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+ ABSTRACT
A plateau of_Quaté}nary glacial outwash sand,

- approxiﬁately 30 km in extent, at St. Lazare, Quebec, is
interpfeted as a subaqueous cutwash fan, or subwash fan. Its
relatively flat top is due to littoral reworking during .

regression of the Champlain Sea, which submerged the area to a

" depth of more than 112 m during'icé retreat. The fan was
depdsited i a reentrant of the ice margin, which in turn was s
‘controlled by a steep befirock knoll beneath the fan. It is

" the major component of a complex of ice contact outwash
deposit; in the lee of Oka aﬁd Rigaud mountains. The
mountains acted as obstacles to ice flow, inducing down-ice -
calving and crevaséing. ﬁhltiple subagueous Iice tunnels
sﬁpplﬁéd sediﬁfnt to the fan.

In the distal areas of the fan the sediments consist
primgrily pf proximal varves, the peak ;low units of which
are composed'of units-of well sorted fine to.medium sand

LN

containing traction current structures. The "winter" deposits

-

- are bgbrly sorted horizontally laminated clayey silt to very
fine sand. Tﬁe abundance of trace fossils is evidence of
exten#ive faunal colcnizétion'of the distal fan.

T@e proximal fan ;ediménts‘are dominated by shannelized

r

crossbedded sand. Units of silt to very fine sand are
‘y . - -
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evidence of the rapid facies variation in proximal subwash
deposits. A shallow channel over 100 m wide contains a '
bank-attached cross channel bar over 3 m high. A >30 m wider

lens of contorted silty clay resulted from the infi%}ing of a

kettle hole.

-

The traction current structures i&sthe fan sediment

indicate that the sediment conceﬁtrations in the debouching

glacial tunnels were sufficient to forﬁ continuous turbidity.
underfldws across the fan surface. When the deposition of

sediment reduced the density of the underfléw to less than

the surrounding agawater, the underflow lifted from the fan
surface and continued as an interflow. Interflaﬁ sedimenté are
horizontaliy laminatea and‘poorly sorted, with significant
amoﬁnts of clay and silt. .

o A prominent littoral unconformity is present -at 3 m depth
mid-fan andtdan“ﬁé corrslated across the fan. Storm beach and

beachface strétif;cafion'overlies-the unconfbrmity.

Vertical, planar water escape fissures that fesémble

fossil frost veins are present in the proximal facies. The

fissures consist of a narrow central fissure with an average

LS

of 4 cm of downturning of adjacent strata. They are attributed

to the channelization of fluidized 'sediment during release of

-

water from buried remnant glacler ice. .

-
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1.1 LOCATION AND PURPOSE OF STUDY

“wt

’
L

CHAPTER 1: INTRODUCTION

-~
1=

A large plateau of Quaternary glacial outwash sand
lies beside the Ottawa River at St. Lazare, hear Vaudreuil,
Quebec, just west of the island of Montreal. Fig. 1.la Iob;tes
the study area with respect ?P Ottawa and Montreal. The
purpose of the field inyeétigationg'#as to exémige and
describe the sedimentology of the feéture, as exp?sed_in a
series of borroﬁ plts acros;.the plateau, Tﬁé plaggau was
mapped as ice—contacf.;tratified drift by Richard (1982).

Other'deposﬁts'of ice-contact sand or gravel have been mépped

" in- the Champlain Sea Basih-(Richard 1982; Gadd,'1963)._The

St. Lazare plateau is among the largeét and most remarkaple

of these deposits..

.1.2 LATE QUATERNARY HISTORY: OF THE AREA

1.2.2 ISOSTACY AND PONDING OF GLACIAL MELTWATER

' LI .

The Wisconsinan continental ice sheet attained a minimum

thickness of 3500 m (Robin, 1962). The weight of the
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agcdﬁulated ice caused an iscstatic response of the Earth's

)

crust, that is, depression of the land surfaee beneath the ice

sheet and to a ceftain distance'in froﬁt of itB terﬁinus. The

r

rgsulting upward slope away from the terminus tended to keep
glacier meltwater gccumulated at the front of the glaqier
(Andréwéy 1970), and in manylareas the ice sheet ietrehted in
standing wate?, elther lacustrine or marine., Hillaire-Marcel
£1979) estimated the.maximum depth of the Champlain Sea a€.150

m. An estimate of the depth of-water at the terminus of the

Laurentide sheet in the Ottawa area is 100 m (Rust and
rd <

Romanelli, 1975). In the Ottawa and St. Lawrence River valleys,

-

marine fossils in clay deposits which ovérlie tills and other

glacial material provide proof that there was marine water in

the lowlands after the ice retreated, and by the above"
afgument, pondedpagainst‘the ice front. Rapid isostatic

recovery immediately following deglaciation outstripped
& . _
eustatic fluctuations and provided for an uninterrupted .

regression of the proglacial waters and a continuous offlap

sequence in the sedimentary record (Andrews, 1968; Gadd,

. 1977). . -
e
1.2.3 - THE CHAMPLAIN SEA

Early concepts

LS r -
.

In 1845, Sir Charles Lyell proposed that there had been a

~
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marine invasion of the St. Lawrence Vélley and that the
sea-ice rafted boulders into the basin to be deposited with

the shelly marine clay there. In the‘ear1§ years of the

twentieth century the boulder clays were recognized as

groducts of continental glaciation (Karrow; 19&1} p. 98).

The Champlain Sea was named by E; Hitchcock in his.
Report o;‘the Geology of Vermont (1861). The sediments of the
Champlain Sea have been described recently by Terasmae (1959,
1965),.Elson {1959, 1969), Kafrow (1961)r-and Gadd (1972,
1977), among others. Richard (1982) has mapped the su;ficial

deposits of part of Eastern Ontario and Western Quebec as part

of an ongoing 1:50,000 map series. A recent work on the

post—glacial marine bodies of Quebec is by Claude Hillaire-

Marcel (1979).

Extent and phaées of the Champlain Sea

%!

Atlantic waters were free to enter the St. Lawrence
Lowlands when the Wisconsipan jce sheet retreated past the
narrows of the St. .Lawrence River at Quebec City. Priér to
that, there was a series of fresﬁ‘meltwater lakes in front of
the ice in the Lowlands. In support of this hypothesis,
Teraémae {1965) QOund sections of varved lacﬁstrine—like clay
that grade upward to marine clays in the Cornwall area.

‘ gorrelaﬁépn of strandlines and former water;planes

Y

indicate that Glacial Lake Iroquois (of “the Lake Ontario

o



basin) extended into the St. Lawrence Lowlands. The"Sydney and
Belleville phaseslof Lake Iroquoié were continuous with water
in the Champlain Valley of NéwAYorE State, after the ice sheet
retreated past the northérﬁmost part of the Adiroﬁdack
Mountaiqs {Prest, 19;0; ClaFk and Karrow, 1984). Recehtly
fe—interpreted rythmically bedded lacuétrine seéiments between
the dlemictons and the overlying marine clays indicate the
existence of a pre-Champlain Sea freshwater phase in the upper
Ottawa Valley (Naldrett, Ph.D. thesis in preparation,
‘Universify of_Ottéwa). Evidence presented in this thesis shows
that to the southeast of Ottawa, in the St. Lazare area at
least, marine sediments directly ovéfly Wisconsinan till.

The concépt of a connection between the St. Lawfence ané
Lake Ontario basins across the Frontenac Axis at the time of
the Champlain Sea has long been a point of contention among
workers. As early as 1907‘this possibility was considered (the
“Gilbért Gﬁlf" of Fairchila). Hough (1958) referred to the the
"St. ngrence marine embayment" in the Lake Ontario basin. The
main objection to this concepf had been that unequivocal
evidence of marine fossils or brackish water sediments have
never been found to the west of the Frontenéc Axis (Terasmae,
1965; Dreiﬁanis, 1977). Anderson et al (1985) have identified
glacilacustrine clay (based on the presence of fresh water
ostracodes) beneath glacimarine deposts in the upper Ottawa

Valagy. Even if there were a connection betweeh the two

basins, the influence of the r;servoir of freshﬁﬁater in the

D.‘



Great Lakeé, added to the meltwater input from the ice‘sheet,.
would have kept water in the Lake Ontario basin too brackish
‘for tﬁe development of a marine or eurvhaline fauna (Anderson
et al, 1985). Certainly the earliest phase of the Champlain
Sea was brackish, because of the large amount of fresh water
already ponded in the-Lowlands. Cronin (1977) identified both
fresh water and marine oatrac&ées from the highest beaches of
the Champlain’Sea, and called this earliest episode tﬁe
Transitional Phase of the Champlain ée%. Schroeder and Bada
(1978) suggested that high concentrations of cerfain,amino ’
acids in Lake Ontario céres indi¢ate marine é%nditions. These
considerations, and reinterpretation -of strandliﬁe and isobase
data, led Clark and Karrpw (1934) to correlate’ the Trenton
phase of Lake Algonquin, in the Lake Onéario basin with marine
shell-bearing gtrandlines of the eari#Lghamplain Sea,
iﬁdicating'that there was a connection bgzﬁéen the Lake
Ontério basin with the St. Lawrence Lowlands. According to
Clark and Karrow (1984, p. 813),.shcrt1y after inception of"
the Champlain Sea, isostatic uplift of the Frontenac Arch
severed the connection with the Great Lakes and the Champlain
Sea entered 1ts most saline;phase.

Examination of 0.D.M. map 2227, (Chapman and Putnam.
1972), showing the physiogra?hy of the eastern portion of
Southern Ontario, indicétes the large areas of clay depcosits

of the Champlain Sea. The eastern edge of the Frontenac Arch

forms the western boundary of these deposits. In the Ottawa



Valley the deposits extend as far w;st as Qetawaﬁa. The -
southern.edge of the Gatineau Hills and Laurentian Highlands
bounded the sea to the north, and there were various
Ashqrt-lived incugsiohs up river valleys such as that' of the
Gatineau River (Romanelli, 1975)1 ' ’

Elson (1969) haé estimated the total area submerged by
the Champlain Sea at753,000 km?, That it reached 1ts maximum
depth immediately following its inception is borne out by the .
fact that the oldest ragiocarbon dates are from the highest
strandlines, and that only offlap seguences have been
ldentified relating to the.Qhamplain Sea (Clark and Karéow,
1984).

