility of overbank flooding. McDonald
and Vincent (1972) simulated sedimentation in tunnels-flowing
full by passing water over a sand bed contained within a pipe.
They suggested that the primary sedimentary features diagnostic
of sediments deposited in natural tunnels flowing full may be:
1) dune foreset lamination which is tangential at the base and
tends to become /finer down the foreslope; 2) a discontinuity in
the upper patrt of the foreslope due to slumping at the top of
the dune foreset; 3) dune stoss lamination commonly preserved;
4) parallel lamination dipping gently downstream formed by the
migration of low bed waves. While not all of these features
have been reported-in'eskers they are potentially useful
diagnostic criteria. McDonald and Vincent (1972) also point

A

out that the preservation of backset bedding, formed by the
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migration of antidunes over an active bed will not occur in

tunnel deposits because of the absence of a free water surface.

Banerjee and Mcbonald {1975) suggested that there is less

variabiiity of paleocurrent directions in tunnel deposits than

in open channel deposits where limited, lateral miération Of

the active channel may occur betweenféie ice walls (Shaw, 1972).
Lewis (1%49) described an-esker actively forming in a

subglacial pond, along a meltwater channel, The ridge itself

‘was flat;topped, like marginally deposited eskers, but had

steep sides. The sediments within the esker, although poorly

exposed, were reported to consist of approximately horizontal
topsets overlying well-developed foreset beds. Shaw'(1972, P.
39) reported similar foresets in a Quaternary deposit
consisting of "planar beds of alternating coarse and fine gravel

dippiﬂg at 30°". Although not yet reported in this type of

.deposit, one would also expect the development of topset beds.

It should be noted that within the confines Ofd? small englacial
water body thé deposit may not develop as extéﬁsively as fans -
formed by subaqueoué.deposition at the ice margin.

The identification of eskers formed by deposition in
conduits in supraglacial, englacial and subglacial positions

has’been considered by Boulton (1972), although he -did not

distinguish between open channel and tunnel deposits. Both

‘supraglacial and englacial conduits are, by definition,

underlain by ice. . Boulton (1972) observed that when an ice

floor melts the bedding within the core of the resulting
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esker is deformed into an anticlinal structure. Price (1966)
not;d that a mound of ice may remain beneath the centre of a
meltwater deposit after it has been lowered to the land surface.
When the mound melts the centre of the ridge subsides, f;rming
a trough along its length. Internally this trough ma} be
reflected in the synclinal flexing of beds in the centre of the
esker. shilts and McDonald (1975) noted that large - normai
féults tend to develop at the site where squcer—shaped mounds
of glacial ice become buried by esker éediments. Bohlton
(1972) found that the Bedding witﬁgh the core of subglacially
deposited eskers remaihs largely undisturbed. He also noted

that eskers of this type generally lack an underlying till,

due to removal by erosion while the flow in the conduit was in

' contact with the subglacial‘hed. It is possible, however, that

a basal till could be thick enough to resist complete removal
by erosion. Till is common beneath engl;cially and supraglacial~
ly deposited eskers.

The ,distinction between eskers.formed by aeposition in
englacial and supraglacial open channels and lakes is possibly .
the most difficult to make. The: absence of flow tills
interbedded with the meltwater deposits may be indicative of an
englacial Oor subglacial position because the steeply slbping
walls would inhibit'accumulation of significant volumes of
water—saturafed debris. Sediments depositedkin all three -

positions may, however, be overlain by flow tills.
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The diagnostic criteria for subagueous outwash have been
described in detail by Rust and Romanelli {1975) and Rust
(1977) . The criteria for the recognition of deltaic eskers
have not, however, been well described. The reason for the
Paucity of information is that the so-called deltaic eskers
which_have been described in the literéture are not true
deltaic deposits. By definition, a‘delta must include sediments
which were deposited both subaerially and subaqueously where a
river or stream enters a standing body of water (Coleman, 1976
Miall, 1976). A deltaic esker is, then, a linear ridgg of
sediments which were deposited both Subaerially and subaqueously

at the mouth of a glacial meltwater stream, during glacial

retreat. The Scandinavian "esker deltas" described in great

detail by De Geer (1940) are more properly classified as

subaqueous outwash déposits,having been "deposited below the
sea level" (De Geer, 1940, p. 46). More recently Aario (1971,
1972) has described primary sedimentary structures on a
misnamed "esker delta" which was "deposited at a depth of about
100 m" (p. 151).

* A major difference between true esker delta and subaqueous'

L]

outwash fan deposits 'is the nature of the uppermost sediments.
The vertical extent of the esker delta is controlled by the
water level. As a result, the subaerial delta topset forms a
more or less horizontai plane which later-becomés‘the flat top
of the esker. The uppermost sediments should exhibit ev1dence

of subaerial exposure {¢9. , desiccation cracks, frost polygons)
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and contain sedimentary facies which are common to modern
deltas (Coléman, 1976). These include: distributary channels
filled with a fining upwards sequence of sediments, subaerial
levees, crevasse fill and argillaceous marsh deposits. One

might also expect evidence of arctic flora to be preserved on

the subaerial portion of the delta {(Le Blanc Smith and Briksson,

i978). Overall, a deltaic esker should exhibit a coarsening-

upward sedimentary succession due to the progradaiion pf,the
delta away from the mouth of the meltwater conduit.

The most commonly occurring upper unit within eskers
which were deposited as subaqueous outwash fans is a wave
formed gravel (De Geer, 1940; Rust and Romanelli, 1975),

although it is not a facies of the fah itself. fThis gravel

. provides direct evidence that the underlying fan sediments were

' deposited subaqueously, having been reworked from the esker

deposits‘when raised to wave base by isostatic uplift. Wave
rewérking may, however, occur along the flahks of a deltaic
topset, affecting the entire upper unit if the relative water
surface remains at a constant elevation for a sufficient length
of time. Alternatively an.overlying laé gravel may not

develop on either fan type if the body of water has insuffieient
fetch to allow the generation of effectiye waves. Furthermore
proglacial lakesxm%;drain rapidly if their existence depends

on the damming of é;ainage routes by ice. In such a situation
the eskers may notfﬁéﬂﬁubjecﬁed to wave working for a long

enough period to produce major modification.

o
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" Rust (1977) describes the following facies as diagnostic
of subagueous outwash:

1) Gravel facies: Deposited at the apex of the subaqueous
outwash fan, consistiné of clast-supported conglomefate
which may be vaquely stratlfied'and contains imbricate
clasts with A-axis orlented parallel to the direction of flow.

2) Massive sand facies: These are channel filling sedﬁyents
which include massive and faintly lamlnated and bedded sands,-
often containing dewatering structures (dish and ball and
pillow structures). - .

3) Stratified sand facies: Deposited on the interchannel
portion of the fan and characterized by the occurrence‘of
massive and planar cross-bedded sands, trough cross-bedded
pebbly sands and beds of normally graded climbing ripples.

While the foreset deposits of a deltaic fan may resemblé
subagueous outwash one would expect much of the coarse sediment
to be deposited on the topset. Furthermore; the channels on the
- subagqueocus outwash-fan, filled by deposition from sediment
gravity flows (Middleton and Hampton, 1976) would be distinct
from deltaic channels which are filled by deposition from
traction currents and contain various types of cross~bedding.

Not all of the facies described by Rust (1977} may be present on

a subaqueous outwash fan. Aario (i971, 1972) described

genetically similar deposits which lacked the gravel and massive

éand facies, being dominated by stratified sands. Facies

variations may be expected due to the sediment supplied to
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differentfglaciers from their catchments and due to variat}ons
in the seéiment and waéer diéchaige from a given glacier at any
location over time.

Deposition of.deltaic or sﬁbaqueous cutwash fans at a
straight ice front may;produce the broad eskers of relatively
low rglief_discussed earlier as ﬁarginally*deposited eskers.
However, ;hen a glacial meltwater conBuit terminates in a re-
ehtrant of the ice front, the resulting esker will differ from
lthe other marginalltypes; If.the re—entrgnt is a symmetrical
inlet the esger-will be narrower and havé steeper sides than
tgosg farmed by deposition at a straight ice front. - One would

.
also expect that the be&s on the flanks of such eskers wog}d
be faulted in a manner similar to that found'in eskers deposited
in conduits. - Rust and Romanelli (1975) suggested that deposition
in a re-entrant which for?ed an asymmetrical embayment in the

front caused asymmetric facies distribution and paleocurrent

directions oblique to the trend of the esker.
; 1

MOR.:E’HOLOGY AND QRIENTATION OF THE STITTSVILLE RIDGE

* As mappea by Richard et al. (1975, figure 1-1), the
§tittsville Ridge is approximately 10.9 km in length, although
a break in the ridge occurs to the north of Stanley's Corners
where the und%rlying Sédrock cropé aut. The width of the ridge
varies from 0.05 km to 0.3 km, generally becoming- broader
towards the north. The ?oint of ?Aximum elevation-along the

ridge is at site S-6 where it reaches approximately 137 m a.s.l.



-27-

There the top of the ridge is about 30 &:above the land surface
to the northeast but only about 7 m above the surface to the
to the southwest, where the surficial sediments become thinner,
To the south, in the vicinity of site S-1, the elévation of the
top of the ridge is approximately 117 m a.s.l., about 12 m above
the country-side.

The morphologic expression of the ridge varies consider-

ably along its length. To illustrake, this, transverse profjles

*"of each portion of the ridge (figure 3-2) have been deri

10 foot contours on .1:25,000 topographic sheets for
(stittsville, 31G/5d, Edition 2; Munster 31G/4e, Edition 2).
While fine morphblogic detail canno£ be determined from maps,
sufficient resolution is possible to illustrate the morphologic .

. P
differences between.the three divisions of the ridge.

- '

The northernmost profile across the ridge (figure 2-23)

shows a broad, asymmetric form, sloping reiatively Steeply to

the northeast and very gently to the southwest. ile the form
may be partly controlled by e bedrptk sur aée, there is a
thickening of the surficial materials at the location of the
ridge (Belanger and Harrison, 1976). On the northeast side of
the ‘ridge, at approximately 125 m a.s.l., a distinct break in
slope occurs, changing from about 1.30, at the top, to 3::6o
below the break. This feature may be a wave-built terracé
which formed during the iegression of the sea - and deposited

along its northeastern flank.

The profile across the ridge at Stanley's Corners

N
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Figure 2f2. TopOg:aphic profiles across the Stittsville
Ridge derived from 10 foot contours on 1:25000'map sheets
(Stittsville, 31G/5d, edition 2; Manster, 31G/4e, edition

2). Vertical exaggeration is ¥15.

~/
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(figure 2-2B) is more symmetrical than to the north of .
Stittsville. Again, a break in slope occurs'oh the north:
easégrn side but“ﬁis‘noticeébly absent on the southwestern
side. This supports the 1nterpretat10n that the break is a
wave—bullt feature. 1In the vicinity of Stittsville the
Champlain Sea had its greatest fetch to the east, while the
fe£ch from‘th; westfﬁas less thaﬁ 1 km when water level was at
the elevation of ‘the ridge.‘ Fupthermore, shallower depths on
the wéstern side of the ridge would have retarded waﬁe’deﬁélop—
ment. As a resﬁlt, ekve energy was minimal on the é@uthwest
side of the ridge. - | '

At site S~1 (figure é—ZC) the ridge is much sfeeper
and narrower than at more northerly positions. A slight break
in slope occurs on the northwestern flank, although it is not .
well developed.

The orientation of the ridge is also soméwhat variable

. _ |

along its length. North of Séanley's Corners it strikes about

131° whereas south of Stanley's Corners the orientation is

approximately 139°. For comparison with other oriented glacial

features in the area a mean orientation weighted by the length .

of each segment was calculated to be 134°. Rust and Romanelli
(1975) noted thét the orientation of the Stittsville Ridge is
approximately parallel to local dlacial striae. It is also

Ed

subparallel to the long axes of drumling in the Ottawa area

(Richard et al., 1977) which have a mean orientation of 159° (N=138;

L = 99.01%; p = 1.75 X 107°Y),

N
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In summary, the Stittsville Ridge is a linear feature
of positive relief wﬁich is oriented approximately parallel to
the direction of Wisconsin glacial flow. On the basis of the

hol and orientation of the ridge, and the knowledgelﬁhat

Ry .
it is made up of stratified sand and gravel, a first ord

interpretation of the ridge as an esker may be made.

-
that the esker was modified by wave action during regression \of

the Champlain Sea.

SEDIMENTOLOGY OF THE STITTSVILLE RIDGE

Site sS-1 |

\ \

(l)'Descriptibn i . p

Y
The sand and gravel plt at site s5-1 was actively worked

durlng the summer of-1978, prov1dlng good expoSure across the

central poirlon of the fiuv1ogla01al uflit of Rickhard et gl.

(1977) . Filgure 2-3 summarizes the stratigraphy) of site S-1. )
Two major stratigraphic ﬁnits can' be &ecognileddin &
4 figure 2~3: 1) a defoxmed, unfossiliferous, stratified sand
and gravel unit, unconformably overlain by 2) a sparsély - (.
,//% f035111ferous coarsening-upwards unit. ‘ } - N
S i

- The unf058111ferou$ unlt is only poorily exposed on the

!

northeast end of the pit between 0 and 13 m along the section.

L]

‘'The sediment consists of massive granular sands at the 'base,

\.

fining upward to medium sand containing lenses of fine-grained

¢
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sand. The upper surface of this facies dips towards the SSW
at an angle of approximately 30°.

A much better exposure of the unfossiliferous unit

occurs between 65 and 115 m along the section. The most

‘extensive bed consists of horizentally stratified medium sands

which coarsen upward to coars; granular sand (85 to 167 m) .
This 4s gently folded into a broad anticlinal structure with
its axis oriented appro?imately parallel to thé long axis of
the ridge. At 105 m this unit is terminated by a normal fault,
striking NW to SE. The sediment on the western, downthrown
side of the fault consists of stratified clast-supported cobble
to boulder gravel with subrounded Eo rounded clasts. in a

pebbly sand matrix. This is %harply overlain by a horizontally
stratified bed of medium sand. At 111 m a second normal fault
displaces the gravel and medium sand by over one metre.

The eastern side of the main bed is tefminated by a
normal fault which appears to have experienced rotational
slippage along a curved fault plane. Parallel beds on the
castern side of the fault dip 55° to the east. Adjacent to the
fault is a bed of medium—gféined sand which is internally
disturbed by high angle reverse faults which dip towards the
normal fault. Immediately east of this is a less disturbed bed

of stratified clast-supported gravel containing subrounded to
-

-

rounded cobbles and boulders.
The sediments become finer to the east of the gravel and

bedding becomes less well definea. Coarse sands adjacent to the

3
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gravel are interna%}y faulted whereas silty fine sands exhibit
soft-sediment folds which incredse in amplitude towards the
predeformational tqg,ni_the unit where they appear as flame
structures. Also within the upgermost bed are distorted
alternating thin beds of silt aﬂd clay size sediments

(figure 2-4, p. 45).

The easternmost beds of tﬁe foséiliferous unit:are
exposed between 0 and 30 m along the section. They are parallel
beds of gravelly sand which dip towards the SSW. Although the
dip is approximately parallel to that of the underlying unfossil-
iferous sediments, the upper bed shows no evidence of internal
deformatign. Within thesexbeds the proportion of pebbles and
cobbles increases up dip, towards the NNE. Along the base of
the lowermost bed are dense accumulations of articulated valves

of the marine mollusc Hiatella arctica.