Elson ‘and Elson (1959) 1dentified three phases of the
Champfa*n Sea based on relative abundance of‘certain

macrofauna. These subdivisions were supported by the

microfaunal work of Cronin (1977). Elson named the first phase

after the arctic blvalve Hiatella arctica, and the second

after a boreal species, Mya arenarié. The third, or latest,
phase is represented by a freshwater bivalve, Lampsilis

siliquoidea. Cronin added.a Transitional Phase (mentioned

above)} of brackish conditions which predated the Hiatella
Phase.

'The beginning of the Hiatella phéSe.is—radiocérbon dated.
at approximately 12,500 yrs BP (Hillaire-Marcel, 1979). This
was the coldest and most saline episode. As the influence of

the retregting ice front lessened, marine qé;peraturea



.
increased (Mya Phase). Salinities decreased in response to
lessening of the size of the connection to the Atlantic at
Quebec, and the continued influx of meltwater and Great Lakes
drainage-(Elsoﬁ; 1969). Détes on the early Mya phase range.
frdm 10,900 (Elson, 1969) to 10,600 (Créhin, 1977). The
Lampsilis episode répresents ffeshwater remnants in isolated
basins in thé lowlands. These basins.persisted after the
connection fo the Atlantic was terminated by isostatic uplift
of the sill at Quebec City, at about 10,000 BP (Cronin, 1977;
ﬂillaire-Marcel 1§79).

Hillaire-Marcel (1979) divided the marine events in the
St. Lawrence into thrée'parts,|fhe boundaries of-which are
marked by conspicuous moraines and are dated from shells
within these moraines. His approach.serves to point out the
diachronous hature of the marine limits of the Champlain Sea.
Phase 1 represents the period from the incursion of the
Champlain Sea to the construction of the Drummondville Moraine
in Southern Quebec, déted at 12,000 to 11,800 BP (Hillaire-
Marcel and Occhiettj, 1977). Phase 2 occurred during retreat
from the Drummoﬂdville system to the St. Narcisse Moraine.
Morainal segments north of the Ottawa River are correlated.
with the St. Narcisse system, which is dated at +11,000"BP
(Parry and Macpherson, 1964), and 10,500 BP (Hillairé~Marcel
:and Occhietti, 1980}, Phase.3 is the episocde which accompanied
_withdfawallof the ice mass from the St; Narcisse poslition into

the Laurentian Highlands.



1.3 REGIONAL GEOLOGY

1.3.1 BEDROCK GEOLOGY

-
Jﬁ ‘ '

Thé northern edge of the Ottawa — Bonnechere graben-is
situated 10 km north of St. Lazare, where the Laurentian
Highlgnds.begin (Kumarapeli and Saull, 1966). Flat-lying Lower
Paleoioic_clastic and cérbonate rocks are preserved within the
graben, and are underiain at depth by a basement of crys-
talline Precambrian rocks of Grenvillian age, which comﬁrise
the Laurentian Highlands to the north. The graben system is
_complicated by subsidiary faults that have exposed inliers of
the basement at Oka and Rigaud (Wilson,_1941). These now form
two prominent hills, Rigaud and Oka Mounfains, which dominate
the Ioptherwise subdued local landscape (fig. 1.1b). |

St. Lazare is situated in the centre of a large area of
thick drift which obscures the bedrock. Borehole data
kTremblay and Hobson, 1962) reveal the presence of the
Paleozolic Nepean Formation beneath the ét. Lazare plateau.
Paleozoic limestone, dolostone énd sandstone are exposed scuth
and north of the area. Specifically, to the north, thefe is
the mocderately consolidated, well sorted medium to coarse
grained sandstone of the Nepean Formation; the Marcb and

Oxford Formations, composed of limestone, dense-_blue-gray

‘dolostone, and sandstone similar to that of the Nepean:; and
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FIGURE 1.1b Bedrock geology of study area,
simplified after Wilson, 1941,
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the shale and fine micaceous sandstone of the Rockliffe

”
Formation.

1.3.2 BEDROCK TOPCGRAPHY

~

Fortuitousl§; a seismic refraction survey of the St.
Lézare-area was bérried out by the Geological Survey of Canada
in 1961 (Tremblay and Hoﬁson,m1962). Although ihere are some
discrepancies between Fhe bearociscontogrs and topograﬁhic
contours on the'top of the St. Lazare plateau, borehole data
confirmed the gengral éccuracy‘of the survey and the following
observat;ons can be méde (fig. 1.2). | .

| 1. The St. Laz;re sand plateéu is perched atop a bedrqék
knoll with 90 m relief £§7 m above the Ottawa River), and'thg'
topographic expression of thg plateau is parfially confrolled
by the knoll. |

2. A steep sided bedrock channel is situated along the

northwestern boundary of the knoll.

"3. The thickness of the drift in the plateau 1s much less(/ff

than Qould be assumed from the morphology of the plateau.
4._An isopach map of the drift over the bedrock knq}l

shows a triangular shaped body thickening to the southwest

from a relatively thin apex at the northeastern corner of the

plateau (fig. 1.2b).



contours In feet a.s.l, ¢

limlt of ice contact
stratitied drift
{Richard, 1978)

borehole

50t - 15 m
100#t-30m
150t -~ 45 m
2001t - 81 m
250 =76 m
300 ft-981m

Bedrock topography, St. Lazare area, simplified from Hobsen (1861)

e

Hmit of ice contact
stratified drift
(Richard, 1676)

borehole

isopachs in feet :

50ft-15m

100ttt —-30m ‘
150 ft - 46 m -

200t —€1m .

12

b. Drift thickness, St. Lazare area, derived from Hobson {(1961)

— \
-

Fig.

1.2

Bedrock topograth and drift tblckness of the
St. Lazare area.
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1.3.3 SURFICIAL GEOLOGY
The surficial deposits of the area have been mapped at a
scale of 1:50,000 by H. Richard of the Geological Survey of

Canada (Richard, i982). In 1950, a soil survey of the county

was published by Lajoie and Stcobhe.

The most abundant surficial deposit in the area is marine
¢lay deposited in the Champlain Sea, which blankets much of

the area, filling basins and depressions over bedrock and

. glacial material. Various glacial deposits constitute about a

guarter of the map area. Most of these are composed of silty
to sandy diamicton, in the form of hummocky or ridged ground

moraine. The morainic ridges trend WSW. Ridges and uplands of

" sandy to gravellf glacifliuvial (Powell, 1984, p.2) outwash

occur iP/ScaEEBrEd 1ocalitieé in the area, of which the
largest, at St..Lazare, is the subject of the present study.
Large areas of sand plains of lower relief also occur in the
area, and ar; lnterpréted as éﬁbaerial fluvial and deltaic ;

deposits of the shoaling remnants of the Champlain Sea and

Lampsilis Lake (Richard, 1976)} Lambgrt (1972) moted that

/)’EThcial striae observed'in the Oka region indicate a NE-SW

direction of ice'transport.

. _ P
1.3.4 GEOMORPHOLOGY OF THE.ST. LAZARE PLATEAU

The §¥\_Lazare plateau is a roughly triangular featgge,

\



13 km along its longest (NW-facing) éide and about 30 km in’
total extent'(fig.‘1.3). Its NW-fécing side is rglafively
steep, and the plateau reaches its maximum height of over 105
m asl along this side. It is relatively flét—tqﬁped, with
moderately sloping NE- and Ssﬁffacing margins. The top of the
plateau stands over 60 m above the surrsunding play pléins.'ﬁ
few small areas of silty to sandy diamictqn occur on ghe s
plateau (fig. 1.la). Evidence of aeclian processes (gunes)
have been identified on the plateau (Roﬁaine, 1953; Lajoie and
Stobbe, 1950). A much smaller accﬁmulation of material grms a
separate hill to the NW. It is separated from the main Eﬁateau
by a meandering, misfit stream in a valley carved by‘a ﬂérmer
Ottawa River channel. A large number of beach ridges'can be

. ) f
seen on air photos along the margins of both features. .

3
1.3.5 PALEOCURRENTS

. v .

Fig.’1.4 shows the results of_19 groups of paleocurrenf
measurements (for details see appendix 1). Pit-wide totals fg:
linguoid ripples and trough crossbeds are indicated by the
smaller rose diagrams. Vector strengths -and me;hs were
calculated as outlined by Tucker (1982). The resulis show a
120° variation in vector means between pits, but strong ]
vector strengths within pits, especially for the crossbeds.

-

The latter may represent sample bias within large channels or

an area of similar channel trends. ‘
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41%,

fimit of ice~contacl
J stratitied drift as
mapped by Richarg
i (1878)

-;__

TROUGH CROSS-LAMINATION (RIPPLES)

TROUGH CROSSBEDS

. .

Figure 1.4 Rose diagrams of paleocurrent measurements, St. lazare
plateau. Vector mean for each diagram indicated by radial line seg-
ment., n equals number of rleasurements., Data divided into 20°
classes. Vector strength (degree of scattering about the mean)
given in Z. Vector strength of 1007 means that™ all the measurements
fall within a single class. Smaller dianrars are totals for each
pit;’ the two large diagrams in the centre sum all the measurements.
Staristics calculated as outlined by Tuckoer (31982).
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The two -larger rose diagrams represent the sum of all
measurements.within the two classés offénrrant indicators. The
vector means of these aré remarkably aimi}ar, although the
ripples give a much weaker vector strength (41%)‘coﬁpared with
the crossbeds (78%). The diagrém summing the ripple
méasurements for the entird plgfeau shows a strong bimodality,
reflecting the naturally high variability of ripple

'directiqns¢ The overall palecocurrent trend is toward the SSE.
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CHAPTER 2: SEDIMENTARY STRUCTURES AND ENVIRONMENTS

2.1 DESCRIPTIONS OF EXPOSURES

2.1.1 FACIES TYPES

The following is a débcription of the major facles types
of the exposures in the three pits studied. (The pits in which

each type occurs are indicated in brackets.)