Horizontally bedded gravelly sands dominate the central
portion of the exppéure at site 5-1, ovgrlying the previously
léescribed fossiliférous unit, from 22 to 83 m along the section.

The lower beds in this unit consist of medium sand, commonly
containing large scale trough cross-bedding with créss strata
dipping bimodaily to the NE and SW. Silt beds c;mmonly drape
over the sand beds forming lenticular and‘flaser bedding

(Reineck and Singh, 1977). Articulated valves of Hiatella

arctica, Macoma balthica and Portlandia arctica were found

. . ! <
within some of the silt beds. These lower beds pass laterally,

to the SW, into wedge-shaped pebble to cobble gravel units

m e ke B it oy an ——— BN - .
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which coalesce along the margin of the steebly dipping

unfossiliferous unit between 65 and 73 m aleng the section.
Above 104 m a.s.l. ,the silt beds are no longer present

and the sediment becomes generally coarsér in size. The only

fossils which occur in the upper portion.of this unit are

Balanus crenatus, preserved as whole and broken shells.

A striking feature of the upper portion of this central
fossiliferous unit are parallel hoxrizontal Eeds which may be
traced laterally across the section. Towards the NE they |
become increasingly coarse, passing into a ciast supported
gravel with pebbles and cobbles in a sandy matrix. Thé gravel
forms long, wedge-shaped units which interfinger with the_
stratified sands to the SW. To the NE the largest clast size'
increases and the wedges"coalesce to form a unit of maximum
thickness 3.5 m. This same gravel unit extends across the top
of the entire section, unconformably overlying both the

' fossiliferous'and unfossiliferous stratigraphic units.

-Articulated valves of Macoma balthica were found near the base

cf the gravel while shell fragments were common throughout this

\\:¥§unit.

to the fluvioglacial unit of Richard et al. (1977). They are

(2) Interpretation

The unfossiliferous sediments at site S~1 are assigned

overlain by fossiliferous Champlain Sea sediments. A detailed
consideration of the unfossiliferous unit is required, however,
to allow an interpretation of the specific depositicnal

o
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environment.

The most prominent features of the unfossiliferous
sediments at site S-1 are deformation structuyes. Both the
normal faul%s in sediments on the flanks of the ridge and the
anticlinal flexing of beds within the ridge suggest that ice
walls supportea the unfossiliferous facies during depo;itioﬂ
(Boulton, 1972). Morphologically the relatively steeply
sloping si&es of the ridge also suggest the former presence of
ice wails (figure 2-2C).

+

The melting of ice may also be suggeétedifor the
deformation of sediments between 65 and 88 m along the section.
Thus, as é buried saucer-shaped mass of ice melted, the beds overlying
its thick core were lowered a greater vertical distance than
those over its thinner flanks. At the outer margin of the ice
mass a normal fault formed as the beds were displaced downward
relative to adjacent beds- resting on a stable base (McDonald and
Shilts 1975) . small reverse faults in the coarse and medium

. size sand beds formed in response to minor internal adjustments
during deformation. The silty fine sands, making up. the outer-
most steeply dipping beds, were probﬁhly deformed by dewatering
in responsé to the J4ateral movement of sediment as the angle of
diﬁ steepenéd and watexr was added from the underlying melting
ice. The difference in the style of deformation in these beds
is due to differences in permeability. The medium and coarse

sands tend to have a higher permeability than the silty fine

sands, allowing water to pass freely between the grains. If the

.
o
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grain framework wasg tightly packed these coarser sediments
would behave as a rigid body during deformation. If loosely
packed, deformation would have been accompanied by inter- \
granular adjustments. The silty fine sands, howéve¥, have a
mth lower permeability, trapping water within their pore
spaces. As a result, rapid deWatering occurred by liqugfaétion
as water was added from meiting ice and the grain ﬁramework was
disrupted possibly by doﬁndib flowaée. The more rigid style of
deformation affecting the alternating thin beds of ‘silt and
clay is due to the greater cohesion of such uniformly fine
sediments. |

« The structural and morpholoéical evidence indicates,
thereforé,,that an isolated ice mass became buriéd by unfossil-
iferous sediments within the confines of ice walls. The
sédiments were subsequently deformed as the ice melted.

Figure 2-5 is a palinspastic reconstruction of grain-size
distributions as seen in a generalized vertical section at site
5-1. Of note is the upward fining of sediments from 8.2 m to
16.5 m (figure 2-5). This gradation from gravel to silt and
clay at site S-1 is believed indicative of deposition on a
subaqueous outwash fan. It is suggestéd that the clast-supported
gravel was deposited near the mouth of a glacial meltwater
stream while the alternating beds of silt and clay were deposited
at a distal position as annual varves or from minor turbidity

currents which flowed off the front of the fan.




N

Figure 2-5. A palinspastic reconstruction of grain size
distributions at site S-1, as seen in a generalized vertical

section through the unfossiliferous unit. .

#




-37~

Aojg-

ns-

pubg suig -
puns wnipep -
pung esinog -
$9|NUDIG -
$91Gq0ed -

$91qq0% -

sJ9p|nog -

UNCONFORMITY

— —

— ——— — ——

{54

S3¥L13INW *




The sequence of sediments below 8.2 m (figdre 2-5) does
not fit this fining-upward sequenée. A simple segquence would
not occur, however, because the fate of ice retreat was probably”
sufficiently slow to allow a number of g:%ue} deposits to be
superimposed at any cne place on the fan; The sedimentology of
each annual deﬁosﬁt would be strongly contrclled by#fhe glacial
hydrologic regime. Furthermore, By ahaloay with deltas (Morgan,

1970} and submarine fans (Walker, 1978} one would expect the

site of deposition on the fan to migrate with time. An active

lobe would develop in one place and then be abandoned as
deposition decreased slopes on that portion oflthe fan.

The cOa}sening—upward sequence of sediment.from 0 fo 6
m in figure 2-5 mayreklect progradation of an early lobe on the
subagueous fan. The fining-upward segquence, however, is inter-

preted to have been deposited during the last occupation and

" abandonment of that portion of the fan. The continuocus

sequence from gravel to altefnating beds of silt and clay
3figure 2-5) is believed to have been deposited at the location
of site $-1 in environments which were at increasing distances
from the ice front as it retreated to the north. The backward
migraﬁion of sediment source differentiates this environment
from the submarine fan environment on continental margins. In
the latter case, the source is the continental terrace which
remains stationary while the fans prograde oceanward producing

the characteristically coarsening—-upward séquences.
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It is important, in light of discussion later in this
chapter, to further consider the deformatépn of the alternating
silt and clay beds in the unfossiliferéﬁi facies. The deformat-
ion of these distal sediments, interpré{;d as due to ice melt,
implies that buried ice persisted for a considerable tiﬁe

a—

following the retreat of the glacier front. Although actual

distances cannot be ?etermined, it is apparent that ice-melt
deformation occurred after retreat of the high enerqgy environ-
ments of the near-glacial subaqueous outwash fan. The persist—
ence of buried ice has -also been discussed by De Geer (1940) on
the basis 6? observations of very similarideposits in
Scandinavia. The absence of fossils in these aistal sediments
may be due to low salinities énd/or loﬁ temperatures at the

time of deposition.

The fossiliferous sediments exposed at site S-1 appear
to be filling %Taepression in the underlying sedimehts whiEﬁ
'ﬁustﬁhave existed for, some time after the buried ice melted
out. Theé earliest sediments which were deposited within this
depression, namely the wedges of gravel between 55 m and 73 m,
were probébly empiaced as sediment gravity flows. The |
coarsening;aﬁhard sequence of fossiliferous sediments within
the central portion of the section was deposited during the
regression of.the Champlain Sea. Because;éf isostatic rebound,

the water surface became relatively lower, and wave energy

delivered at the sediment-water interface increased. The waves
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System within the glacier, through which meltwater was channelled

_40_.
.
washed sediment into the depression and'subsequently formeé
the lag gravel which caps all lower unlts exposed at site s5-1.
A more detailed treatment of these “hollow~f1111ng" processes
is. given in Hayward +(1979) .

(3) Summary )

The morphological, structural and sedimentologicel )
evidence suggests that the unf053111ferous sediments at Site
S5-1 were deposited as Subaguec®s outwash within the conflnes of
an 1ce—walled inlet at the glacier’ front Figure 2-6A is a
schematic diagram depicting the depositional env1ronment and
figures 2-6B and 2-6E illustrate the sequence of events which
led to the development of the deposit exposed at site S-1. The

inlet may have been the ice frontal expression of a crevasse -

Within the inlet the subequeous fan was fed by seoiment—laden
glacial meltwater from a tunnel near the base of the glacier, as .
suggested by the evidence for a buried ice block rather than an
extensive ice floor. The size of the sediment deposited en the
fan decreased gradationally away from the tunnel mouth,.from
boulder gravel to sand and finally to silt and clay. 1Individual
lobes actively prograded into the inlet, cgvering a block of
ice, possibly derived from an iceberg which had calved off the
glacier but which contained too much sediment to float.
Alternatively, the buried ice may have consisted of an isolated
mass of basal glacier ice which remained within the inleg’during

A

glacial retreat. The buried ice persisted long after the glacier

3
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Figure .2-6. A depositional model for the sequence

sediments expésed at site s-1.

of
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had retreated because of the insulating effect of the sediment

cover. As fan lobes were abandoned they were covered by the

— A —

more distal sediments of other lobes prograding from a different
position in the inlet. The sequence of sediment deposited

within the inlet is shown in fi&&re 2-6B. The steep ice walls

~containing the inlet are believed to have inhibited the

accumulation of water satu%ated tills on the ice, and may
¥ccount for the absence of flow tills interstratified with the
fan sediments. It is also posgible that flow tills were not
observed due to the relatively limited exposure available at
site S-1. .

With retreat of the ice front to the north, finer
sediments were deposi%ed at site S-1 on the distal reachés of
the fan (figure 2-6C). The esker ridge developed as 1) the
fans coalesced along a lineér path controlled by the location
of the meltwater conduit which maintained its position within
the glacier dur ‘g retreat, and 2) as thé.ice walls melted.

At some '

ater time (figure 2-6D) the buried bioqk of

ice melted out, deforming the ove:;ying sediments and forming a
]

depression in excess of 8 m deep, in the submerged surface.

-

The unstable walls of this depression became the source of

sediment gravity flows which transported debris downslope.

Finally (figure 2-6E), isostatic uplift of the land
caused a relative lowering of the watexr.surface. Sediments
were transported by waves into the depression, where they became

populated by a marine fauna. It is thig§ last stage which was

N



. Thibault (1974) noted that the thickness of the fossiliferous
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W

largely responsible for masking the«more hummocky terrain

found on eskers in_others-pérts of southern Ontario, which is

"more typical of eskers generally.

Sites S-2 and s5-3°

(1} bescription

\ .
Figure 2-7 is a generalized stratigraphic ﬁﬂﬁiion

across the Stittsville Ridge, south of Stanley's Corners,
based on data from siteg S-2 and s-3. - ' 1

Site S-2 is only poorly represented in figure 2-7.
Thibault (1974) found that a faulted unit of unfossiliferous
stratified sand and gravel dominated the exposure at site §-2
near the centre of the ridge. This is a generaliy fining=-upward
un;t with gravel dominatiﬁg the bas€ and sand towards its upper
limit. Unconformably overlying this unit is a clast supported
gravel with a sandy matrix containing disarticulated paired

valves of Macoma balthica and, less commonly, Hiatella arctica.

gravel inCreases towards the west, away from the centre of the
ridge. 3

At site S5-3 an extensive unit of unfossiliferous clast-
supported gravel is exposed for approximately 60 metres alone
a north-south sectiog\?n the eastern flank of the ridge (figure
2-8, p. 45). The clasts axe subrounded to rouﬁgga'and imbricate:
preferred dip of ab-planes normal to a-axis orientations. From

north to south clast size decreases from predominantly bould;;s

to cobbles and bouldefs. This unit is terminated to the west

Ta,




Figure 2-7. A generalized stratigraphic section across

the Stittsfille_Ridgé at sites 5-2 and S-3. Note that the
section is drawn toé depict the stratigraphy as it would be
fseen along a straight east-west exposure. 1In fact the pit
at site S-3 is roughly circular in plan and exposures have

various orientations.
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Figure 2-4. rThin deformed silt and clay beds near the top
of the unfossiliferous unit at site §-1. Notebook for scale

is 21 cm high.

Figure. 2-8. Clast-supported -imbricate gravel at site s-3,.

Figure 2-9., Large normal fault between clast-supported

imbricate gravel and interstratified sand and gravel at

site S-3. The gravel unconformably overlying the lower

%
sands and gravels contains fossils.

\gi
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by a normal fault which displaced the sediment by more than 3
metres (figure 2-9, p. 45). On the opposite side of the fault
there is a unit of stratified sand and pebble to cobble gravel:
becoming sandier towards the top.

The'lbwest unit exposed on an east-west sectionsacross
sitte $-3 is a coarse to medium sand containing.planar and trough
crpss—bedding.' The bounding-surfaceé of the planar cross~beds
are parallgl and the thiCkness of individual sets ranges from
10 to 25 cm. Trough cross-bed sets range froﬁ 3 to 5 cm ‘thick
and are made up of finer sands than the planar type. In figure

(2-7 this unit is depicted as occurring across the section. It
was only exposed, however, on the eastern side of the sand pié”
but is believed to underly the channelled sands described later,

Three notable features occur in the cross-stratified
sand unit. The most prominent are angular to subangular
boulders, in excess of 2 m in diameter (figure 2-10). . The
second is a lens~shaped unit of matrixfsupported gravel
consisting of angular pebbles, cobbles and boulders in a sandy
mud matrix (figure 2-11). The lower surface on thefﬂens is
almost sinusoidal in form, overlying deformed cross-stratified
sand whereas the upper surface is relatively planar. The third
feature is a unit of clast supported gravel which cuts into the

cross-stratified sands (also shown in figure g-ll).

Stratigraphically above the cross-stratified unit, and

dominating the exposure at site 5~3, is a unit of channelled

medium-sized sand. 1In this unit three types of channels were



‘
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' Figure 2-10. Angular boulder within cross-stratified sands

below éhannel-filling sédiments at site S-3. Note the
discontinuous Eravel beds within the sands which fill the
~ .channel. (The exposure pictured is approximately'parallel
' to the trend of the channel).

-

Figure 2-11. Matrix-supported gravel containing angular

clasts interstratified with cross-stratified sands at site
S~3. Note the occurrence of a clast-supported gravel
uncenformably overlyiné the cross-stratified sands. * Stick

for scale is approximately 1.5 m long. EE

<

Figure 2-12. Massi&e sand beds at the top of the unfos-
siliferéus unit at site S-3. ‘Individual beds exhibit a
fining’ upward near their tops to silt and clay. In the
uppermost beds these fines are cross-laminated and have
asymmetrical ripple forms préserved: Note that the sharp,
irregular lamina beneath the thin mud bed (see arrow) is
a resuit of small tree roots which appéér to have grown ’
preferentially aléng a plane between the upper and lower
beds, approximately 1.5 m from the surfaéé of the ridge. .
Black portion of shovel handle is approximately 25 cm in

length.
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recognized which also occur at the sites north of Stittsville

(these will be described later he three types are: Type I,
channels filled with'hofizontally tratified medium sand with
gravel along the erosional channel base-apd along bedding planks
within the ;;nds; Type 1I, channels fiiled with sub—horizontally
laminated medium sands; and Type IfI, éhaﬁnels filled with massive

medium sand.:

whifle sections cut at right angles to the channels are

rare, occadionally the channel form may be observed. They are
relatively\steep-sided asymmetricalxgrosional forms with heigh€\
to width ratios of approximately 0.40. The largest channel

observed was a type I channel, types II and IIX being generally

smaller.