Facles 1: Faintly stratified channel sands, exclusive to
.pit 1 (distal fan). Strata are 0.5 to 5 cm thick (mode

1.5 cm), straight, parallel, and subhorizontal except near

- the channel base, wﬁeré they tend to follow the contours of
the base. Most beds fine ﬁpward from well sorted medium to
coarse sand {average 1.5 @, maximum 1 #), %o weil sorted -
fine sand (3.0 ¢ minimum). In some cases a lamina {average
2 mm thick) of 2.5 to 3.5 ¢ ;and high in heavy mineral
coéteﬁt separates each bed (fig. 2.1). A few strata ére
inversely to normally graded (2.5 ¢ to.1.5 ¢ to 2.5 ¢, for
example), or massive and relatively coarse, In-s9me cases,
discontinous horizontal lamination is present within the
beds. Erosional surfaces occuf within theé channels, cutting
fhe underlying fgint horizontal bedding at an angle. The .

bedding above the erosional surfaces tends to parallel the

erosional surface itself, just as the bedding near the

-



)Figure 2.
Bedding is faint, regular,

- . top of
minerals.
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Facies 1 channel fill, consisting of medium sand.

even and parallel. Fine sand at the
most of the beds has a high concentration of heavy
Individual beds fine upward slightly. Scale in dm.

1
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channel bases is subparallel to the channel floor

{fig. 2.2). The sand within the lower 1-2 cm of many
channels commonly coarsens upward by about 1 ¢ size grade,
and where present this finer basal bed weathers out as a
resistant layer helping to accentuate the channel base.
This resistant layer usually defines the erosional contacts
or reactivation'surfaces within the channels. There is no
overall grading ﬁithin the channels. -

Small amounts of pebble gravel occur along bedding
surfaces at channel margins near the base of some channels,
or scattered within the channel fill near channél base, and
exhibit normal coaree;tail grading. In places angular

rip-up élasts of micaceous clayey silt lie horizontally

within the dhannel {fig. 2.3). Cléyey rip—ups are evenly

distributed throughout the channels in which they occur.
The channels are notably asymmetric, and pebbles, where
present, tend to be concentrated toward the steeper slde
(fig. 2.4). |

The channels exposed in pit 1 trend towards the east

and éoutheast, at an oblique angle to the general dip of

“the . bedding and the paleocurrents measured outside the

chanﬁels. Two channels had undergone sufficient
differential wind erosion to enable their trends to be
measured at 120° and 094°, which differs by 87° to

113° from the general trend of the crossbeds throughout

the pit.

&
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Figure 2.2 Channels filled with fac{%s 1 sand cut into facles

'3 beds. Note asymmetry of channels

nd reactivation surfaces

within them. Bedding is subparallel to channel base. Bottom of

lowest channel is 5m from top of section.

Tis o
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Figure 2.3 Facies 1 channel cut into facies 3 beds, face 1.1b.

Ripped-up <clasts of micaceous clayey silt lie horizontally
within the channel. Scale in dm.
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Figure 2.4 Base of  facies 1, channel in facies 3 sediment,
face 1.1b. Note asymmetry of channel, and- concentration of
pebbles near the steep side. The light colored layer of mater-
ial at the base of the channel is an accumulation of loose,
windblown sand. Field of view is approximately 2 m wide.
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The maximum dip of the'cﬁannel-walls noted in face
1.1b was 70° (fig. 2.5). The channel margins can be
smooth and evenly curved (figs. 2.3 and 2.53L but are more
commonly irregular, sometimeﬁ forging concave steps, where
reaétivation has enlarged the channel. The beddiﬂg near the
top of mamy of the channels is brbadly convoluted (figs.
2.6 and 2.7). Theremare no téace fossils, but x
d;sarticulatqd bivalve shells are present in several
channels (face 1.1b). '

. ) . L ‘ - :
Facies 2: Current rippled sand. Asymmetﬁic d};mbing
and non- climbing ripples in well sorted very fine to
medium (¢ § to 2 §) sand. This facles generally weathers
mére massivel? than facies 3. Silty flasers are common. No
symmetric ripples were recorded in any section. (faces 1.1,
2.2, 2.5). | .
Facies 3: Alternating bed facies. This ig‘a very
variable facies characterized by a diétinc%ivé séepped
{flaggy to slabby) appearanceJin weathered sections. It
consists of ‘alternating, 1atera11y'c;ntinuous 1 to 50 ¢m
{mode 15 cm} beds of fine, fine to medium, medium, and
rérely,.coarse sand. The finer sand 5eds tend to be
R

ﬁoderately'éorted,-bioturbatpd, and usually horizontally

laminated, a;though ripple cross-lamination is common. The

™
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Figure 2.5 Steep-walled facies 1 ' channel,
wall dips at about 70°9. Scale in dm.

face 1.;b.

Left



Figure 2.6
face 1.1b.
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Broad convolutions at the top of facies 1 channel,
Scale in dm. '

2



Figure 2.7
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“face 1.1b. Scale in dm.
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Convolutions at 'top of fagées 1 channel £fil1l,
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"silt content of the finer beds makes th;m cohesive and

causes fhem to resist weathering. The meQium grained sand
beds are moderately to well sorted and rippled, ‘or consist
of very low angle c?oss—stfata. The rare beds of coarse
sand are moderately sorted and crossbedded. The medium and
coarse beds are noh—cohesivg'and recessive Iin weathered,

sections. Monocraterion- burrows occur in the coarser

beds, although they appear to have extended downwards from
a -super jacent bioturba%ed.bed of fine sand (face 1.1).
Individual beds of facies.a can b; traced laterally for
over 100 m in face 1.1a. In face 1.1b, however, some facies
3 sediments appear to be confined.;ithin broad channels
about 10-50 m wide. Facies 3 beds were observed to grade

upwards into trough crossbedding of facies 4 at one

locality fface 1:1b, November, 1984) (face 1.1).

Facies 4: Crossbedded sand facies. This facles

consists of fine to coarse tabular or trough crossbedded
sand. (face 2.5, 3.1, 3.2).

.1.2 PIT NUMBER 1 (SABLIERE BARBE)

Pit number 1, the largest and most active borrow pit on

the st Eﬁzare rlateau, is located at the southeast edge of
the fan (or stratified drift, as mapped by Richard, 1982)., At

the height of construction activity in the summer of 1983, two

é hY
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articulated loaders filled ten to fifteen laré; gravel,trucks
an hour. From the beginning of field;work'in 1983 pntil
presént, only one face has been actively'wofked (face 1.1b).‘
In 1983, this face had'é.maximum.EPight\of 13 m, but sinée
thfn fhe.height of the exposure has decreased by aboﬁt one
tﬁird {as of November, 1984}, due fo.grbundw;ter problems.
This is because the depth to the impefﬁeable diamict and.to
bedrock decreases in that direction, as shown by the bedrock
contours. Artesian pressure keeps spring'ﬁate; flowing gver
the floor of the pit towards the southeast. A spring—féd
stge&m fiows'constantIQ along the northern bounéary of the K
property, by the base of,faée 1.2) ‘

. e

Face 1.1
[

Face 1.1 consists of twé parts, face 1l.1a, which is a
straight section trending east-west, facing noxth; and face
1.1b, a continuation of face 1.1la, arcuate in/shape, facing
-east (fig. 2.8). Face 1.1b is the actively workéd face of
sablidre Barbe; facé l.1la is iqactive and .badly slumped’for-;@&j

the most bart. See fig. 2.8 for location map of expésures.

.
1]

Face 1l.1a

™

'Face 1.la consists predominantly of subhorizontally



face 1.2,

face 1.1a

Route 342

face 3.1{" -

*r

\. . 'Jfape_s.z

PFT. 3 (Daoust)

~ Fig. 2.8 Iocation and orientation of subcrop faces within the horrow Iﬁits
on the St. Lazare plateau. lleavy lines are permanent roads
located on fig. l.la.
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bedded moderately to .well sorted angular to rounded (mode =
subrounded) buff colored,fine to mekiium sand of facies 3 (see
composite section,'f;g. 2;9, and detalled sections, figs.

b

2.10 and 2.11).

The lowest unit exposed consists.of(well sorted fine
sand, very faintly-horizontéllystratified (faclies 1). Above.
this unit, at the east end of the measured section {fig. 2.f0i
is more than:a metre of low angle type B climbing ripples in
f;ne sand (facles 2). | )

A 70 cm unit of horizontally stratified fine sand and an
80 cm coset of tabular crossbedde& medium sand overlies this.
Within this unit at 2 m along the sec?ion'(fig._z.g) occurs &
largg.(>1m) subangular boulder. The uppermost 5 m of sediment
at this lqcation consists of facﬁes 3 sedimen£ - irregularly .
: alternating 5 to‘20.cm‘beds of bloturbated, horizontally
laminated or, rarely, rippled’'(non-climbing) moderately sorted
fine sand, and burrowed, rippled (non-climbing) well sbrted

fine sand. The burrows are Monocraterion {see section 2.2,

vt

~

below). The finer beds are generally. hdrizdntally %gminated,
poorly sorted and more cohesive. due to the presence of silt.
They are prominent in weathered sections, and highly

bioturbated, which completely obscures the bedding in places.

Monocraterion burrows can be identified in less highly
digﬁﬁrhéd ﬁarts of these units. -7
These faclies 3 strata are Jenerally continuous ;aterally

through the length of the section (140 m}, except where

-
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£
channels are incised into them }composite section, fig. 2.9).;{
The channels, which are more predominant in face 1.1b, are
‘filled with facies 1 sand (well sorted, with a regular, faint
horizonfal bedding on the scale of 1-3 cm). Isolated

4
disarticulated’ shells of Macoma balthica and Hiatelld arctica

were found within several channels. The overall dip of the

beds is about 10° towards the SSW. Figs. 2.12 and 2.13 show - '
a représentive section of facies 3 beds froﬁ the west end of

face 1.1a.

The west end of faQE‘l.la (detailed section, fig. 2.11)
is generally similar to the east end. At 5.5 m depth in the
section there is a § c¢cm thick bed of draped lamination
(Gustavson et al, 1975)‘cdnsistigg of silt and fine sand.