“ T;ZS I channels contain rounded to well rounded pebbles,
cobbles and boulders with ab planes imbricated normal to a-axes.
An exposure parallel to the axis of a type I channél is shown
in figure 2-10. Note that while gravel beds occur along
parézcular1bedding planes they are not continuous along the
length of the channel. It is the discontinuous natﬁre of the
gravelgrbeds wit@in channels which may cause confusion in
differéhtiating between type I channels and types II and IITI.
Because the eégg;u;és of éhannelé at site §-3 are only two
éimensional, gravel may be present at depth into the face of
tﬁe exposure. Observations at other sites along the Stittsville
Ridge, and elsewhere in the Ottawa area, however, have shown

5 .
that type II™and type III channels do exist. ' -
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TYpE“f& and type III channels are very similar, except
for the absence of‘internal stratification in the latter. & |
notable' feature of both of these types is the occasional
occurrence of silt o ay laminae adjacent the.erosional L
boundary of the chan:;::T?‘Angular clay rip-up clasts and +*
rounded llmestone pebbles were observed within some type IIT
channels, as well as inverse' to normal grading near their bases.

Aersite S-3 a type I channel contains both massive and
ﬁaminated sand. The transition between the two types of channel
£ill is net, however, continuous. The lower massive sands have
been eroded at their\upper limit and are overlain by trough
cross~bedded coarse sands which %ass upwards inte type A
climbing ripples (Jopling and ﬁalker, 1968) of silty fihe';and.
This cross-bedded unit is restricted to the.confines of the
channel and is overlain by laminated medium sand. A bed of
type A climbing ripples was also observed within laminated
sands which probably fill a channel extending below .the floor

of the .pit. A channel observed in a pit near Herbert s

Corners, on the Gloucester Ridge, contained massive sand at the

‘base, passing upwards into laminated sand.

Conformably overlying the channelled unit at site S-3 ’\\\\
is a unlt of massive coarse to fine sand beds which become
thinner upwards from 40 cm at the base of the unit to less than
5 cm at the top (figure 2-12). TIndividual beds begin. abruptly
and exhibit no change in grain gize until within alfew centimetres

of their upper boundary where there is a fining of the sediment

-



Te

-50-~ .
to silt And clay. These fines are crosé—laminated in the upper,
thinner beds.

The uppermost unit exposed at site S-3 is, again, a
fossiliferous clast-supported gravel with a sandy matrix which
unconformably overlies the lower unfossiliferous sediments
(figure 2-9).. As at site S-2, disarticulated paired valves of

Macoma balthica, and rarely Hiatella arctica,-are present

within this unit. Note that -the gravel is not present in all
of the photographs because .before excavating the underlying
sands it is & common practice to remove this less desirable
material from.thg surface. "

Paleocurrent data was collécted at site S-3 from the
imbricate boulder gravel unit (S3P1), climbing ripples in a
channeél (S3P2) and imbricate cobbles in a type I channel (S3P3).
The esuits_pf a statistical‘analysis of the data are
presanted in figure 2-13. Note that the rose diagrams for
S3P1 and S3P3 represent the upstream imbrication of gravel.
Paleocurrent directions are indicated by arrows. .

The paleocurrents indicate a flow direction to thé‘west
of the ridge axis. Specifically, for $3P1, S3P2 and S3P3,
respectively, the paleocurrent directions are 540, 6° and 53°
to the west of the ridge axis. Another important’ feature is
the greater vector magnituderifigure 2-13) obtained for the
imbrication of the boulder gravel than for the cobbles in

channels. More striking is the difference in the mean

deviation- from the resultant vector for each set of data which




-

Figure 2-13. A summary of paleocurrené data collected at

site 5-3 from: imbricate boulder gravel (S3P1); climﬁing
ripples (S3P2); imbricate gravel in Type I cﬁannels (S3r3).
Note that each rose diagram is located to show the relative
position of éhe specific collection site within the pit.
5fresultant vector; N=sample size; L=vector magnitude;

p=probability of the data being random {(Curray, 1956).

AV
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was calculated to be 22.2 for $3P1 and 30.7 for S3P3. In both
cases the gravels are comparably‘concentrated, although the
concentrations are only local in the channels, suggesting that
clast size may have controlled the degree of prefeired
orientation. The smaller deviation in the paléocurrent data
collected from the boulder gravel is consistant with observations

made by Johannson (1963) and Rust (1972) on pr ferre& -axis

‘orientation in gravels. . They found that in ‘Eurrent transported
!

gravels a higher degree of preferred orientation ofjpebble

|

long axes is obtained from larger ‘clasts. : i

; f

(2) Interpretation - i

Because of the poor exp sure of sediments aé site §-2,
the interpretation of this portion of the St1ttsv1lle Ridge
relies. heav1ly on the expég;;: at site s-3. Sedlmentologlcally,
the dep051t at site F 3 contains abundant crlterlg for A
interpretation as sdB eous outwash, as described by Rust and
Romanelli (1975) ard Rust (1977). Some diffeiences do exist,
however, which add to thé‘understandlng cf the subaqueous
outwash environment.

The lowest unit at site $-3 ig the clast supported
boulder gravel belleved to have been deposited at the apex of
the subaqueous outwashkték (Rust, 1977). The reduction in-
clast size from north to south is consistent with the _
.paleocurrent directions, suggestlng that the sediment source,s
glacial meltwater tunnel, was located to the north of site s- 3.

The fabric of the gravels is, however, different from that

T
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observed in coarser gravel by Rust (1977 , p. 176). He

S
reported clasts to be imbricate parallel to theit a~axes,

Ssuggesting transport by saltation,,while at site 5-3, the a-axes

normal imbrication indicates that ransport was by rolling on

the bed. This difference, and the relatively smaller clast size,

suggests that at site S-3 the &S}ocity of flow near the tﬁnnel
mouth was less than that whic transported the gravel observed
by\Rust (1977).

‘ 5hé sediments to the west of the boulder gravel appear
to have been léﬁered from a stratigraphically higher position
by the melting of buried ice, causing the development of a
normai fault (figure 2-~7). Horizontally stratified sand and
gravel, adjacent.the fault, is not included in Rust's (1977) -
model for subgqueous outwash. It is believed that this facies
may be proximal sedimgnt of limited areal extent, deposited
outside a major channel containing the boulde£ gravel.

The cross-stratified sands which appear to dominate the
lower portion of the section at site £-3 correspond t6 the
-interchannel- deposits described by Rust (1977). The large
angular boulders, within this unit, are best explained as
dropstones deposited from glacial ice floating over thé,
subagueous putwash fan. The lens of mate#x-supported gravel
within this unit is interpretea as a subaquatic flow till.

Both of these features reflect the proximity of the icd\ifont
Eo site\S-3 during the deposition of the cross—strgtified sand

/

 factes.
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Of the channels observed at site g§-3 both type II
(filled with laminated sand) and type III (filled with massive
sand) were reported by Rust (1977) Channels containing
dewaterlng structures were notably absent, probably due to

k_\" L]
the predominance of coarser sediments. at site S~3, which are less

Prone to llquefactionor fluidization than ose described by

Rust (1977).

by erosive currents transporting gravel as bed load. The gravel
was i

robably locally eroded from sediments cut by the channels
and téansported relatively short distances to be deposited in
dlscontlnuous concentrations along the base. Sand—51ze sediment
transported along the channels, in suspen51on, was deposited on
more distal positions of the fan angd cnﬁtﬁférchannel areasdwhere
flow expanded. Some of the time these channels may have been
inactive, dep051t1ng the silt ang clay laminae observed above
the erosivL boundary of some type II and IIX channels. The .
absence of gravel in types II and III channels probably reflecta
their higher stratlgraphlc p051t10n 1mply1ng a dlstal p051t10n
QR the fan, rather than a different orlgln. Bein
stratlgraphlcally above type 1 channels the only séurce of
_gravel would have been the underlylng channels themselves, and
ad the fan evolved the possgibility of channels cutting into

gravel beds decreased. !

The mode of channel formation outlined requires frquent
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bulses of dense currents over the fan. The high density of
these currents, which resulted in flow across the fan rather
than mixing with stadnding water at the ice front, may have
been due to high concentrations of suspended sediment in the
meltwater and/or its low temperature. The pulsating nature of"
the currents is a typiéal feature of discharge in glagial
meltwater streaﬂs (Sugden and John, 1976) where, iﬁ summer,
discharge commoni}xgoubles over 24 hour periods in response to
dh%ly melting. More dramatic i?creases have been rved in
response to precipitatioh on the ice. One might expectp\\hJ/_
therefore, that these high discharge events, of relatively
short duration, would provide pulses of cold, dense sediment-
laden water to the subagueous outwash fan.

The sands thch £ill the channels were identified as
mass floﬁ deposits (syn. sediment gravity flow deposits) by Rust

(1977). Wwhile four hypothetical types of mass flow deposits

have been postulated (Middleton and/gfmpton, 1976) the criteris

-

"

for their differentiation are not yét well understood. As a
result, a more specific interpréégiion of the channefoilling.
sediments cannot be made at this time. However, some of the
massive channel fills were'definitely not transported as debris
flows. Hampton (1975) found that in mariné sediments a bulk
clay content of 2 wt % is réquired to move .the .finest sand
grains as debfis flows. Four.samples from a massive sand,filled
channel at site $—-3 were analysed by, dry sieving, and found to

contain less than 1 wt % finer than 4¢ (silt and clay). Thgse

H R R s
Gl
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sands could not, therefore, have been transported as debris
flows. Some massive: sand samples which were collecfed from
subaqueous.outwash deposits by Smiﬁh (1970) did, however,-
contain-more than 10 wt % mud and may have been transported by
non-turbulent flow.

* The sands we%e Probably introduced into the chanﬁela by
slumping of the steep Qalls upstream of the site of deposition.
The siightly coarser grain size in channels, compared to
interchannel sands which are cut by the channels (reported by
Rust, 1977 at other locations) is consistent with this
interpretation. One would expect a fining of sediments away ‘
£rom the/QE;;‘;;\the fanf As a result, sand which had slumpe&
into channels at a givegrlocétion and transported by maés flow
to a more disfal position, would be‘coarser than adjacent»and
underlying ‘interchannel sediments. )

Some channels appear to have been filled by a number of
flows; -Forbéxample type I Ehannels with imbricate gravel along .
bedding planes within éhe sand may ﬁﬁye been occupiéd by mass

flow sands and later by currents transporting #ravel. Repetition

of this sequence of events would deposit the type of channel fill

shown in figure 2-10. The occurrence of trough cross-bedded

_sands within the large channel in figure 2-7 indicates coarse

sigﬁ trangport in traction. The bed of climbing ripples,
overlying the trough cross-bedded gands reflects waning flow in

the channel, causing rapid fallout of fine sediment ffom

suspension (Joplihg and Walker, 1968),

—_—
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The horizontal beds of massive sand above the channelled
unit are- probably the most distal sediments preserved at site
§-3. These beds appear to have been deposited fregymass flowé
which passed beyond channel termini or.spilled over their
banks . The normal grading and cross-laminated fines at the top
of some beds suggests. that there may have been turbulent mixing
at the top of the dense floﬁ. Clay, making up thin bedé énd
thick laminae at the top of some massive sand units was
probablgwdeposited from suspension during the intervals of time
between mass flow évehfs on that portion of the fan.

The fossiliferous gravel, unconformably overlying the
subagqueous outwash sedimen;g, is a lag deposit formed by wave
reworkin; of the fan suyrface during the regression of Champlain
Sea. Reworking evidently eroded to a depth greater than 3 m,
levelling the ‘hollow which probably existed to the west of the
normal fault (figure 2-9).

The morphology of the ridge suggests that deposition
occurred on a subaqﬁ:ous outwash fan between ice wails; although
little structural evidence for such confinement was observed by
the present author. phibault (1974) reported extensive fauiting
of sediments at siteé S-2, but did not describe the deformation
thoroughly. This faultiqg'near the westefn flank of the ridge
may have occurred during the melting of an ice wall.

At site S-3 the only major fault observed was the normal
fault, between the boulder gravel and the stratified sands,

which dips towards the centre of the ridge. ~ As mentioned
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earlier, this fault probably Yormed in response to the melting

of a buried block of ice beneath~the central portion of the
ridge. The absence of extensive faultingvin the boﬁlder gravel
on the eastern flank, a£ site §-3, may be misleading. Firstly,
the coarse grained, unstratified nature of the deposit makes it
difficult to identify displacements which.involved interclast
movement . Secondly, faults which form in response to melting
ice walls strike parallel to the length of the ridge (Boulton,
1972; McDonala and Shilts, 1§75). Because the section in_which
the gravels are exposed trends approximately paraliel to ﬁae
ridge axfg, such faults would-be difficult to recognize.

- The paleocurrent data collected at site S-3 (figure
2-13) provide evidence of an ice wall on the eastern flank:
Paleoflow was predominantly to the west of the ridge axis;
rather than to the east which one would expect on the eastern
side of an unconfined subaqueous outwash fan. _

It may be sugéested,'tﬁen, that the éubaqueous outquh
fan was deposited, as at site S5-1, in an inlet into the glaciex
front. Furthermore, the deflection of flow to the west
indicates that the inlet was probably asymmetrical in form, the
meltwater tunnei being positioned on its eastern side, near the
ice wall. The western side of the inlet was probably open, al-

1owing' deflection of flow towards the west.

Depogition of the fan within an inlet may explain the

'predominance of the channelled unit at site S-3. Due to the

confinement of the ice walls, the dhannels~which eroded into
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the fan were concentrated within a limited area. As a result,
the channels are much more prevalent than in an unconfined
subagqueous dﬁtwash fan which has much of the stratified

interchannel deposits.
4

{3) Summary

Thelsediments exposed at sites S5-2 and: S-3 are attributed
to deposition on a subaqueoué outwash fan fithin an asyﬁmetrical
inlet at the front of the retreafiqg Wisconsin glacier (figure
2-14). These sediments differ from those deposited op‘tﬁe less -
confineg subaqueous cutwash fans éescribéd by Rust (1977).

Most notable is the predominance of sand filled channels, and
the relative absence of interchannel sediments, indicating a
relatively narrow fan. Confinement also resulted in the
scarcity of fine sands, which may have been transpored out of
the inlet by currents deflected westward by the eastern ice
wall. The interbedding of flow till with the fan sediments,
probably reflects the proximity of icé walls to the fan. 1In
figdres 2-14A and 2-14B the till is shown accumulating on the
ice below water level. It is egually possible, however, that
accumulation was subaerial.

The sequence of sediments exposed at site $-3 generally
fines upwards, because the depositional site became mére distal
as the ice retreated. However, the occurrence of a pquimé&
clast-supported gravel overiying cross-stratified sand, shown

in figure 2-11, disrupts this sequence. It was probably

deposited as a result of channel switching near the mouth of °*

¢
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Figure.2-14. A depositional model for the sequence of
- n T . -

sediments exposed at sites S-2 and S~-3 (see figuré 2-7
for.an explanation of symbols used to illustrate sedimentary
étrﬂﬁtuyes). Note that'on_the‘left wall of the inlet flow
till is shown accumulating-and that it occurs intersyratifieé‘

with the fan sediments.
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the méltwater tunnel or because of seasonal variations in
meltwater discharge. .