This bed is continuous for at least 10 m along the section. At
0.7 ﬁ depth in the section, there is a pebble lag above a
strajght, horizontal ercsional contact continuocus for 100 m
along the face. The medium sand above this contact is
moderately sdrted, orange coloured, and horizontally bedded.

Modern plant roots disturb the upper half metre of section.
Face 1.1b
The measured part of face 1.1b begins about 50 m west of
the western end of face t.la. Face 1.1b is arcuate, as are

most actively worked faces, and its strike changes from 275°

to 110° along its length (composite section, fig. 2.14, and
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COLOURED PICTURES = -
Images en couleur

Figure 2.12 Facies 3 beds at west end of face 1.la. Beds of
poorly. sorted silty fine sand (prominent units) alternate with

moderately sorted medium sand (recessive units). Average
thickness of a palr of adjacent units 'is 30 cm (maximum 110

cm). Beds are laterally -continucus (up to 100 m or more) .
Scale in dm. o



> COLOURED PICTURES -
-, - Images en couleur

. o
by

Figure 2.13 Close-up of lower. parti\o
figure-2.12, Note Monocraterion burrows
"extending - downwards from bottom ‘of finer
beds and. bioturbation of finer (darker)
beds. Coarser & beds . .(lighter) are
‘horizontally laminated or rippled.
(Pattern on weathered surface of finer.bed
to the right of the 9 dm mark.on rod is
wind adhesion ripples formed since the

last rain.) '

Flat
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X
detaileq section, fig. 2.15). N

“Chinnel f£ill, or facies 1 sediments, made up half of the

sediments'egposed in face 1.1b in July, 1983, when theAsect;;n
was first exam;ned. The ,other half of the face consisted Pf'
sediments of facles 3 (alternating thin beds‘of fine,
horizontally or cross laminated ;$nd, and fine to medium,
medium, or médium to coamse cross laminated or crossbedded

sand). The fine sand beds are heavily bioturbated, and
T F 4

burrows of Monocraterion are common in the subjacent medium

or coarse sand beds. The dip of these beds is also about 10°

- towards the SSW.

Face 1.2

Face 1.2 is located at the northeastern. corner of i
Sabliére Barbe. It is extensively slumped and much digging is
required to expose a section (fig. 2.16). 3.3 m of massive to

o

faintly stra%ified medium gray diamicton is accessible at face

1.2 in a drainage ditch along:the nofthern'boundary of the.
pit. The diaﬁicton has a matrix“oﬁ very poorly sorted clay to
coarse sand énd granules (mode = fine to medium sand); A

~ framework of pebbles to boulders makes up not more than 2 % of

-

the diamicton. A lag of boﬁlderé eroded from the diamict by
X : .
‘the small'draiiig? stream at the base of the sectlon shows
that blue-gray ‘dolostone makes up a large part of the

framework'combonent (>30%), probably derived from the March

P
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and Oxford Formatioqs, which outérgp north of the study area,
between thé Ottawa River and the Precaﬁbrian rocks ofgthe‘
Laurentian Highlands. Gneissic or meta-igneous and.qthér
Grenvillian metamorﬁhic rocks constitute the rest. Many of the
dolostone boulders are faceted, and most are striated. Wisps
-and irrégular~1ense§ of fine sand aré scatte:ed throughout the
. diamicton.'Thelupper metre and a half- of the diamicton
consists of contortédbfhminations of ‘clayey, silty sand and
scattered bouldérs and.pebbleé (fig. 2.17). This unit was
exposed in the centre of pit 1, near face &Jlb, less than a
‘metre below the pit floor in a drainage difcﬁldug in the
spring of 1985, ' ’ f

A 30 cm bed of massive clay diamicton containing
§catfered pebbles and-ﬁoulders_overlies the sandy diémictonu
Within the clay are‘isolated popkets and-lenses Qf;bivalves in
g;owtﬁ position.’ A diverse assemblageAof.macrofossils is
,aisg found in the ciay. This'béﬁlder c&ay is also present
.above the diamicton in the ditch near face 1.1b.
Above the upper diamicton occurs 3.5 m of coarsening . &\&

upward horizontally lamihated to cross bedded: very fine to

medium sand, with abundant Monocraterion burrows. Overlying

this unit‘is 1 m of alternating beds of fine and coarse sand
(facies 3), also burrowed. The upﬁéi-2.5 m of the sect;on is
compbsgd of coarsening upwards planar and tréugh cross bedded
medium to coarse sand, the uéper métre'consisting of oréngef}

poorly sorted coarse pebbly sand.



Figure 2.17

.
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COLOURED PICTURES - i -1
Images en, couleur

: % . ‘ ) " ca
sandy pebble- and boulder-poor diamicton at

1.2. Note contortion of wispy lamination. Scale in dm.

-,
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'2.1.2 PIT NUMBER 2 (CHEVRIER PIT)
‘ S
Chevrier pit is located towards the northeast cﬁrner of
the area—of stratified dri t mapped by Richard (1982) (fig

1.1a). It is owned and operhted by Gerard Chevrier, assisted

by his young sons.'Material as being steadily removed from

face 2.5, and several othe"%a 5 were being sporadically .

worked throughout the summers Gf~1983 and 1954 (fig. 2.8).

‘ "
Face 2.2

&

.See fig. 2.18 for composite section of face 2.2, and

figs. 2.19 and 2.20 for detailed stratigraphic sections. Face .
- ol
2.2 consists primarily of climbing and non-climbing ripples in

well sorted fine buff-coloured sand {facies 2), The climbing

ripples are predominately of type B (Jopling and welker,‘\\\‘_~’>//
1968). Paleocurrents measured within the rippled beds vield

highly variable directions, with a combined (pit~wide) vector

mean of 53% towarés;THE'ESE. Two or three per cent of the

’ .
~

fac{ei;a sediment in face 2.2 are'ty > A climbing ripples

(fig. 2.21). Severdi thin beds of dr ‘2& lamination ooouf _
within thé'rippled sediments (fig. 2‘22) Near the bottom of
the section at the southern (left) end, horizontal lamiagfion‘

grades upward into - nonmclimbing ripples (fig, 2.23).

Interspersed within the facles 2 sands are medium thick beds

.
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Figure 2.21 Type A climbing- rippléé, face 2.5. The ripple,
foresets have been oversteepened by current shear. Knife
handle 8 cm long. - :
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Figure.2.22 Draped bedding, face 2.2% (Thin ferruginous
follow the bedding)}. Scale in dm.

bands
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.

figure 2.23 Upper flow regime plane lamination grading upward ,
to non-climbing ripples, indicating waning flow. Scale in dm.
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— - of medium grained planar“and trough cross-stratified sand.

,Abéve the facies 2 sedimenfs are thin,"laterally
éontfnhoua béds of modeféfgly to é&orly sorted silfyxfi;e and
very fine sand, with horizontal and ripple ;amihéfiﬁns. These

. beds are dippina-at about 3° towards the“eést. Flaser-like -

drapes of clayey silt are presenf in.non—climbiné ripples -
(fig. 2.24). These clay drapes afe nof exactly as defined by
Rgiheck ad Wunderlich (1968), rather they tend to be more

‘promiépnt along rippie foresgets, bﬁt they do indicate périods
of low or nil traction cufrénf activify {(suspension
sedimentat%oh). Two lategally cﬁntinuous convoluted beds occur
above this (£ig. 2.25). Small high angle reverse faults with =
an averabe offsét.of a few cm are present fhroughout face

2.2,

-

Face 2.5

See fig. 2.26 for composite section of faee 2.5, and
figs. 2.27 and 2.28 for detailed stratigréphic sections. At
the ﬁo£th énd of face'ﬂ.s-occﬁr discontinuous,-lens—like
medium thick beds of trouéh and planar crossbedded medium
éand,.well sorted rippléd fine sand, and poorly sorted s#lfy
very fine éand. The silty beds stand out prominently in
weathered sections. The contacts between most of the beds are
eroslonal, -and the legé—iike form of the beds appears to be

due to the superposifion of é number .of shallow channels. A
. T ]

.
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Figure 2.24 12 cm thick bed of rippled fine sand with silty
flaser-like drapes. Scale in dm. >

v



Figure 2.25
fop >50m,.
Scal@. in dm.

Convoluted bed at face 2.2. Laterally continuous
Note sharp upper contact truncating convolutions.



%’

‘sToquis \mo \:‘oﬂumcmmem ‘I03 ¥ m,.ﬁ@:mmmm P9g *9z ¢ *b1g

.,..u.‘, T ! or

- a9 LEN .
| 1T

.. ¥

o0

P8IesAD]

e 2
L J . . ) .
' O rezty — ) .
. - ) )
. ’ W g
oc 0z 3 ol " 0
2990
/!
i - pRiRADD . . ) .
=Y .
? w
u _ A
¥
e A
A w ) [
o8t wquejdeg ‘(1d sepaeyD) '9°Z 809) on.u.mg_m
L] .




. "pP2NUT3lUCD - . : L
['14] . f c:. - ¥ H 2 WN ¢ @..H.m \\\ ___
001 : e







. o
S
~
. 'SORTING | coMMENTS
Om = . VP p M w vw
_—_—('<<\
e R clay drape
%ﬁ ‘ continuous
2 —_—N .l ‘ for 25m
S 1

1 . 1 LI
5 3 1 ¢
vt t m¢c w g .

I .-cllay & silt sand & granules

FIGURE 2.27 _FACE 2.5, NORTH END
Z;/"f ' . _ T

—



SORTING
VP O M W Yw

O_m

Ool 0O oo .o Co_ol

}

!

!

i

‘ R

3 |
' b

| E— T T T T
5 a -1 -1 -3 -5 @
"Ivfl'mcvculmcvc'

ciay & allt

sand.A granuies| pebbles jcobbilea

-
- L)
-

FIGURE 2.28 FACE 2.5, SOUTH END

6l

GOMMENTS

sand
strongly
iron-
stained

boulders up

to 2 m dia.



" 62,

prominent 4 cm thick bed of draped clayey silt was traced for
25 m along the face (fig. 2.29). several units of type B
climbing ripples are present_in the. upper third of the section
(fig. 2.30}. Reverse faults with a maximum displacement of a
few cﬁ are present throughout.