! ‘Flgures 2‘14B and Q 14E deplct the sequence of events,
81m11ar to that described for site s-1, Wthh resulted in the
stratlgrapﬁy ohserved at ‘sites S-2 ‘and S- 3. Figure 2—148 is

*a section cutting across the central portion of the inlet
Proximal sands and_grgvels, which had buried a block of glacier
ice, are cut by channels eroded into the fan surface by high
energy density currents. Gravels were locally eroded from
underlying end adjacent sediments and transported along tne
channel floors. Over time the erosive currents waned, as
meltwater discharge diminished, and.sand was transportpd
through and/or deposited within the channels by mass flows.

The sand was derived from slumping of the steep channel walls.
Stratified sands were probably deposited on the interchannel
areas but were rarely preserved due to channel migration.

Béfond the inlet (figure 2—14&) a few small channeis
may have been present on the western side of .the ridge but
most had terninated where flow was down the relatively steep
sloﬁes developed asithe ice wall melted out. On top of and
along the western flank of the ridge, massivevsand beds were
deposited from mass flows which oVerflowed the channel,

, Over time (figure 2 14D} the burled block of glaC1er
ice melted, lowerlng the central portion of the rldge and forming

a hollow on ‘the surface. Unllke the finer sedlments at 51te 5-1,

the more pegymeable medlum sands at site §-3 remalned undeformed

'
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as water was released from the ice. . Also at that time silt
and clay were probably deposited on the ridée‘from suspension,

- l.-. . . .
but were not preserved due to wave reworking during regression

of the Champlain Sea (figure 2-14E). Reyprking_waswextenSTVETr"

subduing the morphology of the ridge, and forming the
fossiliferous gravel which unconformably overlies the subaqueous
ocutwash sediments.

Sites §-4, S-5, S-6, and S-7

(1) Description

‘The sedimgntology of the northern portion of the

_Stittsville ﬁidge has been described in.detail by-Rust and

) Rpmanelli (1975) and Rust (1977). ‘"However, Eontinuing
excavation' in the pits allowed new data to be collected-
Emphasis wiilF§; placed on-new observations which add to, or
alter, earlier interpretations. Figure 2-15 depicts the
stfafig;aphy of the ridge in the immediéte;vicinity of sites
5-5, S8-6 and 5-7.- Exposure is not continuous across the ridge,
so that figure 2-15 is an idealized se;tion shéwing @péxmajorﬂ
stratigraphic relationships obserfed at those sites.l:

The mpst obvious trend in the sedimentology of this
portion of the *idge is an upward and westward'fininé'of_grain
size. On the eastern flank, at site S-6, the lowest unit is a
clast—suppor£ed boulder ;rave inzﬁhich the clasts are

imbricated parallel to their a-axes (Rust and Romanelli, 1975,

:iﬁ% 181p. Stratified sand and gravel, above the boulde
g . 4
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Figure 2-15. Generalized stratigraphic section across the

. Stlttsv:l.lle Ridge at sites S-5, S-6 and S-7. Symbols N

..

denotlng sedlment texture are combined in sSome cases to
denote: l)lnterstratlfled Sand and silt (the upper~most
§éd1ments on the western 51de), 8ilt, sand and gravel
making up a lens of matrix-supported gravel (basal unit

at the centre of the ridge) ; and 3) sandy gravel (top unit

-on the eastern flank).
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to the east (B.R. Rust, pers. commun . )
"Above and to the west of the coarse facies are sand
beds containing tabular and wedge-shaped planar cross- bedding

(Blatt et al., 1972), trough cross-bedding and climbing ripple

-drift-(Jepling and Walker, 1972). While the general trend is

an upward fining of grain size and a decrease in the thickness
of cross-bed d sets, the'various cross-bed types are 1qterstrat1f—
ied up the section exposged at srté 5-5. <Yhe boundarres between
individual beds are commonly erosional and sometimes angular
(flgure 2~ 16), except at thé base of cllmblng ripple sets.

. In the lower portion of this unit, at sites S-4, s-5
and S-6, the crosséstratified sediments ‘are cut by channels
filled with massive and faintly laminated medium sands. These
channels are similar to those described at site S5-3 except that
type I chaenele, with gravel beds, are rare. The channels occur
in high c%rcentratlons (frgure 2-16) and in isolation (figure
2-17) . Not the. in¥kerse to normal grading at the base. of. the

channel in figuretg;&7

Sets .0f climbing
of the eross-stratified sand facies, making up a dlstlnct unlt
which thickens to the west,"' extendlng to the base of the

exposure where it was locally underlain by a matrix: supported

q

gravel contalnlng angular striated Q‘ests. .The cllmblng ripple

unit consrsts predomlnantly of type A climbing ripples, the

- angle of cllmb 1ncreasrng upwards.- Type B and 31nu501da1

ellmblnq}rrpples (Jopling and Walker, 1968, p. 973) are also

1 .
-
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Figure 2—16. Massive and faintly laminated s'and';fiked
chan;;ls overlain by planar aﬂd trough cross-stratified
sands at site S-4. Note the aﬂéhlar erosional boundary
between the trough-cross-stratified set and overlying

wedge-shaped planar cross-stratified sgt. The shovel

is approximately 1 m in length.

Figure 2-17. Solitary massive sand-filled channel eroded

into-cross-stratified sands at site S-5. Note the inverse

3

.to normal grading near the base of the channel. Knife for

1

‘scale 1is approximately 25 cm long. >

\

Figure 2-18. Types A ‘and B_climbiﬂg ripples interbedded
with massive sand at site S-4. Note the weathered cobble
which was deposited as a dropstone, deforming the-underlying

sediment on impact. Pen for scale is abprbximately 14 cm

-

=y

long.
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) preé:pt. All three types are'commonly interbedded with massive

san (figures 2-18 and 2-19). Grain size generally decreases

- upward in this unit, from medium and fine ssand near the basg of
the ékposﬁre to silty fine sand at the top where thin mud beds
commonly separate climbing ripple units. overturned dlimbing

ripples (figure 2-20) were also observed in the uppermost

portion of this unit. Large clasts, ranging from pebbles to

\\E?ulders, are sparsely distributed throgghout this unit

(figure 2-18 and 2-21).

At sites S-5 and S-6 themélimbing riéplq unit endé
abruptly at ‘its western limit (figure 2-21), where individual
beds are‘beﬁt upwards in excess of 90°. Adjacent to this is a
Ehick unit of ball and pillow structures which become‘smaller
upward and pass into dish structures, all within a silty fine
sand matrix. Therball and pillow structures contain massive
and cross-stratified fine to medium sand. The internal
stratification, where preéent, is generally bent upward atkfhé.

edgeslof‘the structures. The dish structures are éiscontinﬁous
_silt lamiqae bent upwards at their edges. Both of these
structures 'will be described in detail in chapter 3 of this -
thesis. Articulated valves of marine molluscs were observed
' qithin some ball and éillow structures. These included

Macoma balthica (the most oo bn:species, which yielded a

'tadiocarbon date of 11,300 % 120 years B.P. (Gadd, 1978)),
-

Hiatella arctica, Portlandia arctica ahd-Mytilus,edulis."The

fossils were not distributed throughout this unit but occurred

6

) | | )
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Figure 2-19., Types A and B and sinusoidal climbing ripples

interbedded with massive sand at site §~6. Shovel for

scale approximately 1 m long.

L.

Figure 2-20. Overturned climbing ripples near the top of

the centre of the ridge, site S-5. 2 cm intervals on the

. scale.

Figure 2-21. Thick unit of climbing ripples adjacent to

a unit of intensely deformed sediment at site S-6. Note
the ‘terminal edges of the climbing ripple beds bent .
upward, and the boulder occurring in fine sands to the lef;
of the photograph (arroﬁed). Shovel for scaié 1s approx-

imately 1 m long.

“
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near the upper limit of the ball and pillow structures. "Aiso

9

distributed sparsely throughout the deformed unit axe large

clasts, ranging from pebbles‘to boulders, which are typically

striated.

Rust and Rcmanelli (1975) and Rust (1977) described this .
? i ;
sequence of deformation structures as filling broad channels;

Similar occurrences were observed at 51te 5-4 where convoluted

_beddlng commonly appeared at the base of the sequence of ' gg

structures (figure 2-22 and figure 2-23). Figure 2—23 show

o
the erosional base of a silty-fine sand ~filled "channel"

-

.cutting into cross-stratlfled sands. Note the much greater' '

sizé¢ of these channel-like structures compared to the

s

stretigraphically lower medium sand-filled channels. At site

S-4' the sediments below a channel-like structure are intruded
" hy a 51lt dyke (f£igure A-3 . at- 80 m). o
' / . L r

Paleocurrent data were collected from crose—stratlfled

N

sediments at sites 5-4. and S-5 and are summarized in figures
2-24 and 2-25¢reepectively. “Also given in these figures is the
position ‘of the sampled unit within each pit (refer-to figure 1)

and its elevation above see level.

~

All restultant vectors show deflection to the west of the

-

ridge axis, with deflectlon 1ncreasxng at higher stratlgraphlc

- N
levels. There is also ‘an increase 1n the deflectlon from the

fidge axrs w1th 1ncreasrng dlstance from the crest of the ridge

(flgures 2-24 and 2- 25) ?é§3

.~

A unit of fossrllferous gravel unconformably overlles —_
s ) > v

-
.‘ -
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Flgure 2-22, Broad channel-llke structure, filled with *©

deformed silty-fine and flne sand, cutting into ¢ross- strat—

-

ified sands at site S-4. Shovel qu ‘scale is approxlmately

1 m high. .

Figure 2-23. close-up of the base of a channel -like

structure at site S-4. Note the convolute stratification
and ball and pillow structures filling the channel-like -

structure. The black portion of the shovel handle is

. ‘approximately 30 cm long. ' o .
f , ' ) ' . '
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Figure 2-24. Summary of paleocurrent data collected at

site SJ‘;' Note that X"s indicate the relative location of
each collection site ‘within the sand pit (see figure 1l-1 and
A-2) and that 1‘:he elevéltion of each site is given. " The
summary includes: ©, the resultant ' vector; N, the f.sample
s'ize; L, the vector magnitllgle; p, the probability of the

data being randomly distributed (Curray, 1956).
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Figure 2-25. Summary of paleocurrent data collected at

site S-5. For a further-explanation see figure 2-24.
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the sediments described above. At sites S-4 and S-7 the gravel
ig clast-supported with a sandy matrix, identical to that at

sites S-1, S-2 and S-3, and containg broken and‘articﬁiatéd

valves of Macoma balthicé. At.sites S-5 and S-6 this unit
thickens westward and consists of a fining-upwérd sequence
from gravel at the erosional bage to sand and finally to
horizontally intérstratified thin beds of sand and silt (see

figure 2-15).

(2) interpretation

Rust and Romanelli (1975) intgrpreted the northern
poxrtion of tﬁe Stittsville Ridge as s ;aque us outwash
.deposited in an asymmetrical embayment whilch openéd on itsg
western side. The form of the embayment was béliéved to haﬁe
- been controlled by a‘crevésse system within the glacier. The
confinement of thé subaqueou§ outwagh fan to such an embayment
is certainly'suggested by. the morphology of the ridge, thé
exposure of faults in fan sediments near its eastern flank, the
deflection of'paleocurrenté to the weét aﬂd, as noted by Rust
and Romanelli (1975, p. 190) the asymmetrical distribution of
facieé within the ridge; " Considering the morphology-whicﬁ‘haé
.been postulated for the ice front at tﬁe time éf deﬁositiop
at sites Ss-1, and's—z and s-3, however, it may alternatively

be suggested that the embayment. evolved by preferential

melting'oh the. upwind - side of the ihitially narrow inlet

Y

v ’



(Luhdgvist, 1955). _ ,

< The present observations of this portion of the ridge
confirm those reported by Rust and Romanelli (1975) and Rust'
(1977) and the interpretation given here largely agrees with

- these authors. That is, the boulder gravel on the eeste:n gide
of the ridge was deposited near the mouth of a glacial neltwater

a1

conduit on a subaqueous fan characterlzed by blfurcatlng

channels which became filled with ma531ve and falntly 1 inated
sands. Although channels contalnlng gravel are rare, gome of
nhe sand-filled channels contain silt laminae.mar ng their
~outer boundaries. This suggests that, as site'S-B; fhe'
channels were eroded by currents and 1ates filled'by.mass flow
deposits derived from slumping of the'channel wallsi‘\silt
laminae were deposi?ed from shspensibn~during intervening
periods. ' ' |
The distribution of the crosséstratified.sand facies:in

the eastern part of the exposure at sites 5~5 and st elso
supports their interpretation’ as sediments which wene}deposited‘
on theé interchannel areas of the fan (Rust, 1977). Howeve:,

the thick unit of climbing ripples on the western sides of these
exposures was probab%y'aeposited at a’more distel‘pesition}
beyond the reach of the channels. Silt beds between the
uppermost beds of climbing ripples were probably dep051ted

when meltwater and sedlment dlscharge from the glacier was low.

The matrix-supported gravel, contalnlng angular clasts,

below the unlts of cllmblng rlpples at site S-5 is probably a
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till. ~However, because the base was not exposed it ig impossible
. to determine if it waé deposited directly from the base of the
glacier or as a flow till.

Observations of the inted%é%; deformed unit within.the
northern portion of the ridge also require a somewhat different
interpretation than that proposed by Rust (1977¥. The sequence
.of deformation structures-described aﬁoﬁé,‘and in Rust (1977),
was present in two different situétibns: 1) in channel-1like
forms, and 2) as’a thick unit immediately adjacent ta the unit of
climbing rlpples at sites S-5 and S-6.

The first 51tuat10n, descrlbed above and pictured in
_ flgureg 2- 23 and 2-24, and flgure 5 of Rust {1977, p. 179},

' m&g/’interpreted by Rust as channels filled with sediments
which were deformed by rapid dewatering. The interpretation
given bere,is based on extensive exposures made when highway 17
was constructed and disagrees with the channel iﬁterpretation.
but accepts the deformation mechan;sm. The étratigraphic
.position of thqse forms above the.smhller méssive-and faintly
lamihated sand-filled channels and cross-stratified sands, and
.the finer grain size of the sediment contained within them
‘suggests that tﬁéy_qccupied a more distal position on the‘fan.
than the undérlying facies. 1If they were true channels,
therefore,‘one would expect them to be smaller than the
stratigrgpﬁically lower cﬂannels"due to the bifurcation of the
channel syétem, away from the apex of the fan, as postulated by

Rust (1977, p. 182)}. 2
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The channel-like structu;gs are iqterpretes here as
the result of slumping on the subaq&eous oﬁtwash‘fan. Such
8lumps are analogous to those observed on the continental slope,
the surficial expres;ion of which has.been reported by Kelling
and Stanley (13976, figure 27). Tﬁe slumping event appears to
have involved the rapid dewatering (ligquefaction and fluidizat-
ion) of silty fine sediments, probably beds of climbing ripples
which contained sufficient mud to impede pore water escape and
which had an unstable grain framework due to fapid deposition.
Some mechanisms which may have caused rapid dewatering in the
subaqﬁeousréutwash environment'were reviewed by Rust (1977, p.A
182) . These include: shock from .earthquakes, breaking waves,
storm surges, or icebergs impacting on the Bed, and rapid
changes in water level and salinity as Champ;ain Sea invaded
the Ottawa valley, previously occupied by a fresh water body.
In addition to these causes other poggzgiliﬂies include: 1) the
rapid deposition of a sediment, causing a rapid increase in the
pore water pressure of the subjacent sediment; and 2) failure
of silt and fine sand which had been deposited on a surface B
sloping at 15° or more (Lowe, 1976, p. 295). Any of these may
have caused slumping of sediments on the fan. An important
aspect of glumping is that while | and fluidization
involve vertical movements of sediment and water, the materiai
within the slumps appears to have been sufficiently mobile to

flow for some distance down the gentle slope of the fan. It

was during this movement that the erosional bases of the slumps
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were formed. The in£rusion of sediments benea£h the.slumps
probably occurrea with the initial -failure and the intrudeé '
Jbodies were subsequently eroded du;ing’the flowage of the
overlying sediments.