Tge lower half of this part of face 2.5 consists of
trough cross-stratified fine to medium sand (facies 4). This
style of bedding predominates in the southern three quarters
of face 2.5, in slighty coarser sand (medium to coarse),

At 60 m in the section (detailed section’ fig. 2.28), the
f

crossbedded units coarsen,upwards slightly from fine to medidm

‘'sand. In the southern two thirds of face 2.5, channels are

scoured into the cross-stratified sand, filled with cross-—
stratified sand, predominantly scour and f£ill trough
¢rossbeds. The maximum height of the troughs is 1.5 m (fig.

2.31)., The maximum dip *of channel walls In face 2.5 is about

. 50°. These channels are relatively deep and narrow (2 m to

.possibly 10" m in depth, and a depth to width ratio of as high

as 1/2). The channel margins are esymmetric. Tabwlar crossbeds
are also present. Fig. 2.32 shows regressive climbing ripples
preserved on the toesets oﬁ.a plahar—tangential crossbed set.
Near the southern end of face 2.5, displacement of up to 10 cm
was noﬁed on reverse fa?lts Conjugate sets of reverse faults

were noted (fig 2 31). The crossbeds between ' 85 and 105 m

were disturbed or contorted (fig. 2.33).

S
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Figure 2.29 Clayey silt strata draped over ripples in fine
sand, face 2.2, traceable for 25 m along the se on. Scale in
. dm. ‘

o
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Figure 2.30 Type B climbing ripples, face
1.2, Scale in dm, -
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Figure 2.31 Large
Note conjugate sets

trough crossbeds infmediqm'sand, face 2.5,
of reverse faults.
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Regressive

face 2.2, Scale in dm.
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Figure 2.33 Contorted crossbeds, face 2.5. Scale in dm.
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Thewyppermost 4 m of face 2.5 consists of a unit of
paraiﬁea to‘éubéarallel, horzzéntal beds ofrpoorIQ sorted
pebbly medium to coarse orange sand, with a fewuinterbeds of-
fine and medium rippled sand, crossbedded medium sand, and
pebble to cobble gravel (figs. 2.34, 2:35)} The gravel
interbeds occur more frequently near the base of the unit. fhe'
" lower contact of the unit is‘e osionélfvand a 20-40 cm thick
bed of_cobbles“gnd boulders dccurs directlyAébove the contact.
fﬁouiders up to 2”m“4n ﬁiameter ;ccur at.th;s horizog\(fig.
2.34). This cobble lag occurs at a similar étfatigraphic T
position in faces 2.1 and 2.6, .and is overlaiﬁ there by -

similariy:bedded orange sand.

See fig. 2.36 for schematic composite section of face
2.6. Face 2.6 is a 4 m high by 120 m long arcuate exposure-

(fig. 2.8) -éxcavated during the summer of - 1984. When examined

Al -

tHat Octbbep, the upper 2 m consisted of the same orange,
horizontally bedded medium to coarse pebbly sand as in face
2.5, also with a gravel lag aboveoa straight, horizohtal

erosional base. Below this is a channel filled with a single

: )

g continuous coset of largé blaﬂar tabular crossbeds with
) . e e

straight foresets, in moderatéiy sorted fine to coarse sand,

-~

which can be traced for 100 m along the face. The foresets

. [
extend for 3 m—below the pebble lag, and dip towards the SE

T {



Figure 2.34
face 2.5,
bedding and
dm. ’

COLOURED, PICTURES - | ¢
Images. en couleur

Boulders along unconformity at top of section,
overlain by coarse grained, horizontal storm beach
finer, subhorizontal beachface bedding. Scale in

4 & c



Figurg, 2.35

Scale
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Beachface stratification, face_z.a.
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(130°)(fig. 2.37). Regressive ripples are present on some of

the crossbed foresets (fig. 2.38), and at the west (right)

end, the foresets grade {gf;;ijly into rippled beds which

decrease in dip until they rallel the western channel

margin. On the east (left) end, the tabular foresets grade
. _ .
into medium sized (average 15 cm high) trough crossbeds which

vield a strong mean paleocurrent direction {134°) parallel
. N - . -

to t diréﬁtidn_of aip of the large planar crossbed

a -
-—

foresets.

2.1.3 PIT /3 (DAOUST PIT)

-

. t 3 is located at the northeast corner of the
ice—c:ZtactStratified driff.of Richard (1982), 2 km NNE of
pit 2. It is just north of Highway,; . beside Dauost
\'campéround.‘I;/is owned and operated'by Claude Dacust, who
—_ / i

.'Lgk livds on e properfg, on Route 342. o

4

_ﬁ// . R o "
e upper metre of sediment of face 3.1 consists of

\ Face 3.i

' horizontally bedded pebbly medium to coarse orange sand,
similar to the upper units of faces 2.5 and 2.6. A pebbly 1la
‘is present along the erosional base of this unit, just as in

pit 2 (see composite section, fig. 2.39).
3 .

I\.

o ‘,} - .
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Figure'2238 Regressive rippies {arrowed)
cross~-channel bar of fig. 2.37. Scale in dm.
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Below this }é a thick 1ens-shaped unit (max. S'm) of
horizontally‘lamineted‘blocky silty clay. The clay is iight
.buff—gra§ in colour from a distance, but at close inspection
.can be seen to caonsist of variegated discontinuous lenses and
laminae of pale greenish-gray silty claf‘and pale reddish—grey'
silty clay. The bedding is contorted with small rormal and
: reverse faults of various orientations present throughout. The
pit owner reported that the clay is present to 30 or 40 m
behind thls exXposure (severely reducing the value of his 1and
for borrow pit use!). The lower contact of the cla; unit is
relatively straight and uniform. Some. fOundering of the clay

&

J&nto the underlying sand was noted

Beneath the clay are units of coarse crossbedded sand,
fine rippled sand, and poorly sorted‘coarse pebbly to cobbly
sand. Two smaller beds of similar'blocky‘cla;‘are interbedded
with the units beneath the_ierge clay unit. The base of this
‘unit is erosional end is angula;iy.unconformable with the
'subjacent rlppled and crossbedded units. The sand units are
disturbed and contor{’d The pebbly sand beds are the coarsest

7

sediments observed in an of the pits.

c e

T 4 :

Face 3.2
See fig. 2-'40 for composite section. The measured part of
this face is straight and strikes WSW. The east (right) half.

of the face consists of facies 4 tabular crossbedded buff

-
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- 4
coloured medium sand. Paleocurrents measured in the crossbeds

show a mean direction to the south. The left side of_the
e*posuré-has units of pebbly coarse crossbedded sand,_medium
rippled sand, horizontally bedded coarse pebbly sand, and
rippled very fine sand. The units are ih places-highly
contorted. The unit of silty very fine sand abpears to have
been partially injected info an oveflyingAcoarse sand unit,.
Two detached balls of fine sand have foundered into an ‘

underlying medium sand (fig. 2.41).

2.2 FOSSILS

A number of species of macrofossils were found in sewveral

)

units in pit 1 (Barbe'bit).tVery thin., disartibulated‘va;ves

of Macoma balthica and Hiatella arctica were found within

facies 1 sediments (faintly bedded channel £ill). The valves
lay horizont?lly at random leJels withiﬁ the chaﬁnels,,and
wéré,only.locally numerous. They were predominantly convex
side up, indicating the influence of cu;;enfs duging
-deposition. )

At 6.2 m dépth in face-1.2 (fig. 2.16) there is a 20 cm
unit of clay,'siltyﬂplay, and silty very fine sand contain-
ina a diverse biocoénosis. Enough specimens of‘Hiatelig and
Macoma were collected (2 kg} to submit fdr radiocarbon dating
. (section 2.3). Many of the valves still retained somé of théir
périoétracum.VWithin,the séme sample, fragments of sSeveral

N S



Figure.2.41
3.2. Ball is
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individuals of Mya truncata, Mya arenaria,‘and Mytilus edulis

were found. A few fragments of - Balanus _E were found, along
~ : .
}with at least four (unidentified) species of gastropod

Several large specimens of the siiiceous éponge Tethya logani
were'recove?ed.'ﬂumerous small (2;3 nm’dia.) very fragile -
tubes made of well sorted medium sand were'present throughout
the unit. These_are possibly the mucOusﬂcemented‘tests of
organisms similer to the larvae of'the modern beddisfiy.
. Trace fdssils were much more abundant within the
_sediments; although mdstlxlrestricted to nit 1; Three

ichnogenera were identified:

d

"1. Planolites. These~ere deecribed bY'Crimes et al
(1977, p. 124), as simnle,;unbranched, straight to curVedr
isolate to denee 1l mm - 1 cm tubes, pfimarily horizontal.
‘They obcnr within poonly sorfed bery fine grained
herizontaily laminated send beds‘ef facies 3 in face 1.1
and '1.2. They are abundant enongh in places to almost
completely obscure the nedding, and are unlined and

infilled with homogeneous sand (fig. 2.42). They. are most

likely ferqed py worms or worm-like organisms.

“

2. Monocratefion. These are vertical tubes, circular in
‘horizontal cross section (fig. 2.43). In vertical section
‘the§‘consist of concordantly downbent laminae in the

v -

shape of nested cones or funnels, 0.5 - 3 cm 1n diameter,
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Figure 2.42 Bedding plane view of Planolites traces. Note
Skolithos~1like burrows extending downward from the silt and

= clay-rich bed into the  underlying coarser, horizontally
laminated unit. Face 1.l1a. Knife handle 8 cm long. ‘ .
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Figure 2.43 Bedding plane view of Monocraterion, face 1.1a
Pen 12 cm long. ’



-

and 0.5 to 10 cm in length. The narrow centﬁal core

described by Crimes et al (1977) was rarely observed.

Monocraterion is generally confined to beds of fine to

coarse sand, either horizontally 1§?inated, rippled, or

occasionally crossbedded (figs. 2.44 and 2.45). Where it
/-—-. ’ ’

occurs in well sorted medium to coarse sand, it appears to

have originated in an overlying bed of fine grained

material (either still present in the section or missing -

dué to erosion). Annelid worms.are believed responsible for

these burrows.