'The sefond situnation in wﬁich the sequence of deformation
structures occurs at sites $-5 and S-6 is significantly
‘éiffgrent from that described above. The ubpermost ball and
pillé% structu;es contain a marine fauna, which led Gadd
i1;38y to question Rust's (1977) interpretation of the deposit
as subaqueous outwash. Gadd (1978, p. 328) obtained a radio-
carbon date of 11,300 + 120 years B.P. from shells in the ball /
and pillow structures, implying that the sediments were deposited
when the ice front was approximately éo km to the north of sites
S-5 and S-6 (Gadd, 1978, p. 328)

The interpretation presented here is that the fosgsils in
the deformed unit may be explained without rejecting the
subaqueous outwash interpretation. It has long been known by
geologists that the formation of ball and pillow structures
involves their downward displacemgpt through mobile sediment
( ie. , Kuenen, 1958): Given this mode of formation and the
obgervation that fossils occurx only in the uppermost ball and
pillow structures, it is reasonable to assume that the fossilif-
érous sediments were deposited above the subaqueous outwash but
sank downwards during deformation. The question which remains

is why deformation took place well after the ice had retreated.

At site S-1 the sedimentological evidence indicates that

¢
S
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deformation of the unfossiliferous sedimerts 6ccurred‘bx;ice—

melt after the glacier front had retreated a sufficient distance

" for depOSlthn of 8ilt and clay rhythmltes. Af sites S8-5 and‘

5-6 meltlng of buried ice may“be cited as a cause of*deformation.
while the uppermost subagueous fan deposits were beiﬁg_reworked
by wavesvand populated by a marine fauna. It is beliéved that
i;;gites 5-5 and S-6 the addition of meltwater to éhé base of
the relatively impermeable glimbing ripple unit caused it %o .
become locally fluidized or 1liquefied. The sediment and water ;

mixture then flowed upwards, breaking the overlylng sedlment

L\\?to pieces which sank downwards as ball and plllow structures.

Under the then lower confining pressure the uppermosf sediment'
dewatered more glowly forming dish struc;pées. Thelnear
vertical boundary betwe fi the climbing rip;le unit and the
deformed u;it (figures 2—71, 2-15) probably marks the position
of the eastern gﬁge oé“the4buried iée, the rapid vertical fldw
of sediment and watex thrustiﬁg the edges of the beds upwards.

A more detaile&’discussion of this mechanism of déférmation‘will
be presented in Chapter III.

The fossiliferous gravel at sites S-4 and S-7 was formed,
as at other locations along the ridge, by]wave reworking of the
subaqueous outwash surface during the regression‘of’ﬁhe Champiain
Sea. However, the fining—upward,seqqence of fossiliferoﬁs
sediments at sites S-5 and S-G differs from other marine

deposits associated with similar ridges in the Ottawa area. The

sequence is helieved to reflect the breaking of waves, which
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i approached from the east, the dlreétlon Qf greatest fetch. &as
wave base lowered, the wave energy expended on reworklng the
crest of 'the rldge increased, reducing .-the wave enetrgy )
available to transport sediment on the western side-of the
ridge. As a result, th mean size of sediment dec ( . over
‘-time and a flnlng—upward\sequence resulted. rHor;;:::jj&Ehih:
beds of fine sand and silt lnterstratlfled within this unit .-~ o

are belleved to have been deposited durlng stoxms’ and calm

perlods, respectlvely.

(3) Summary . _ : -
Figure 2-26 illustrates the depositional model

e ——— b

postulated for the uﬁfossiliferous sediments at sites 5-4, s-5,
5-6, and'S—?. A glacial meltwater tunnel emptled inte a large
asymmetrlcal embayment at the ice front where power ful sedlment

LY

laden’ currents deposited boulder gravel ' from suspenslon in a

large channel '_Out51de this channel stratlfled sand and gravél '
was deposited. Aag’ flow was deflected away from the relativély

stralght eastern ice wall towards the more open western side of

the embayment, cross—stratlfled sands were_deposited in the

areas between the channeis scoured by the dense currents. JAs _:
at elte 5-3, these channels were filled as sand slumped from

the steep srdes add was transported as mass flows. Because of

the decrease in the current strgﬁgt away from the conduit, the
channels bifurcated and rgcreasrngly fine sedlments were s
deposited. Beyond the channel term1n1’§*Ity-frne sediment

was rapldly deposited from suspension ‘as interbedded massive

N

{ - z/
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Figure 2-26. A depositional model for the sequencde of

sediments exposed at sites S—4,;S-5, 5-6 and Si-7. Note
that the letter "A" indicates the position where flow till
is accumulating. :
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Figure 2-27. The sequence of events leading to the stratig-

raphy observed at sites S-5 and S5-6. " See text for discussion.
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sand and climbing ripple beds. .Loca11§ these fine sediments
slumped doﬁn the fan slope,.to the west, as they underwent
liquefaction or fluidizaEion: Flow tills travelled over, and
became interbedded with the faﬁ‘sediments, originating from'
areas of accumulation on adjacent glaciallice (indicated by  the
letter A, figure 2-26). |

4

Fiéure 2-27 depicts the sequence of events which
resulted in the stratigraphy observed at sites S-5 and-énﬁ.
Figure 2-27A shows the situation within the embayment. _As the
ice retreated sediment was deposited at increaéingly distal
positions on “the subaqueous outwash‘fan. Because the
meltwater tunnel was located near the eastern wall of the
embayment, the fan built outward to the west where predominaﬁtly
fine sediments wer%/éepositeg, burying a block of'glgcial ice.

_ With furt@er retreat t@e ice walls of the embayment *
melted gnd faulting occurred in sediments along the flanks of

the depos%t (figure 2-27B)., Because exposures do not extend to

the westernmost edge of the ridge we do not know whether

'deformation‘on the western side was rigid (as shown in figures

2-26 and 2-27) or plastic, but faults exposed .on the eastern side
indicate rigid deformation. At a later stage (figure 2-27B) the
surface of the fan was reworked by waves and pépulated by a

. "‘\.

marine fauna.

At some later time (figure 2-27C) the amount of water

. derived from melting of the glacial ice beneath the fan exceeded

the threshold of dewatering resistance in the overlying silty

|
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\ .
fine sand. This .sediment locally fluidized, and a gediment
water mixture moved'ggpidly upwaras breaking overlying beds
which sank downwards to form ball and pillow structures. In
thié‘ménner the fossiliferous sediments were emplaced'at a
st}atigrapyically lower poéition. .

With continuing regression of the Champlain Sea; wave
base fell relative to the surface of the ridge. Waves bréaking
‘on the eastern side of the ridge reworked its surface, forming

the fossiliferous gravel, while sand and silt were deposited on

the protected western side (figure 2-27D).

DISCUSSION

The observations aﬁd interpretations presehfed above
suggest that the Stittsville Ridge was formed by deposition in
the proglacial environment on subaqueous outwash fans. -
variations in the sedimentology and morphology of the ridge éan
be explained by changes in the'morphology of_the ice front as
the glacier retreated to the north.

The ridgefbegan to form when the ice*ﬁront was at a
position just south oﬁ site S-1. There, an englacial or
subglacial meltwater tunnel terminated in standing water,
depositing its sediment load within the confines of a harrow,
ice-walled inlet into the glacier front. A subaqueous
depositional site is suggested by the fining-upward sequence of
unfossiliferous sediments formed during glacial retreat, and

L

the coarsening-upward fossiliferous sequence deposited during
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marine regression, alﬁhough the criteria for subgqueous outwash
giveq by Rust (1977) are largelyAabsent; This may be due to the
narrowness of the inlet, inhibiting the development of various
facieg on the fan. Preservation of the sedimentary‘struétures
which are diagnostic of subagueous outwash may also have been
unlikely due to the intense deformation which tobk place as the
ice walis and buried ice melted out. This deviation froﬁ the
-subaqueous outwash model is useful in that it indicagés ways in
~ which the model should be extended.

By the time the ice front had retreated to the position
represented by sités S-2 and S-3, the inlet had become broader
and asymmetrical in form. The subaqueous outwash fan which
was deposited within this environment was similar to that
described by Rust-(1977), containing cléspésupported gravel
‘(deposited as bed load near the mouth of éhe tunnel), cross-
stratified sand and sand—gilled channels. Certain characteristics
of the deposit, heowever, diffe; from that described by Rust (1977)
and are believed to be diagnostic of T more confined environ-
ment. These characteristics are: 1) the predominance of sand-
filled channels, and 2) the relativély steeply sloping sides of
the ridge,

‘ With continuing northward retreat of the glacier to
sites S-4, S-5, §-6, and S-7, the inlet became a large,
asymmetrical embayment. A poésible cause of asymmetry is the

accumulation of mist on its eastern, downwind side.
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Within the embayment an extensive subaqueoué outwash
fan built to the soutﬁwest, as flow £r6m the meltwater conduit
was déflected away from the relatively straight eastern ice
wall. = Meltwater dischargé from the conduit appears to have
increased by the time the glacier had retreated to this position,
depositing boulders from suspeﬂgion at the apex of the fan. This
increase may reflect the evolution of the conduit system,
capturing a larger volume of meltwater from a larger aréa'dn
' the glacier.

t a1l of the facies of the-sdbaqueous outwash fan
deécribed by Rust (1977) are present at exposures into the
northérn portion of the ridge. Some changes in the model aré
warranted, however, on the basis of new observations. First,
climbing ripple drift is believed to have seen deposited ﬁostly
on distal portions of the fan, beyond the channels, as well as
on interchannel areas (Rust, 1977). Second, the intensely
deformed sediments are believed to have been formed by
deformation in slumps on the fan and above buried blocks of
melting ice, rather than in channelé, as described by Rust (1977,
p. 18i3. Futhermore, it is.possible that the presence of thick
units of these-soft-sediment deformation structures may only
form in subaqueous outﬁash deposited in large embayments. It is
"in this environment that silty-fine sand, prone to deformation

by dewatefing, is trapped.
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IITI. SOFT-SEDIMENT DEFORMATION STRUCTURES OF THE STITTSVILLE

h !

RIDGE

INTRODUCTION

The sedimentological investigatioh of the northern
portion of the Stittsville Ridge, at sites S—JT.S—S and S$-6,
provided an excellent oppertunity to study a number of Soft-
sediment deformation structures. Of pa%;dcular interest are
convolute stratification, ball and pillbw structures and dish
structures, each of which has been reported in sediments
deposited in a variety of depositional environments. Of the
mechanisms proposed for the formation of some or all of these
structures cryostatic pressure, loading and fluid escape are the
most frequently cited. An important featuré of deformation
strudtur®s in the Stittsville Ridge is their occurrence in a ’

sequenc onsisting of (from the base) cdnvolute stratification,

ball and pillow structures and dish structyres.

SOFT-SEDIMENT DEFORMATION STRUCTURES - PREVWIOQUS WORK

Terminology

The term "soft -sediment deformation struchure" will be

used to refer collectively to the three structures\considered

here: 1) convolute stratification, 2) ball and pillow structures,

and 3) dish structures. The formation of each type involves, to
varying degrees, the deformation of unconsolidated sediment.
The term "convolute bedding" was first introduced by

Kuenen (1953) for a type of structure cbserved in turbidites.

e —— e
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Although now accepted as being purg’& descriptive, Kuenen
(1953, p. 1056) stated: "... it is a type of bedding produced
during the deposition in the highly mobile sediment ... it is : )
not a post-depositional deformation." The term "convolute

lamination" has also be?n used for the same structure, but is

unsuitable, because the term "lamination" refers to layers of

sediment less than 1 cm thick (Blatt et al., 1972) while

convoluted layers cften exceed this thickness. The term

"involutions" has also been applied to convolute bedding. First

introduced by Sharp (1942), it has been used almost universally .

to refer to convolute bedding in sediments which were thought
) ’

-

to have ﬁeen deposited in the periglacial environment.
Because of its genetic implications this term should be “discarded.
Despite Kuenen's.(1953) original intention, the term
‘"copvolute|bedding“ has been widely used in the literature in
reference to structures thought to have formed by a number of

mechanisms. The term "convolute stratification" will be used

here because of its general application to this structure,
regardless of the thickness of the deformed unit. It refers to
vertically restricted beds which have been deformed into a series
of laterally repetitious, broad synclinal structures alternating
with narrow anticlinal or diapiric structures Other terms will
be used only when réfgrring to other published reports.

Convolute stratification appears to have little
environmental significance. It has been reported from

turbidites, deltaic, fluvial, glaciofluvial and nearshore marine

~_"




sedimen£s.

The term "ball and pPillow structures" is a version ofl
the terms "ball- or pillow-form structures", first proposed by
Smith (1916) who briefly described the two structures to which
the term. intended to apply. Ball-form structures (where‘ ;
first recognized) "... developed on the undersides of projecting
ledges of weathered sandstone as rounded lobes and curved 1
surfaces"” (Smith, 1916, p. 148). Pillow-form structures differ
in that they are characterized by well-developed lobes and
curved surfaces on their top sides as well. Smith (1916)
realized that these structures were not merely weathering 2
phenomena by the fact that their internal bedding conformed to -
the curvature of their outer margin. Potter and Pettijohn |
(1963)‘modified Smith's (1916) term to ball-and-pillow structure.

The term "ball and pillow structures" will be used here

!
|
- |
as a non-genetic name for detached bodies of sand which which j
have a rounded external form, and commonly contain internal ?
{
stratification bent upwards at the outer edges. The term is ‘
|

used in the plural, the singular being "ball structure" or

"pillow'structure" for spheroidal and more elongate. forms, l,
respectively. The structures differ from convolute

stratification in.that they are detached, and structures of the {
same lithologic characteristics are not necessarily repeated l
laterally within the unit. ZLike convolute stratification, ball

andlpillow structures appear to form in any environment in which

sediment is being rapidly deposited (Reineck and Singh, 1976).
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"Dish structure" was first introduced by Wentworth (1967)
for structures observed in turbidites. Lowe and LoPiccolo (1974,
P. 487) defined dish structure as "... thin, dark-coloured, sub-
horizontal, flat to concave upward lamination Dnhich ranges]
from clean sharp lines less than .2 mm thick to diffuse zones
up to 2 mm thick, and in width from one to 50 cm." Like the
othér structures discussed above, dish structures appear to
form in rapidly deposited sediments in a wide range of
deposl%ﬁonal environments. Nilson et al. (1977) reported dish
structpires in Precambrian turbidites and deltaic sediments,

Oligocene fluvial sediments, and Pliocene lacustrine deposits;

utman and Dott (1977) reported them from Jurassic shallow mar-

ine sandstones. Middleton and Hampton (1976) believed that
dish structures aré diagnostic of sediments deposited from
‘fluidized sediment flows, in which some or all of the grains are
suspended‘by escaping water. However, Lowe (1976) has suggested
that they form in liguefied sediments, in which the rate of
water escape is belqw that required to take grains into
suspension but is sufficient to reduce their resistance to
shear, causing the sediment to be mobile.