3. Skolithos. A few 0.5-3 cm wide subvertical burrows are

Aprésent (fig. 2342). Pianolites burrows may be inclined
T o~ L _

or vertical for short distahpes: but the Skolithos burrows

were consistently wider than nearby horizontal Planolites.

In addition to the traces listed above, rare occurrences of
irregular vertical tubes, 2-5 cm wide by 5-15 cm deep, |
confaining irregularly churned or mottled sand were seen at -

pit 2, and are attributed to the presence of bivalves.

2.3 RADIOCARBON DATES

1.1 kg of Hiatella arctica shells and 0.78 kg of Macoma
balthica shells, from the fossiliferous clay unit above the

diamicton at face 1.2 were submitted to J. Terasmae of Brock
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Figure 2.44 Monocraterion in facies 3 sediment (alternating

beds), face 1.1b. Burrows appear to have extended down from
silt rich layer into plane laminated medium sand. Silt-rich
layer has been almost entirely removed by current action

preceeding -‘deposition of superjacent plane laminated unit.
Knife handle 2 cm wide.

-
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Figure 2.45 Monocraterion burrows in pﬁ%ne laminated {lower)
and crossbedded (middle) sand. Field of view 40 cm across.
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University for radiocarbon dating. Each sample was divided
into two and yielded dates of 9,670 %120 yrs and 10,060 %120

yrs (Hiatella), and 10,860 £ 160 yrs and 11,190 =150 yrs

L}

(Macoma). A 50 g samﬁle of compressed wood fragments from the
same unit yvielded a date of 31,900 % 1100 yrs, and therefore
‘represents material reworked from a previous interglacial or

interstadial period.

-

TABLE 2.1: RADIOCARBON DATES
Note: after removal of foreign matter, shell samples were
pretreated with a distilled water wash and acid leach. Wood
fragments were also treated for removal of humic aclid.
Counting time for a{i\samples was 3000 min.

DECEMBER 1983

' . NO. OF

- BENZENE = DISINTE- . CALCULATED
SAMPLE NO: - PRODUCED: =~  GRATIONS: . AGE:
BGS 913 2.6204 g . 56,204 " 10,860 £ 160 yrs
(Macoma 3.9377 ¢ 66,909 11,190 % 150 yrs
balthiga) :
‘BGS 914 3.6214 g 68,924 . 9,670 £ 120 yrs
(Hiatella . 3.7082 g " 69,506 10,060 * 120 yrs
arctica) : ST
BGS 915 3.42903'g 37,070 31,900 £ 1,100 yrs
{wood :

fragments)



CHAPTER 3: POST-DEPOSITIONAL: FEATURES

3.1 FERRUGINOUS BANDS

A very common feature of the sections studied *in the St.
Lazare area is the occurrence of horizontal to subhorizontall
bands of hematitic sand, which cross all sedimentary'struc—

. tures within the sediﬁ;nté (figs. 3.1 through 3.4). Slight
cementation of the sediments is effected by the hematite and
the layers often stand out in relief in weathered exposures
(fig. 3.4). iThese are dlagenetic features, and have been
called "Liesegang ringé" after a laboratory phenomenon invol-
ving cyclic diffusion deposits of silver nitrate in contact
with potassium.chrbmate, described in the mid ninetéenth
century (Bertouille 1976). Bertdui]le (1976) described several
different forms of these hematite deposits," and referred to
the St. La%are f&pe as ferruginous’ bands. They appear to be
formed by reactions of zones of colloidal iron or soluble
jferrous salts with oxidation fronts withiﬂ-permeab.‘l’ej |
sediments. The ferruginous ?ands at St. Lazare are generally a
few millimeters thick, rarely uyp to a cenfiﬁetre-or more. They
can be irregular (figs. 3.1 and 3.2) or, more commonly;
Iétraight and_coﬁtinuous (figs. 3.3 and 3.4).'In inhompgeneous
sediment the bands tend to fo&low more perméable zZones.
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Figure 3.1 Irregular ferruginous band in moderately sorted
medium sand, pit 1. Lens 2.5 cm across. '
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Figure 3.2 Horizontal section through f@
figure 3.1. Lens 2.5 cm across.
/"J'
.‘\-
/

rruginous band of
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Figure 3.3 Regular, horizontal ferruginbus bands in cross
bedded medium to coarse sand, in a subcrop east of pit 3,
adjacent to Hwy 40. Knife Wandle 2 cm wide.

-
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Figure 3.4

COLOURED PICTURES
) Images en couleur

Thin, regular and resistant horizontal ferruginbus

bands in plane and cross laminated fine sands, pit 3. Scale in

dm. «
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L



~

3.2 WATER ESCAPE FISSURES
Lo .

3.2.1 LOCATION, ORIENTATIgN AND HOST SEDIMENTS

3

Structures Ilnterpreted as water éécapé'fissures were
N :

fopnd';n several exposureslin pit 2 (Chevrief pit). The

sedimeﬁts in which the fissures oCcur'consist of.laminatgd gnd

rippled very fine to fine sand, planar crossbedded medium
sand, and minor silt and clayey silt. - The sandy facles are
well sorted'and highly pfrmeable; and are underlain by an
unknown thickness of impermeable clayey diamfcton.

Th% fissures are variously oriented subvertical to
stgeply'dipping planeé (see fig. 3.5 for location and
orientation of fiséures). Fissures 1, 3 and 5 strike

northwest, and 2 and 9 strike approkimately northeast.

- Fissures 3 and 5 were followed along strike at the top of the

-
section, from the edge of the scarp of the pit back for 5 m.’

" The fissures join at an acute.angle 3.5 m from the scarp (fig.

—

3.6). From the pqint of intersection back, the fissure changed
strike by about 20°. Fissure 9 was followed along the floor

of the pit for a distance of 30m; it has an arcuate form and
varies in strike ?y 30° from one eﬁd to the other (fig.

3.5). 'In cross section, the fissures are close to the vertical
but wvary fﬁom‘;t as much as 559Jan some places. Some of‘the_
fissures vary in dip with depth. The planes of the fissures,

ghere}ore, are somewhat irregular. Diagenetic ferruginous

\
N
.
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CPIT2
(CHEVRIER)

10m

oo

Figure 3.5  Locations of fhe water

escape fissures, numbered from one’

to nine, indicated along the edge
of the pit scaros. Fissure 9 (face
2.1) was traced for 39 o along the
floor of the pit, as indicated hv
the solid line en the diagram. Dip
and strike syinbols refer to the

oricntation cf the most closely

adjacent Iissurc.
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Figure 3.6 Intersection of fissures 2 and
3 (plan view). Scale in dm. ’

-
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bande are observed to cross the fissures, indicating that the

fissu}es predate the development of the bands.

3.2.2 DOWNTURNING ' OF THE BEDDING ADJACENT TO THE FISSURES‘

The-fisgu;es are vefy noticeaﬁle in good exposures
because of'ddwnwaéd displaéement of the beds on either side of
a narrow central fissure (figs. 3.7 through 3.15).  This
displacement, or downtuéning, is a distinctive feature of all

the fissures, and extends from fhe central fissure léfqrally'
' quﬁwqyd to an average diétance of 10 ;B 15‘cm.
| The downturning'of thé bedding next to the central
fissure can be smooth and régularl increasing evenly from no
displacement at the ‘edge of the deformed zone‘to maxi;;m
displacement along tbe piane of the.fissure, or.it can occur
ih a se?ies of.small, stepped normai faults (which generally
approximate a sﬁ;oth curve) (figs. 328; 3.9). ih a few places
there is no dowﬁturning associated with the fissure (fig.
3.14), or the downtufning occurs.onlyron one side (figa 3.13).
In the three fissures in which the latter phenomenon was '

observed, the undisturbed beds are'always on the underside of

the fissure which dips as little as 45°.

.
3.2.3 NATURE OF THE CENTRAL FISSURE

Y

. k-4
The widths of the central fissures vary from 1 mm to

'
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Figure 3.7 Upper part of fissure 2. Note
downturning of beds adjacent to the fissure

and small, stepped, normal. faults. Scale
in dm. : . ‘
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Figure 3.8 Part of. fissure 2, about 3 m
from. the top of the section. Downturning is
symmetric, and some microfaulting is

' present. Sediment is well sorted very fine
to medium sand. Scale in dm. '

Ry
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Figure 3.9 Part of fissure 2 subjacent to
figure 3.8. Sectiocn is cut at about 80° to
the strike of the fissure. Scale in dm.

<
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Figure 3.10 Upper 1.5 m of fissure 3.
Fissure 'strikes at about 75%to plane of the
section. Note that the central fissure is
emphasized by the presence of precipitated
iron and manganese. Scale in dm.
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Figure 3.11 Upper metre of fiséure 4. Note

relatively narrow area adjacent to fissure
affected by downturning. Scale in dm.

loo
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Figure 3,12 ' Plan view of f{issure 3 at top of the section.
Note: (1) Apparent lateral movement of sediments adjacent to
.central fissure is an artifact of the downward displacement of
crossbed foresets (the foresets are dipping to the right). (2}
Change in thickness of central fissure along strike, from 3 cm
at A to 1 cm at B. (3) Diagenetic manganese and iron
precipitated along the west side of the fissure. (4)
Downturning is a combination of smooth, regular subsidence and
microfaulting (5) Vague, irregular, discontinuous lamination
within the wide part of the central fissure at A and 50 cm
toward B, parallel to fissure walls. 10 cm of scale bar
visible at left.
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Figure 3.13 Fissure 3, in vertical section. Note absence of
downturning of beds on right (lower) side of fissure. Fissure
dips about 45° at this point. Scale in dm.
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L : COLOURED PICTURES
" Images en .couleur

Figure 3.14 Part of fissure 3. Note absence of downturning on
the lower side of the fissure and on the upper side in the
bottom half of photo. Note alsothe narrewness of the area
affected by downturning on the upper side; and the increase of

downturning to a maximum of 10 cm higher in the section. Scale
in dm. Co. )
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Figure 3.15 Close up plan view of fissure 9, about halfway”
down the sgection. Note

(unusual) wldth of central fissure;
faint lamination within the fissure, parallel- -to the walls;
and difference in the

) grain size between the {medium) sand )
within the fissure and the (fine) sand of the surrounding
beds. Lens 2.5 cm. across,
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(very rarely) more than 2 to 3 cm, and excepticnally 6 cm

(fig 3.15), with an average width of about 2 mm. There is
some small¥scale relief to the planes of the central fissures,
of not mdfe than about 3 cm in moet cases (fig. 3.15 shows an
exception). The sediment within the fissure 1s'similar‘to that
of the surrounding or nearby beés, that is, well sorted very
fine to medium’sand. Where they.are'thicker, fhe central
fissures are fell laminated to vaguely lamiﬁated parallel to
‘the fissure 1lls. The lower termination of e‘fissure (in
secttqn) was uncovered in onl& one instance (fissure 7, fig.
3. 16) Here, the fissure gradualiy tapere to nething within
'-otherwise\fydisturbed cross lam%nated very fine sand. The
termination of a fissure in plan view was observed at the

eastern end of fissure 3 This termination is also a gradual

tapering of the central fissure and adjacent downturned beds.
'3.2.4 MULTIPLE FISSURES WiTH_UPTURNING OF ADJACENT STRAT%

Fissures 6, 7, end 8, which have a spacing of about 3 m
between them, change in aspect et a specific horizon within
the 'sediments. This herizon is marked by the occurrence of a
bed, of varying thickness, of well sorted structureléss fine
sand (A, fig. 3.17}. The expression ef the fissures through
aﬁﬂ'above the structureless sand bed is as irregular, roughly
vertical, sand-filled planar channels which- have -either a thin

{2-5 mm) central channel with adjatent slight upturning of the
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-{between solid arrows).
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Figure 3.16 ., + Fissure 7, showing Ilower
termination {(hollow arrow), and short upper
dike-like section (fluidized intrusion)
Scale in dm,
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. Figure 3.17 Central part of fissure. 6.

Note 8 cm thick bed at- A of well sorted,
structureless fine sand, above which there
is slight upturning of the sediments
adjacent to a  >1 cm wide central fissure.
Scale in dm, '

) ' ‘. ‘ 'g

Y
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beds, bf, more rarely, are thicker and cut the sediment
sharply and cleaniy, in a dike~like manner (figs. 3.16 through
3.20}. Fissure 6 continues upward in the former manner for 70
cm, changing -in dip,upwards from vertical to-60°, then
becomes obscured within a bed of convoluted rippled sand
containing balls of foundered clayey silt. From that point
' upwards the fissure is discontinuous in section, and where ¢
visible, it tends to be thicker (5-10 mm), and dike- like, and
consists'of structureless fine sand. Fissure 7 has a very

.or

short (19 cn),section with upturned strata, above which the
fissure is thick (2 cmi,lmassive and dike:dike, and ends
abruptly 10 cm above the top of the section:witn the upturned
sfrata (fig. 3.16). The fissure re-appears 40 cm above thisz
in the form ofﬂg streignt, subuvertical, 2 cm thick-dike:
whicéh continues upward for anoth "50 cm, past the limit of
access. Digging into the face a few cm did not reveal a
continuation o;‘the fissure between the upper-and lower
dike-1like sectionst and it is assuned that the dikes are in
the form of patchy, diSCOntinuous but interconnected sneets.
Fissure 8 is a thin (1-2 mm}, irregular dike through and aboVe
the massive zone and continues in this manner upwards for 70

cm to where it becomes obscured in the weathered face of the

section. It cuts the surrounding sediment cleanly
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Figure 3.18 Upper part of fissure 6,

vertical section. Arrows point to short,
discontinuous dike-1like segments con-

. taining structureless to faintly par-

allel laminated sand. Distance across top

of photo 1is 1.3 m. Fissures cut earlier
formed convolutions.
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Figure 3.19 Upper part of fissure 7
(above: upper solid arrow in fig. 3.16).
Solid .arrows indicate discontinuous dike-
like segments of fissure; hcllow arrows
point to massive sand dnits, representing
possible horizontal zones of fluid escape
and/or fluidization. Scale in dm.
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Figure 3.20

i Clogse-up of nupper part_df
figure 3.19. Arrows as for Fig. 3.19.
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3.2.5 SIMILARITY OF FISSURES TO FAULTS

The“downturning of the beds adjacent to the central
fissure resembles drag along é.fault {fault drag folds or)
distributive faulting). FPault-related drag, however, is in thé
opposife sense on either side of a fault. The deformation
associated with the fissures .in the Chevrier pit is alﬁZys in
the same direction (downwards) on either side of a fissure.
This, together with the fact that there is no net displﬁcement
of beds across the fissures, eliminates thé possibility that
they origin%ted through faulting. The possibility that the
fissures are a.vergvrecent phenomenon, resulting from
’relaxatidn or stress release within the sediments as a result
of excévation, can be ismisséd; because the fissures_do not
offset the diagénetic f&rruginous bands, they are not par%llel
to the face of the excavation, fissurelg ends abruptly at the..
littoral unconformityh and in amzﬁfase such features wcu;d have

the characteristics of faults.

3.2.6 ORIGIN OF FISSURES AS FOSSIL ICE VEINS
Physical resemblance to frost wedges N

The fissures are similar to certain types of frost veins

and wedges, fossil and active, reported from similar sediments
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v some workers (French, 1983, and unpublished photographs)
(figs. 3.21,3.22); Ganglsff et al, 1971; fig.'32 of Johnsson,
1959; fig.. 16 of Dionne, 19?1; and "saé" veins of Katasonov,
1973, and Romanovskij, 1973; and especially plate 7 of
Romanovskij, 1973). The microfaults and downturning of the
bedding next to the central fissure is the most similar
aspect. In the case of fossil ice veins and wedges, the
faulting is an adjustment of the,sediments to the loss of
support at the centre of the crack or‘wedge,upon.melting of
the ice core./The slight irregularity of the central fissure
as seen 1n/section is anothér éimilarity, and Johnsson (1959)
lrepo?ted that it is common to find asymmetric downturning of
the beds on either side of the fossil ice wedge casts, as in .
the case of several of the St. Lazare fissures (fig. 3.13).

. s )
Post—glacial climatic conditions

Studies of modern, active ice wedge# show that averége
annual ground temperatures of -6°C or less are necessary for
their development in fluvial sands {Black, 197§). A léfge
number of fossil ice wédges and other fossil periglacial
features has been reported from southern Quebec (Dionne, 1874;
Lagarec, 1973, Gangloff, 1970). These have been attributed to
periglacial conditions present near the edge of the retreating

ice sheet (Dionne, 1971) or to general climatiq'cooling

associated with the Cochrane i readvance )ern Ontario .

~
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Figure 3.21 Fossil frost wedge formed in
glacial outwash near Lodz, central Poland,
during the last (Weichselian) glaciation.
Lens cap 6 cm dia. (photo courtesy of H.
%4. French). !
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Figure 3.22 Fossil frost wedge in
Quaternary sediments at Belhatqw, southern
Poland, probably formed between 45000 and
25000 v B.P. Flissure 1is identified as
syngenetic, that is, 1t formed and grew
along with deposition of the sediment
package. Spade handle 70 cm long. (photo
courtesy H. M. French) '

-4
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at around 8,000 yrs B.P. (Gangloff, 1976), or to other’
postulated cbld periods since the regression of thé Champlain
Sea (Lagarec, 1973). Several authors, including Terasmae,
{1959}, and Lasalle (1966), confirmed Potzer's 019535
dispoveryhof pollen evidence for a cold phase in the early
Holocene. This phase is referred to-as the Cockburn Glacial
Phase or Cockburn Stade.and has been corfelated with European
events, including the Poroslav phase in the Soviet Union.
Lambert (1972) Creported ﬁhe existence of cryoturbatién
structures in Champlain Sea sediments at Oka, Quebec, less
“than 10 km from St. Lazare, at a similar elevation as the St,
Lazare fissures. He attributed their development to a climatic
perturbation corresponding to the Cockburn readvance in
Northern Ontario at 8,500 to 8,000 yrs. BZP. The evidence for
the existence of'perigiacial (tundra) conditions after 11,000
vrs B.P. 1is, however, equivoéal. Some palynolbgical evidence
indicates that tundra was not widespread after that time
(Dionne, 1974). Andrews (1973), Prest (1970), and Hughes
(1965) consider the Cochrane event to have been a surge of the
jce sheet from the western side of Hudson Bay, of local
importance only. and nof due to any cliﬁ;tic perturbations.
Davis (1969) reported, however, that tundra clearly persisted
‘as far south as soﬁthern New Englaﬁd until 9500 yrs B.P., and
Richard (1971) sugggste@ that permafrost may have been present
in the Laurentiang, 350 km nopthwest of the study area, .until

7200 B.P. Lagarec (1973) reported the éxistence_of fossil
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periglacial features, inciuéing pelygonal ice (6r soil) weage
forms, in sediments of the Champlain Sea and suggestedgthat
there may have been several cold episodes since 6000 yrs B.P.
(mean annual temperature -2° to -4°C). Uplift curves for -
the Montrgal reglon (Hillairg7Marce1, 1979, and Corbell, 1984,
(see fié. 3.23), indicate that 100 metres of isostatic uplift
took place in the first 1700 vears aftér deglaciation, which
was sufficient to have exposed the St. Lazare plateau_to
subaerial conditions by 10,200 yrs B.P. (fig. 3.23). It seems
possible, therefore, fhat thé st. Lazare plateaﬁ may hgve been
subjected to sever;l hundred years of perig;écial conditions
at some point after regression of the Champlain Sea. |
" Current pheories on,the origin and growth of frosg wedges
require at least a few hundred years of permqfrgst condi}ions
‘for frost wedge networks to devglob iﬁ fine séﬁas {Dionne,
19?4). They may also develop in areas of discontinﬁous
permafrost (Bléck, 1975). Only a few decades of these
conditions may be necessary for narrow frost veins to develop
(incipient frost wedges, or "sag veins" of Romanovskij, 1973).
Many workers have, moreover, recorded the presence Sf seasonal
frost cracks in non-permafrost areas due to severe winter
freezing (Washburn, 1980). The fissures at St. Lazare, if
formed by frost processes, would represent only the early
stages of frost wedge devélopment (ice veins, according to

-

Washburn) because of.their narroﬁneqsﬁgkd the fact that they

do not form a polygonal_netwo:k. T
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Arguments against origin of fissures by frost crackihg.
' {

1. The_fis;ures are deepe; than the average depth of
frosf wedges (3-4 m, French, T983)._Bléck (}983) states that
wedges more than 4 m aeep oﬁdur @nly in ice-rich fine Qréined
sediments isilts and clays]. The St. Lazare fissufes are in
sand, and are significantly aeeper than what would be expected

. ~ )
.in_incipient frost wedge development, despite the fact that

the observed depths are less than the true depths (téble 3.1).‘
Depths of ‘seasonal frost cracks recorded by Washburn et al
(1963) are less tﬁan 1 m. Thus, the depth to width ratios of

the fissures at St. Lazare are far larger than would be

¢

expe-ted from frost cfacking.