Mechanisms for the formation of some soft-sediment deformation

structures

(1) Cryostatic pressure

Soft-sediment deformation structures are common in
Pleistocene glacial sediments and were described as early as 1859

by Sorby. Sharp (1942, p. 128) suggested that involutions

T
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formed by "... repeatéd differential freeiing‘apd thawing and the
formation of ground ice.” ot

‘Washburn (1956) defined the term "cryostatic pressure" as
*...the hydrostatic pxessuré set up in poqkets of,unfrozen
material trapped between the downward ffeezing ac£ive layer and
the permaffost table where the active layer becomeé irregularly
anchored to the pg&mgfrost table by freezing to it some places
sooner than others" (Washburn, 1973, p. 86). He attribﬁtgd
the formation of the slructures described by Sharp (1942) and
oLhers tp such freezing-induced processes.

The mechanrism described@ above has been adopted to account
for many occurrences of‘deformed sediments in now temperété
regions of North America,'Europe and Asia. The presence of
such structures has been used as evidence of periglagial
paleoclimate qonditions (e.g., Wesfgate and Bayrock, 1964).
Theakstone (1965) acceptéd the same mechanism for structures
formed during the Neoglacial.

Mackay and MacKay (1976) attempted to mé;;SEe
cryostatic pressures in non-sorted circles at Inuvik, Northwest
Territories. Their study demonstrated that variations in.soil
pressure occur during the convergence of the upper and lower
freezing planes during ffeeze—back (annual freezing of the active
layer). However, as freeze-back occurred, the unfrozen material.
wasg not prone to deformation. This was attributed to the

formation of ice lenses, which draw water from unfrozen

materials, so that they become desiccated and more cohesive, and
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therefore less mobile.

©

The main conclusion of the work of Mackay\énd MacKay
(1976) is that the effect of cryostatie pressure is of minimal
importance as a mecﬁaﬁism for soft-sediment deformation in . *
periglacial or any other environments. }Furthe;more, the

formation of ice in sediments has the effect of reducing the

potential for deformation.

(2) Loading due to reverse density gradients

Kuenen (1958) described thTiexperimental formation of
p

ball and ﬁii ow structures by the acement of a sand onto a

" bed of thixot opic mud, containea\ ithin an aquarium. Deform-

ation was initiated by a blow fromja rubber‘hammer, simulating
the shock produced by an earthquake. Kuenen (1958, p: 20)

noted that "local loads sank away quickly into the mud, the

edges bent upwards and saucer or kidney shapgg resuléga “\\\\\\\“_ﬂf_
The experimentally produced forms closely reseﬁbled ball . :

and pillow structures ig natural Sediments.

The mechanism of loading due to the existance of reverse

" density gradients hasﬂ’&so been widely used toﬁexplain>fhe

formation of convolute stratification. .Anketell et al. (1970)
presented the most complete discussion of soft-sediment

deformation structures resulé@ﬁg‘from loading. This work may
be considered, at least partly, as a more specific explanation

of the ideas of Kuenen (1958) and earlier workers. Anketell et
1

al. (1970) described a reverse density gradient as one in which
|

a sedimenp of density dl rests on a sediment of density dz, where

) fl
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dl >.d

is a natural tendency for the denser sediment to attain.a“

5+ This situation is physically unstable because there .
. s .

position below ﬁpe 1igpter sediment. The beds‘may remain
metastable until the lower bed uﬁdergoes a reduction of its
bearing capac1ty (Anketell et et al., 1970, p. 5), deflned as the
"...load per unit area whlch the ground can support without
excessive yield" (Gary et al., 1972, p. 65). “l .

. The‘reasons for régerse dehsity gradients include: 1)
aifferences in lithology, 2) differences in the void ratio of
the sediment (Anketell et al., 1970) and 3) fluidization or
liquefaction of the lower bed in an initially normal density
gradient system (Allen, 1977). An interesting examplé bf_how a
reverse density gradient m;y have originated is described by
Emery (1950), who envisaged the migration of a sand bar onto a
base of estuarine silts (of low density). In response to
gravitationai instability, the sand unit was thought to have
sunk into the silt, forming "contorted beds". 1In turbidites,
deltaic and fluvial sediments, the reverse dehsity gradieq&
may be readily explained by the repetitious deposition of
sands over muds from currents of greatly varied competence.
Deformation occurs because the sands dewater rapidly, whereas
muds retain their high water cdhtent for much longer periods.r

A Anketell et al. (1970) demonstrated that different
struétures are produced by similar mechanisms (e.g., loading),
depending on the ratio of the kinematic viscosities of the

sediments involved. Where the material composing the upper of
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two parallel, horizontal beds has-the:higher kinematic viscosity,

" the lower bed will penetrate the upper bed, forming upward

intrusions. 1If, howeve;, the material composing the lower bed _
has £hélhigher'kinematic viscosity, downward penetfating
intrusions will form. The fact that natural sediments are never
truly homogeneous accounts for the irregularify and complgxity
éf many structures obsérved in the geological record. |

An imﬁortant aspect -of sediments deformed,as a direct
result of loading is the presence of excess pore £ater in the
supporting bed. Thislredﬁces the intergranular friction of the
éediménﬁ, causing a reduction of its bearing capacity. This
accounts, in part, for the occurrence of deformation structures

4
in fine sands which have undergone rapid deposition. Such

sediments tegd to have a relatively unstable packing arrangement
and commonly have significaht volumes of water trapped within
tﬂeir pore spaces. The requirement of excess pore-water is the
reason why similar structures are abundant in flacial and/or
periglacial ;nvironments. Butrym et al. (1964\ p. 29) outlined
the conditions that favour the deGelopment of soft-sediment
deformation structures in these environments. They'include:

1) abundance of meltwater, 2) the presence of frozen ground
{(inhibiting the_downward esgape of water}, 3) the segregation

of soils into layers of differing density, and 4) the absence of
ﬁegetatign (whicﬂ would extract water from the sediments and

tend to bind the material),

’McArthur and Onesti (1970) interpreted contorted

/
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structures in Pleistocene sands overlying clays to be the result
of periglacial conditioris. The structures were-attributeh,'in

part, to-the seasonal thawing of ground ice.” The authors

‘suggest that loading occurred as a result of ligquefaction due

to the contribution of water to the lower sediment by melting
ice. McArthur and Onesti (1970) outlined a2  sequence of events
thought to lead tﬁ the ﬁorma?ion of the stréctu;es observed,
which may be summa:ized-as follows: 1) deposition of sand oVef

a. frozen clay substratum containing.ground ice, and 2) thawing

of the substratum and foundering of the sand into the clay.

e

(3) Fluid escape

Even though a reverse density gradient may exist, at
least one of the beds involved in the development of soft-,{
sediment deformatlon must have a high water content. Butrym
et al. (1964) noted that in their experiments that liguefaction of a

sediment is followed by iapid dewatering. The energy'expended

by the fluid was not, however, thought to be an 1mportant 1nput

for the deformatlon of the sediment. BAllen (1877, p. 22)

stated that it is "presumed that’ the mechanism of liquidization
[syn. 1iquefac£iod] is ome iﬁvolving passive fluid". This
statement. illustrates the difference between 1 aing and fluid
escape as causes of soft-sediment deformation. (Fluid escape by
liquefaction and/or fluidization causes sediments to become
mobile and capable of actively deforming more cohesive matérials.
Some authors, who accept the explanatién,of deformation

structures by loading, also indicate that the escaping fluid may

&
-
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not be passive. Butrym gg_gl; (1964, p. 3) stated that "under
certain conditions, the o@erlying sediment is divided into
pieces by the intruding quick sand and silt" during the format-
ion of load structures. Furthermore, "...the isolated pieces may
sink down into the fluidized substratum and their edges may be
benE upwards". This clearly suggests that mobile sediment-water
mixtures may have a more active role in.the foxrmation of some
Soft-gediment deformation structures (the inference being tha?
fluid escape may be a mechanism for the formation of ball and
pillow structures). Davies (1965); who‘accepted loading as the
mechanism for formation of convolute stratification, noted that
the anticlinal portions of the structures are often ruptured.
He explained these ruptures as peing the result qf "relatively
rapid expuision of local concentrations of pore water along an
inherent line of weakness"'(Davies, 1965, p. 318),l

Other authors have att;ibuted soft-sediment deformation
structures directly to fluid escape. Rust (1977, p. 180), for
example, implied that ball and pillow structures observed in
Pleistocene depogits near Ottawa maylhave been fofmgd by fluid
escape. Sharp and Wood {1974} suggested that some soft-sediment
deformation structures form as a result oflfluid escape by the
procesées of fluidization, dilation, expulsion apd/or
elutfiation. Johnston (1977, p.409) described convolute
dﬁratification in Precambrian sediments, with diapiric structures,
déveloped at sites "where sediment ;nd water was extruded vert-

jecally from the liguefied bed”. The synclinal troughs were

A
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. begins to form when cohesive forces and low permeability within
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thought to have developed when -the cohesive sedimént between

‘the diapiric structures sank downwards as underlying material

was mobilized, as a resﬁlt of high pore‘watex pressures, and
extruded verticaliy. s |

rdee (1975) recognized that the anticlinal ridges of
convolute stratification in Carboniferous flysch deposits
functioned as escape paths for vé&tically flowing fluids. He
also observed that the bases of the sYnclinal troughs were
sometimes eroded. This latter feature was explained by high
rateé of dewatering, physically eroding the base of the deformed
eds. In such cases the anticlinal ridges were extremely
tured, formipg "broad diapiric structures" (Lowe, 1975,
188, % )
Lowe (1975) asked the crucial question of whether fluid
escape 1is the cause of convolute 'stratification or an effect of

its formation. He answered this question by describing how,

fluid escape initiates deformation: "...most convolute lamination

.

p——d

accumulating sediments begin to inhibit the free upward flow of
escaping pore fluids" (Lowe, 1975, p. 188). .

Dish structures

Wentworth (1967, p. 493)attributed dish structures to
scoﬁrinq by.currents in association with antidune bed forms in
turbidity éurrents, with modification of the structure due to
dewatering of the bed. Stauffer (1967, p. 493) af%b attributed

their origin to largely primary depositiconal .processes.

3
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Lowe and LoPiccolo (1974, p. 494) suggested that dish’

F$ructures "...form when consolidation occurs relatively slowly
and upward-moving water becomes tfapped beneath semi-permeable
laminations, escaping:by leakage through and flow around rather
than explosive disruption of the confining laminations". The
‘Qerticaliy flowing water reaches a lémina of fine sediment and
begins to flow horizontally. Vertical flow begins .again when
the water breaches the lamina. The drag exerted on £he lamin-

ation by the water causes an upward displacement Qf its edges,

forming the dish structur§;\

" SOFT-SEDIMENT DEFORMATION STRUCTURES OF THE STITTSVILLE RIDGE

wn

Convolute stratification

Convolute stratification was observed most commonly at
site S-4, while only one poor exposure containing thig structure”
was present at site S-6. Two types of convolute étratification
were recognized: 1) Those which occurred at the top of exposures,
where previously overlying sediments had been removed during

«
excavation. The synclinal portions of these structures

generally extend more than 2 m across the exposures and are in

“excess of 1 m high. 2) Convolute stratification within the

exposures, overlain by sediments containing ball and pillow
structures and dish structures. The synclinal portions of this

type are generally less than 1 m high and commonly extend less

than 2 m across the exposures.

The larger type of convolute stratification consists of

— e e i 2
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broad synclinal troughs, with relatively narrow diapiric
structures intervening. At site S-6 convolute stratification
was exposed in élan, appearing as ellipsoidal troughs exceeding
3 m. in length. Unfortunately, only a few of the structures
were exposed so that it was not possible to determine whether
they have a preferred brientation.

The sediment within the synclinal portions of thesé
large type of convolutions is predominantly massive to
faintly laminated fine to medium sand,'immediately‘underlain by
a silty fine sand (figures 3-1 and 3-2). Within the diapiric
structures is-silty fine sand with veftically trending and
swirled thin beds of fine sand. §ills and dykes of silty fine
sand commonly extend from the diapiric structures, penetrating
the massive and faintly laminated sands within the synclinal
structures (letter "A" in figure 3-1 and fiéure A-3, at 15 m}.
An interesting occurrence of much smaller scale penetrations was
observed on the'outer wall of a diapiric structure which had
become exposed by wind erosioh of less cohesive massive sand
from the synclinal'trough of a convoluted unit at site S-4.
They consist of small (generally less Fhan 3 cm aéross),
commonly elongate, bubble-like structures (figures 3-3 and 3-4).
Mﬁﬁy'of these structures are open, exposing tubes which appear to be.
hollow to a depth of as much as 3 cm, and which have flared
ends. Bubbles near the base of the diapiric structure, where the
slope is about 45°, have flat tops.

Below the unit of convolute stratification at site S-4

v



Figure 3-1. Large scale convolute stratification at sitefif
S-4. Note the deformation of erlying sediments into
convolute stratification with ihtact antiélines, and

silty fine sand dyke penetrating the synclinal portioh of

the structure (arrowed). Rod 3.5 m long,

Figure 3-2. Large scale convolute stratification at site
5-6. Note particularly Fhe swirled laminae in the diapiric
portion of the structure, and the downward decCrease in

the intensity of deformation. Pen 15 cm long.
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Figure 3-3. The outer wall of the anticlinal portion of

convolute stratification at site $-4 exposing elongate

"bubble" structures. Lens cap diameter {(see arrow) 5.5 cm.

Figure 3-4. Close-up of "bubble” structures in figure 3-3.
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are stratified sands deformed into convolute stratificqtion.
ith anticlinal structures, rather than diapirs. At site S-6
the uéfér¥g;ng sediments are type A climbing ripples ih silty
fine saﬁa/and are only slightly deformed, the intensity of
deformation decreasing downward from the base of the
convoluted layer. fhe deformed unit could not be traceq

laterally at site S-6 due ta poor exposure; At site 5-4,

however,'the convoluted unit was observed to pass laterally

[

: {
into a unit of climbing ripple drift, interstratified with N

massive sands. The transition between the deformed and adjacent
undeformed beds is gradational, the amplitude of the folds
increasing towards the unit of convolute stratification.

This 1argé type of cbnvolute stratification is similar
to that described by Davies (1965) and Lowe (1975, p. 187).
Both of these autho%s recognized the diapiric portion of the
structures to be vertical channels through which fluidiéed
sediment flowed during rapid dewatering. The mechanisms which
may cause rapid dewatering of a sediment have been reviewed in
Chapter IT (p. 94).‘ It is suggested that water was added from
;ediments below the convoluted layers, deforming them
ﬁydroplastically into synclines and anticFines. Moving upwards,
this fluid encou;teréd less permeable silty fine sands, causing
flow to move laterally until sufficient volumes of water were
available to locally fluidize the overlying sediment. At that
point flow progressed upwards, forming the ‘diapiric structures

within the convolute stratification as vertical channels of
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fluid escape. Mud size sediment within the vertical channels

" may have been locally elutriated, forming the vertically

trending fine sand beds observed within the diapirs. The
synclinal troughs formed as the sediment between the vertical
channels sank downwards in respﬁnse to the removal of
underlyiﬂg material. Sills and dykes of silty fine sand

probably formed as mobile sediment locally broke through the

.walls of the vertical channels. The smaller bubble-like

structures may have developed during the final stages of
deformation aé silty fine sands pPlugged the vertical channels.
The less intense fluid discharges then percolated through the
rélatlvely thin channel walls causing a mud l#ning to be
hydroplastlcally deformed into the bubble—likg structures. The
still vertical direction of fluid escape is reflected in the
vertical elongation of the Structures. The flattened bubbles
on the lower slopes of the vertlcal channel were Probably
further deformed by late stage adjustments of the overlying
sands within the synclinal portion of the convolute stratificatioﬁ.
The second type of convolute stratification was observed
at site S~4, and occurs near the base of the slump structures
described in Chapter II, where they-are overlain by ball and
Pillow and dish structures (flgures 3-5 and 3~6). Unlike the
larger type of convolute stratification, the synclinal porticns
of this type are filled with cross-stratified fine to medium

sand, turned upwards at the edges of the structures. Like the

larger type, diapiric structures filled with silty fine sand




Figure 3-5. Convolute stra£ification overlain by ball
and pillow structures and dish structures (not visible on
this photograph) at site S-4. Note also the vertically
dispiaced portions o thé convoluted unit (see arrows)
and the dispersed ball ®nd Pillow structures at the top

left of the photograph 7 e black portion of the shovel

handle is approximately 30 cm long.

Figure 3-6., (A) Convolute stratification overlain by ball
and pillow structures and.dish structures (not visible .on
this photograph) at site S-4. (B) Sketch of adjacent photo-
graph emphasizing bifurcation of the vertical channel above
the convoluted unit (shown by arrows) and the partial
penetration of the convoluted unit {(at letter "aM) by silty

fine sand. smallest interval on scale is 1 cm.
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occur between the synclinal portions of the convolute
stratification. -

Although this second type of convolute stratification
is morphologically different from the larger type, £E is
believed to have formed by similar processes of rapid dewatering;
Aﬁa%n, the pfocess involgpd tye injection df fluidized sediment

through diapiric str res. |The force of this injection is

reflected in the bending of strata at the edges of the synclihal-’%

trouyghs where frictional drag was sufficient to deform the
cross-stratified sediments. More dramatic evidence of the
force e#erted by vertical injection is the upward displacement
of a synclinal trough to a position relatively above the general
level of the convoluted unit (figure 3-5). This displagcemen
has effectiwvely converted the é§nciinal tfough.into a ball and
pillow structure. -

- Note.also.in hgure 3-5 the absence of diapiric
structures in the cross-stratified sands laterally equivalent
to the convoluted unit and that in figure 3-6 one of these
structures (labelled "A") does not penetrate complgtely d
through the cross-stratified sands. The latter feature
illustrates the relatively local nature of penetration 5} the-
mobile sediment and water mixture. Furthermore, it reflects
the fact that the diapirs ére not sheets which can be traced
indefinitely along their length, bﬁt probably are conical or
cylindrical in form. If excavation had continued further into

the exbosure in figure 3-3 it is pfobable that diapiric
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Structures would have been observed penetrating the apparently

undisturbed cross-stratified unit. Unfortunately this was not

7]

possible because of e instability of the face. S
-~

Ball and pillow structures

Ball and pilléw'structurgs were observed at gite 5-4, |
8-5 and $-6. Rust (1977, p. 178) described fhése structures as
¥, ..rounded, detached syncliﬁal folds ﬁp-to 2 m in width, and with
limbs Qent inwardé towards the axial pléne". He also noted o |
(Rusf, 1977, p. 179) that there was a decrease in the size of ' J

ball and pillow structures upwards, passing into dish structures.

RS

" In all but one of the exposures studied the ball and

e

pillow: structures were observed in units which ex?ended-below
the floorxrs of the sand pits. (Ball and pillow structures ]
observed directly above convolute stratification were S9mewhat ‘
different and will be discussed at the end of thig_gggtion;)

In egch of these exposures the structures were as described by

Rust (1977). They occurhin high concentrations within the unit,

the spacing between individuals being generally less than 20 S
cm at their closest point, although‘this di;tance increases jf
between larger structures. The sediment between the structures
is a silty fine sand.which'COmmonly contains subvertical
laminae which are similar to those reported eariier in the
vertical channels associated with large.scale*convolutions.

The matefial between thg largeét of these structures contains

smaller_hall and pillow structures. .The largest of the ball

and pillow structures observed was at site S-6 and was almost

 ,~Mr‘
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7 m in width (£igure 3-7). The smallest wefe observed near
the base of the unit of dish structures, being generally less
than 15 cm wide (figure 3-8). The smaller ball and pilleow

structures differ from the dish structures in their larger

size, coarser grain size and the occurrence of deformed internal.

stratification.

| The stratification within the structures is commonly
(bent upwards towards a subvertical awxial plane, although some
exceptions were observed (figure 3-9}. Anothef exceptional
case is shown in figure 3-10: a pillow with 'a subvertiéal axial
plane, but with internal stratification bent downwards. Another

characteristic, mentioned in Chapter I1I, is the occurrence of

marine fossils in the smaller, uppermost structures at site §-6.-

v

Regarding the formation of ball and ﬁifqow structures

in sediments within the Stittsville Ridgde, Rust (1977, p. 178-179)

sﬁggested that the process involved was one of rapia dewétering,
-eimilar to that described earlier in this chapter for the
formation of convolute stratifiéation" In the formation of ball
and pillow structures, howe&er, the unit disrupted by the
. rising éolumﬁs of fluid is éufficiéntly thick and cohesive to
allow the pieces to sink downwafds, forming detached structures
which: can no longer be related to their original stratigraphic
position.
Traditional models for the forpation of ball and pillow
structures assume that the edges of the structures became bent

upwards“while sinking into the underlying sediment (Kuenen,

N e v e i i e Wit Te e s
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Figure 3-7. Pillow structure almost 7 m across at site S5-6.

Back-pack 70 cm high.

Y

.Figure 3-8. Small ball and pillow structures at their upper

limit at site S-4, overlain by dish structures. Note dish-
Iead
ke Aaminae marking the base of thesFall and pillow :

structures. Scale in 2 cm intervals.

Figure 3-9. Large pillow structure with near-horizontal
axial plane at site S-6. Back-pack approximately 70 cm High.

)

-
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Figure 3-10. Inverted pillow structure at site S-4. Scale

in 2 cm intervals.

L}

Figure 3-11. Small pillew=gtructure within dish structures
at site S-4. Note well-defined dish-lamina marking the

lowver boundary of the pillow structure. Scale in 1/10 and

J

Figqure 3-12. Sequence of dish structures overlying ball and

1/50 foot intervals.

pillow structures at site 5-4. Note the general increase in

dish length and vertical spacing, and the. decrease in dish.

concavity at higher levels up the exposure. Smallest interval
. .

on scale is 1 cm. The holes are entrances to swallow's nests.

i

s
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Fig.3-10
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1958). It seems reasonable to suggest, ﬁowever, that ié\iﬁe
vertically flowing column of sediment and water was capable
df turning up the edges of the convolute stratification; that
sufficient force was available to deform the edges of the ball
and pillow structures. The internal stratification in the
structures shown in figures 3-9 and 3-10 are believed to have
been deformed by the penetration of a rising column of fluid, -
but they appeér to have rotated while sinking downwards. It
ig important to note that in.the case of the inverted structure
(figure 3—10) the frictional drag ‘exerted on its outer edges
while sinking appears to have had no effect oﬁ its internal
stratification. The strucéure in figure 3-9, however, appears
to have been further deformed during rotation, probably as the
matrix became less mobile due to dewatering. ‘
The upward decrease in size of the ball and piliow

structures is believed to reflect a tendency for the vertical

channels to bifurcate upwards, probably because of decreased 13’

confining pressure at shallower depths. Such bifurcation was
observed at site S—4 and is shown in figure 3-6, where a

single ve:tical channel broadens and splits into two channels

"after passing through the convoluted cross-stratified unit.

As a result Of bifurcation the active vertical channels broke
up progressively smaller pieces of sediment at higher levels in
the disrupted unit. The smallest ball and pillow structures’
were derived from the uppermost s§diments in the disrupted unit,

which at site S-6 contained marine mollusks at the time of
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e e A e o 4= ik TS
.

e T e i i




-109-

deformatioﬁ. Unfortfjnately, the bifurcating systems o
vértical_channels prob@bly have a low preservatiop” potential
due to adjustments made\by the detached ball'a d pillow,
Structures. For this reason they are only rarely observed in
the field.

Somewhat different ball and pillow structures were
observed directly above convolute stratification on the edges
of what are.be;ieved to be slumps which formed on the
subagueous ocutwash fan at site S-4 (figure 3-5). The most’
striking difference is that these structures occur in
relgtively low concentrations. 'They also lack internal
stratification, although this is proﬁably because they were
derived from a bed of massive sand. There is, however, a well
defined layer of mud at the outer margin of each ball and
pillow structure: The silty fine sand between the ball and
pillo@ structures contain dish structures.

The relatively low concentration of ball and pillow
structures at this site is believed to be dire;tly related ﬁo
their position on the margin of a slump. There, the total

thickness of the sediment column involved in slumping was less -

‘than towards the centre of the slump, and as a result the

confining pressure exerted on the pore fluids was lower. When

failure occurred, dewatering took place predominantly by uniform

ligquefaction on the shallow edges of the slump, rather than by

fluid escape through vertical fluidization channels. &as -

mentioned earlier, however, fluidization does appear to have
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Occurred at the base of thig portion of the slump, giving rise
to convolute gtratification. In the overlying sediment the
widespread occurrence of dish structures, wh¥ch are regarded as
diagnostic of sediments which have undergone 11quefactlon
(Lowe, 1976), Supports this interpretation. The ball and -
pillow structures in this unit are believed to be

pockets of sediments which remained unligquefied because of the
textural 1nhomogene1ty of layered sediments" (Lowa, 1976, p. 294);
More specifically, the presence of a cohesive beﬁ of mud size
sediment immediately below the massive sands making up the ball
and pillow structures may have prevented it from being
liquefied. This protective bed is now preserved as the layers
of mud on the outer margins of the ball and pillow structures.

Dish structures

Rust (1977) first noted dis? structures overlying ball
and pillow structures in sediments within the Stittsville Ridge
at site S-6. 7The dishes were described as concaye-upward
laminae which were "...sherply defined silﬁ—rich layers about 0.2
mm thick, separated by silty sand which is generally
-structﬁreless, but in some cases containg faint laminae" (Rust,
1977, p. 179). =& tendency for dish concavity to decrease
upwards.was also reported. _

In the course of the bpresent study dish structures were
alse observed primarily above ball and pillow structures in
silty fine sands. The transition between the ball and pillow

Structures and dish structures is gradual, especially at site




-111-~

S5-4, occurring over a vgrtical distance of over 30 cm (figure

3-8). The lowermost dishes are within the vertical channels

e L

between the ball and pillow Structures while the uppermost ball
and pillow strﬁctures are entirely surrounded by sediment
containing dish structures. A striking feature of these
uppermost ball and pillow structures is that their lower margins
are marked by concave-upward dish-like laminae (figures 3-8 and
3-I1). They differ from true dish structures in their larger
size, coarser sediment above the laminae, the greater thickness
of the basal laminae and internal laminae. _

" As reported by Rust (1977) dish structures at site 5-4
exhibit an upward decrease in concavity. There is also, at all

locations included in this study, an upward increase in the

e

apparent leﬁgth of the dishes and the vertical spécing between

X

them (figure 3-12). The horizontal,spacing between the up-

turned edges of adjacent structures varies from approximately
1l cm to 0, where the edge of one structure cross-cuts another.

The morphology of dish structures in rlan was

B PR

observed by excavating a horizontal terrace into the face of the
exposure at site S-4 and by digging down' from the top where the
uni¥ of dish structures ig near the surface. The dish structures
commonly have an elliptical form, alfhough some are circular in
plan. Mofg\bomplex shapes were also observed. Long axis
orientation of elliptical dishes are sumﬁarized in figure 3-13,

r
and show a preferred orientation approximately normal to the

local paleocurrent direction.




Figure 3-13. A summary of orientation data derived from

dish structure long-axes orientations. The arrows indicate

the local paleocurrent direction based on sample S4P5, from

climbing ripples, also shown in figure 2-24.
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To provide a more detailed description of the textural
‘characteristics of the dish structuxes, peels were made in the
field by‘pouring clear shellac onto the.vertical surface of
the exposure. After approximately 3 hours the shellac was
sufficiently dry to allow the removal of a solid block of
sand. The blocks were then cut pa;aliel‘to the vertical surface
and examined under a binocular microscope. Figure 3;14 illustrates
these textural details.

The sediment surrounding thé dish laminae is a poorly
sorted silfy fine sand. The individual laminae’, however,
consist of a thin zone, approximately 1 mm thick, which
contains finé sand .and is largely lacking in silt and clay size
sediment (figure 3-14). This zone gradationally overlies the
poorly sorted sediment while its upper margin is sharply
defined by a very thin lamina (less than 0.1 mm) of mud-sizé
sediment. immediafely above this lamina the sediment is
identical to .that below the dish structure. The dishes
themselves consist of both the zone of relatively well sorted
fine sand and the-overlfing-mud lamination. Between the up-
turned edges of adjacent dish structures that do not g¢ross-cut,
th% Eéndy laminae pass gradually into the poorly sorted sediments.
Whére an irtersection between adjacent -dishes does Qpcﬁr,
however,.ﬁﬁe silt laminae are observed to thicken consider;bly,
to approxim;tely 0.3 mm: (figure 3-14),

h The 8ilty fine sand in which the dish structures occur

b

is believed to have been transported upward through vertical
7 ' -
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Figure 3-14, Schematic illustration of grain size distribut-

ions in dish structures, showing: .(i) Poorly sorted

silty fine\gﬁ above and below the dish lamina; (ii) well
sorted fin_e sand, sharply overlain by (iii) a thin lamina

of mud-size sediment.@
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channéléqwhich formed the ball and pillow structures. At the
upper ends of these channels the mobile sedlment accumulated
above the sinking ball and pillow structures. The occurrence
of dish structures in these sediments,indicates that following
their passage from the vertical channels they were in a
liquefied state (Lowe, 1976), probabiy due to a reduction in the -

.M
rate of pore water escape.

.

The mechanism by which dish structures form in a
liquefied sediment_has been discussed at length by Lowe and
Lopicollo (19%4) and will be briefly reviewedjhere with .
reference to the observations described earlier. It re'
believed that water passing upwards through silty sand
encounters an impermeable barrier (a lamlnatlon) whlch forces
flow to move laterally, beneath the restriction. Flow
progresses in this way until a weak point in the - lamination is
encountered or until sufficient force is available‘to breach the
barrier. At this point the water is forced'rapidly upwards,
turning the edges of the lamination upward, forming the typical
dish structure. It is also during this lateral flow and upward
escape thatiMUd—size sediment is elutriated from below the
lamination, forming the relatively well-sorted zone of fine
sand. The mud-size sediment was probably deposited along the
upper margin of the zone of well'eorted sand, forming the mud
lamina, end where the barrier was breached kfigure 3-14),

.

The origin of the original impermeable lamina is
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Problematic because the sediment containing the dishes was °

derived from underlying materials, rather than from a latexally

flowing prihary'current. It seems most probable that the dish

structures in the Stitésville Ridge formed from laminae which
developed: 1l) as consblidation laminae (Lowe, 1975) by the

brocesses of elutriation and dep031t10n during water escape; or

L

- 2) éurlng flowage of the.liquefied sediment by some process

which caused eegregatlon of fines along horizontal planes within
the flow; or 3) by some combination of these procesees. The
first possibility (consolidation lamination) is well accepted
in the formation of dish structures which cut modified primary
structures (described by.zowe and LoPiccolo, 1974). It is
difficult, howe&er, to postulate a reason for the initiation

of the forﬁation of consolidation laminae in structureless sand.
The solution to this problem is made more difficult by the fact
that the original laminde probably underwent some textural
modification during dish formation, masking textural clues to
their origin.

A more specific origin may be postulated for the mud
laminae which define the lower margin of the smallest ball and
pillow structures. It is quite possible that these are
consolidation laminae which formed as water' and fine sediment,
passing through the silty-fine sand, encountered the more
permeable sand making up the ball and pillow structures. There,
flow between the pore spaces was less restricted (flow was

expanded) and the fine sediment in suspension was immediately
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deposited, forming laminae which acted as impermeable barriers
to, continued vertical flow and causing the formation of the

-

digh structure by the processes described earlier.

The’preferre& orientation of the dish structures at site
S-4 is attributed to dowﬁslope flowage of liquefied sediments
(figure 3-15). The initial plan form of the dish structure,is
assumed to be circular, on the assumption that their ‘develop-
ment is.isotropié, i.e., the rate of escape is constant within
the sediment and thét the resé;icting lamination is of uniform
composition. 1In figure 3-15a the dish structure.is moving
downslope to the left, within the flowingyliquefied sediment.
The heavy line. in fiéure 3-15 is a depositional fronty along

which fléw ceases due to rapid consolidation of the liquefied
bed. As can.be observed in grain flows in dr§ sand, the
depositional front probably moved upslope, which is to the
right in figure 3-15. The dashed 1inés*with arrows indicate
the horizontal distance which eaéh'respective point on the dish
will move as the depositional front passes through that
%ocation. The front reaches_ﬁhe downslope edge of the dish
before it reaches the upslope edge so tHat the latter will
continue moving after the former has stopped. The result is

a compression of the dish structure in the downslope diréction,
after the depositional front had passed (figure 3-15B).

"
l]

DISCUSSION

While crystatic pressure and loading are widely
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Figure 3-15. The modification of the plan form of dish

structures by lateral compression at the cessation of
. ~

downslope flowage. See text for a detailed discussion.
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believed to be responsible for the formation of many soft-

sediment deformation Structures, rapid fiuid'escape appears

to be the mést important mechanism of deformation for the
structures described here. Their occurrence in a vertical
sequence, consistiné of ‘(from the Ease upwards) convolute
stratification, ball and pillow structures and dish structures,
provides further evidence of their common cenesis. ‘
Figure 3-16 depicts a hypotherical model wh&ch summarizes
the interpretation of each structure and the probable development
of the sequence. This sequence has been observed in the field,
and is regarded as an ideal sequence, which may or'may not
occur in a complete form elsewhere.

In stageé 1 of the model (figure 3-16A) the pre~deform-

~ational situation is shown. Beds of massive and cross-stratified

fine sand and silty fine sand overlie a source of water. This
source may be coarser sands undergoing,consolidation, the excess
pore water moving upwafafky seepage, or melting of buried ice.
The fine sediments remain stable until some shock initiates
rapld dewatering or until the pore water pressure lS\/thIClEnt
to initiate fluldlzatlon of the basal fine sedlments.

7 In stage 2 of the model (figure 3-16B) rapid dewatering
of the sediment -has beguh with the local fluidization of the
lower beds of relatively impermeable silty flne sand. The
result of this stage is e establigshment of vertical
fluldlzatlon channels, which give rise to a basal unit of

convolute stratification.




P

Figure 3-16. 'A hypothetical hodel for the formation of the

sequence of deformation structures consisting of (from the
base) convolute stratification, ball and pillow structures

and dish strﬁctures. See text for a detailed discussion.

\__
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Stage 3. (figure. 3-16C) includes the,disruption,qﬁ
overlying beds by'the vertical fluidization channels. Near the
base, just above the convolute stratification, a few large, K‘)
widely spaced channels disrupt the overlying beds into large
detached.blocks. The edges of these blocks are turned upwardl
due to the frictional draé exérted by the vertical flow, Eorming
ball and pillow structures. The detached.pieégs then sink
downwards, in response to the removal of underlying sediment,
diétoigihé‘ér‘completely destroying the vertical channels. In
most cases the structures sink symmetrically,'but a few deéelop
asymmetrically or are overturned. At higher levels the vertical
channels bifurcate, forming'smaller, more numerous ball and
pillow étruétures, énd finally terminate at the upper limit of
the stratified sediment, which is gradually moving downward. -

At this upper limit thé fluidized sediment which was transported
through the vertical channels accumulates ét the top of the
sediment colﬁmn.:‘Under lower confining pressures, at this level,
the pore water pressure in-the previously fluidized sediment
decreases, allowing most of the £ine seaiment which had been
held in suspension by the escaping fluid, to settle out. At
this level the sediment is still ligquefied , although no longer
flu%dized( because of the vertical water movement. |

In stage 4 of the model (figure 3-16D) the uppermost
ligquefied unit has reacﬁed its maximum thickness as the addition
of material from below ceases. Still mobile, due to its .

-

relatively high pore water pressure, it may flow down the éentle

o~
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~slope of the subaqueous outwash fan. Aas dewatering éoniinues,
circular dish structures form as water and clay size sediment ..
still in suspension, encounter relatively impermeable laﬁinae.
These may be later d&formed, as downslope flowage ceases, into
elliptical structuresswith their long axes oriented normal to
the downslope direction. The.cessation of downslope flowage
marks the completion of dewatering, the sequence of structures
having been formed (figure 3-16E). ' ' :

An important aspect of this hypothetical %equence of
events, in terms of the paleoenvironmental reconstrgction of i
the sediments at site S-6, is that the ball and pillow

structures can_sink well below their original stratigraphic

position. They are therefore exotic, so that fossils occurring
within them do not necessarily indicate the age or environment

of the enclosing material.

=
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IV. CONCLUSIONS

L3
"

The Stittsville Ridge, along its entire length, is
composéd of sediments dep051ted -on subagqueous: outwash fans,
within the conflnes of an 1nlet into the front of the

retreating Wisconsin glacier. The inlet appears to have '

become larger and increasingly asymmetrical as the ice
/

3 -

retreated to the north. The result of this change i_n ice front
morphology was - the considereble variation_ in the sedimentology
of the ridge along its length.

The following general conclusions %egasdiné subaqueous
outwash may be drawn from the work presented in Chapter IX:
1) The morphology of the ice front at the site of" de9051t10n
exerts a strong control on the sedimentology of.the depos1t-
2) Changes in the morphology of the ice front over t1me cause
corresponding changes in the sedlmentology of the llnear
subaqueous outwash ridge; T N
3) Extens1ve faulting along the flanks of subaqueous outwash is
belleved to indicate that deposition. was within the conflnes of
an inlet at the ice front. ThlS conclusion may not be draWn,
however, without add1t10nal sedlmentologlcal ev1dence. The
imnblem of interpretation is made more difficult by the -fact
that ice-contact deformation and subsequent wave‘astion may 50
destroy many features which are believed to be.diagnostic of
subaqueous outwash; .

b=L]

4) Clast supported gravel, deposited near the mouth of the -
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glacial Meltwater conduit, may have a-axes oriented normal or

pa?allel to the flow airection, depending on the flow activity;

- 5) Channels on the subequeous outwash fan may\belfilled by

sediment gravity flows or by primary currents depositing:sediment

2

on an active bed;

6) Subagueous outwash fans which were deposited in relatively
harrow inlets into the ice front appear( to be dominated by
channels which commonly contain mass}v or laminated sand and

pebbles .and boulders. These deposits preserve little inter-

.channel cross-stratified sediments and generally lack
mud-size sediment;
7) Soft-sedimemt deformation structures, including convolute:

stratlflcatlon, ball and pillew structures and dish structures,

-

are believed to have developed in slumps #n the subaqueous

outwash fan {&hd above buried masses of glacial ice.
+

Observations of convolute stratification, ball and

" pillow structures and dish structures in sediments within ‘the

Stittsville Ridge have led to the conclusion that all three are

. -+
genetically related, having formed in response to rapid‘uewater-

ing of the sediment. fThe ideal sequence of these structures is

(from the base): convolute stratification, ball and pillow

structures and disﬁ‘structures. The sequence 1llustrates the

1g;elatlonsh1ps between the structures and the specific events

which led to thelr.formatlon, At the present time the origin

of the laminae from

structures form is, not well

understood. jk

—
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; Further work .on the L;Ee Quaternary deposits in the
Ot;:;}‘area should includy:
urveillance of active excavations into ‘the Stittsvill-
Ridge;
2) Detailed investigations of other sand and gravel ridges in
the‘ottawa area; -
3? A project integrating thesg detailed studies into a complete
history of the formationtgfmtﬁe linear-ridges in the Ottawa
area and a compilation of all information regarding subagqueous
butwash, with the goal of deriving~a more complete depositional

model;

.

. 4) The development of an expeximenfal pProject on the formation

of dish structures, includingia detailed theoretical considerat-

ion of the mechanics of their formation.
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+  APPENDIX I. STRATIGRAPHIC SECTIONS

Figure A-1l. Key to symbols in Appendix I. Note that paral-

lel rows of dots indicate that the sands exhibit paralleiv

- "
stratification. Randomly distributed dots indicate that the

‘sands are massive, except where symbols for sedimentary

structures are present,. in which case the structures are
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Figure A-2. 'Mapg of sand and gravel pits at sites S-4,

S-5 and S-6. ; |
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MAPS OF SAND AND GRAVEL PITS AT SITES $-4, S-5 AND S-6
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STRATIGRAPHIC lSECTION ~—— SITE S-4
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Measured stratigraphic section for site S-5.

Figure 2-4..
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STRATIGRAPHIC SECTION — SITE S-5
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Figure A-5. Stratigraphic section for site S-6. Note that

this section was partly drawn from field measurements but is
. _ ‘ o .
largely based on informgtion from photographs. As a result,

)

-this is not a measured gection and ﬁay not be as reliable

. /N -
as the others present?ﬁ in Appendix I.
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R APPENDiniI. PALEOCURRENT DATA (all data in degrees)
?' o | ., . Site $-3 / - ) ' , '
*.. \g . Sample S3'_P1 - imbricaté boulder’ gravel (diréc’;iqﬁ of dié
'o | ' of ab plane). ) )
? 295 023 003 R ‘ -
%;C‘ : ' Z;A;\ 020 000 . ‘
At \DTG 036 '
?‘ o 'FM/OIG— 086 256 . |
3 . e ‘020 027 016
. - 021 054 . 357 |
; . L | ¢ N
< - tTT™ 022 o021 o011 ° . '

332 041 359 |

) - 318 032 - . ‘ﬁff/
: ‘006 028 . . )

. Sample S3P2 - type A climl;ing ripples. -
. . - 166 172 168 144. 109 154 176 148 150
! 151.% 109 062 125 140 | 157 134 156 ) 165 .
%J . 130 157 201 156 144 154 145 122 118 E
; 161 159 161 146 165 151 164 145 151
; R 199 121 155 110 , 151 176 156 168 187-
%,‘ | T © . 151 (130 151 105 147 154 175 .150‘ 161
Pt~ 151 149 194 145 151 089 110 146
1 o 139 154 145 112 104 141 145 125 | S
§’~,' .- 141 126 155 140 163 140 161 158
L 130 155 217 143 154 146 149 154

;
\’\ | ¢ g ¢

F
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Sample S3P3 = imbricaté gravel . in channels ,
dip of.gg‘plane).
336 056 040 o
344 352 334
002 106 345
326 358 295

925 052 041

345 . 046
044 018 .
057 035 ' S
020 331
016 046 ’ |
. Site 5-4
Sample S4P1 - planar cross-beds. ]
155°" 156 o )
158 161
161 162
158 155
150 157
153 _ _
161 °
158 : .
156

160 ’ . :




(:j

Samp}e s4p2 - trough

209 155 _151 178
.110 _ 182 132 176

214 180 186 ' 165°
©156 - 180 212 _ 161

165 173 160 - 152

148 . 195 171 201

170 137 150 198

138 188 152 160

175 178 200 107

187 150 206 170

Sample S4P3 - plhn;r

187 170 184

190 171 174
188,181 182

192 176

190 179

185 193

196 192

182 191

184 186

183 188

f

T -149-

crogsfbeds;
149

5156.
129

198

. ,192 L

§210
173 .

193 .

160

128

cross-beds.
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Sample SéP4 - .trohgh cross-beds.
222 195 234 196
21%//—205' 232 209
202 201. 296 229

205 202 211 191 -
191 179, 216 196

211 184 278 238
.218 177  224. 221 -

206 194 252 241

203 190 194
206 422{r¢’1784(;
Samp17;§2P5 - type A climbing ripple;drift.
151 ‘9g 188. -186 178 184
216 205 165 200 223 241
211 231 170 . 181 185 192

205 228 148 197 165 186

209 221 ,I94 192 191 194
207 204 207 184 174 172
148 226 162 190 1795 171
181 208 196 187 . 164 178
179 171 177 174 143 188
202 194 223 204 203 187

~

)



Sample S4D2

344
206
293
_292
305
283
201
279
213
3l§

Sample S4D1
294 327
305 279
274 252
280 301
263 322
322 283
208 214
299 304
266 313
304 . 306

284
250
287
264
292
326
273
255

271

266

~151— .

- 'loﬁg‘axis of dish structures.

304
260
266
226
277
292
317
285
294
317
structures.
280 -
235

27¢ 272 325 ~ 351
308 ° 266 270 338
225 266 274 287
200 328. 218 180
313 327 280 ®™=301
252 275 263 288

- 255 304 271 4292
298" 275 298 290
303 293 276 289
323 197 267 287

- loﬁ% axié of dish
285 278 228 294
260 212 254 292
250 245 251 186
270 265 260 247
284 281 248 254
290 241 270 261
288 233 248° 244
260, 294 258 237
315 299 279 226
256 258 ~ 238 . 260

AL
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- gite §~5

Sample S5P1 .- planar cross-beds.
+212 192 219 231

229 219 _260:;?214

206 226 182 / 224

207 224 221 214

236 219 211 ‘221

224 © 214 ' 232 231

+

211 -182 221 ‘209
209 - 206 200 2157
206 199 206 ;dl
187 208 297 173

: Saﬁﬁlé S5P2 - +type AT
155 206 201 176

164 194 192 180

166 .181 176 185
224 186 174 211
189 197 ~1%0 183
202 192 186 177
167 215 198 185
172 168 189 202
191 173 . 182 . 201
188 203 194 179
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Sample S5P3 -~ type A.climbing ripple drift.
185 239 217 158
190 210 221 167
221 176 247 189
204 209 212 168
196 223 179 141
227 176 189 146
293 201 216 - 190
194 165 212 186 \<=/.
217 204 207 221

203 201 - 144
éample S5P4 -~
114 137 154
116 128 135

123 126 168

139 139 149
791 116 7 184 146
196 136 128 168
107 ,1o4k 112 146
101 156 191 149
156 166 109 111

181 136 159- 156
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Sample S5P5 - +type A climbing ripple drift.

177 205 197 190

174 175 192 214
136 156 - 170 185

182 .188 156 144

146 173 189 145 3
129 154 173 179
167 161 - 216 156
151 179 169 166 .

167 157 194  20I

~\‘ 7/
156 184
Sample S5P6 climbing ripple drift.
206 3 223 1

209 - 209 185 207

204 172 191 239

224 222 ° 337 204

207 199 22 219

198 150 214 208
241 192 194 210
212 201 186 206
204 203 149 197
196 217 177 243