2. Black (1975,'p,’11), in his list of‘criteria for
fecognition of ice—wgdge'éasts, states that "single wedges are
°suspec£ anywhefe". In aﬁdition,;frost wedge networks tend to
devélbp,?@spééially in;éhe initial stages, with 90°
(orthagoﬂal) inte;sections between wedges (French, 1983i. Only
two out 6f the nine fiésures at St. Lazare were observed to
intersectf%ith‘each other, and the angle of intersection is
30°, EQen if thes% features represent the earllest stage in
the development of-a féOSt wedge network, non-orthogonal
intersection éf fiésures.does not fit the accepted morphology
of frost wédge networks.

-4, Black (1983) obsefvgd that ice wedges form in silts

and clays much more readily than in clean sands, apd, where
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frost wedges are found in coarser material tqday, they'are'
always better developed in nearby fige grained deposits. No
}rost cracks or wedges have been reported in the‘Vaudreuil
area (H. Richard, pers. communication, 1983), and Dionne
(Eg]4) notes that no ice-wedge casts have been reported from
areas that were submerged by the Champlain Sea.

5. The downturning that occurs adjacent to the central
fissures is not vertically consistentf that is, the amount of
'sediment laterallylaffected by downturning varies along'the
length'of the same‘éissure, in some_cases from >20 cm to
virtually nothing. This is difficult to explain by.frost
cracking, as the width of frost veins_and wedges, and hence
the-amount of;space left to be';nfilled by sediment when the
ice melts, is relatively consgstent with depth, or it
diminishes-consistently with depth because of downward

tapering of the original ice wedge.

6. Figssures 6, 7, and 8 do not extend to the surface, at

least not in a form whikh resembles an?,knowu type of fossil

frost crack, vein, op’wedge, but end at least 2 m -below the

surface. The Snly 11 eiy eiplanation for this, if the fissures
i

were frost velins, is that they weré& formed before the strata

J ]
above the terminationjwere laid down. If the veins were then
burled by later deposits, subsequent degradation and nelting

@
of the ice veins mlght account for the water escape features

observed A{with upturning of strata next to the central
\-d'
-fissure). This would}correspond to” ak\orm of syngenetic ice

R

<
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wedge, as described by manylSoviet-authors; Tpe\quécfion is
that there must héve been more thaﬂ a'ﬁundred metreé"of éarine
water.above thp'outwash fan as it was beingldepoéited (see
discussioﬁ on timinQ of maximum extent of the Champlain Sgé,
chaptéer 2), precluding the development of frost cracks.

7. The most sighificant piece of';vidence,against the
frost cracking hypothesis 1s shown'in\fig. 3,24, where the the
top of a fissure is truncated by the unconformity beneath the
Qverlying:wave-rewqued sediments. This inaicates that the
fissures-predated the regression of the ChamplainVSea;.és it
is not po;sible‘fOr frost gracking to occur sub&queousl&,
unlegs the entire water column above the sediment was .frozen.
This‘evidence restﬁicf% the crack development to the very
brief period during ngrégsion of the bhamplain Seé when the®
water depth above the fan was shallbw enough to permit

-

development of winter sea ice from the water's surface down to

4 .

the. top of the fan, but bgfore the top of the fan was at wave
base:_In’the writer's opinion this is very improbéble, as ice
aone the sediment would insulate it from the large -and sudden
temperature drops needed to 1nitf§te and p;opagate frost
cracks. The formation of active ice wedges below sea ice has

not. been reported.
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Figuré 3.24 Top of fissure 9, where it is truncated by the
" erosional unconformity which represents the base of the
sediments reworked by littoral processes in the Champlain Sea.®
Note - -that the fissure does not continue above the
unconformity. Shovel handle 12 cm across. :
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3.2.7 EXPLANATION OF FISSURES AS WATER ESCAPE STRUCTURES

Water escape structures form in unconsolidatLd sediments

as a result of expulsion of excess.pore water accompanied by )

i r;adjustment of all or part 6f the sediment ifito a more stable

and more -tightly packed fabrie. The escapihg,pore fluid tends

tﬁ’gé'confined and chaﬁneiled within the sediment, creating

localized zones in which the escaping fluid moved at-

- relatively high velocity. This flow may’ cause the sediments
within the channels to become entrained and flow withsthe
" escaping ﬁbre water in a process called fl&id;zation. Lowe ané
LoPiccolo (i974) were the first to-egplain the genesis of
water escape fissures (pillar structures), and-did so In the
context of the formation of dish structures, cqQmmon in many
sedimentary sequences. The most comprehensive revEEw and N
analysis -of various water escape structures to date is that of
Lowe leYS),who showed tha£ the process of fluidization of . -

- ) " sediments or part ?f a sediment package is an inﬁegral part of

the.fofmatibn of piliar structures. Lowe and LoPiccolo define .

. fluidization as a process in which "the individual sediment »

grains become partially or entirely supported by the dreg of
upward moving waferﬁ. Tﬁis is distinct from liquefaction,
where "loosely pecked, metastable grains are shaken loose froﬁ
each other and briefly settle’uneepported through the pore
fluid". Kunii qna Levenspeil (1969) defined a point at which

the upward veloclity of the pore fluid becomes high enough to
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entrain the sediment grains, thus initiating'fluidizatﬁon‘ At fyr T

-

- . & -
h lowen elocities, fluid escape takes place by seepage tnroagh vy

—-—‘-

sedimen which remains undisturbed The grain size of the e

[

sediment is the most important factor,conErolIing its - f,%”ﬂ::;;;:?z
susceptibility to fluidization. Fine grainedisand ie‘moef':, }féﬁr" )
easily fluidized (Lowe, 1978). Fluidization is_most.liieiyito';_'i.*

occur 'in sands deposined at high rates of sedimentation' ".- . u':
because they hdve the—highest initial pore water content j : e el

-

TLowe- (1975) defined- five different types of water escape
pillars, (or fluidization channels, as they,are known in
e  engineering termdnology). All five classes include both

- . v

cylindrical and planar forms, and Lowe makes no ‘attempt at

distinouishinérbetween fne two. Cylindrical pillars (or water
lesoape'pipes of_otber authors, see Piinf, 1983); differ from
planar, or sheetlike, pillars in morpnolog; only, not in
genesis or internal etructure. Lowe's eecond; or "B" type of
Qnillar,'inoludee large (up to "many" metres), planar vertical
and subvertical forms. Internally, the pillarslmay be massive
or faintly laminated. Althongh not disonssed,by Lowe, there
must be a gnadation between type B pilla;s and Lowe's
"flnidized.infrusions",?which he has classified in a separate
category undé&r the general heading "soft sediment.
\\ intrusions". - : . -
| Lowe k1975) descrioedrfluidized intrusions as channels
j along which fluidized sediment moved.'They are recognized by
\y/;. the pfeeence of homogenized sediment in- tabular oodies.

. .. . -
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> | Fluidized int?qaions areégne”gn a g;aup of three types of foft
: . ) -aedigent intrugiona;‘tha other-two types being hydroplastic
‘Ff v : _iatrﬁsiops and lijuefiéa intrusions. . The distinction between

. "~ the threahtypes is-made on the b;sis of the inferred
afftereadea;in the interaations between the sediments and the
- e fgéore-fluid. Fluidized intrusions are characterized by

.- . o

- SN .'{- . turbulent flow. Lowe states that the structures resulting from

o ) 3.l—f' fluidizad intrusions are clastic dikes and sills.
| - e ,1! ';f:.‘ Peterson (1968) described and illustrated sandstone dikes
| "and the nature of their internal. structures He noted that

- _. beddin§ and laminations‘parallel to the,Walls are‘cpmﬁbn
within the dikes. | -

i . Lowe (1975) stated that "the upward flow of sediment and

':water within fluidlzation channels is commonly accompanied by

a'mota or less contlnuous subsidence of éurrounding
grain—supported'sands...and occasionally by slumping of the

'_:pillar'walls.:.similar to spoutlﬁQ’beds of industrial
tlﬂi@ization sfatems"..Two of ﬁowe's figures (1975, figs. 6a

L J

"_and 6b) dllustrating'type B pillarss show downturniag of the

; 'f sediments immediately adjacent to the pillar walla;ggﬁ a
-manner simllar to the ‘St. La;are'fissures: Plint (1983)
:daSCribed dowptarning in flaidizat}on-pipes ih-Eocene sanas,
“ang,{host“ﬁotably;Jin his figure 7 aownturning occurs as a

' series of mlchfaults. In another (1983b)ipaper, Plint

'T;illuatéatéél(his}fig;-s) and desctibed collapse of adjacent

. ; zbad&iﬁg-laththa fluiaized core of.a.dewatering-pipe. Gill and
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Kuenen (1958) depicted the internal struckure_pf some sand\
volcanoes in Carboniferoud sandstones in Ireland, and tleir
cross sections show downturning of beds at the margin of the

-

feeder pipes of the sand volcanoes (which are type B pillars

.or fluddization phannels by Lowe's definition). Experiments

involving laboratory-produced fluidization channels showed
that the fluid flowing within the channels was relatively
dilute, in other words had a low sediment-water ratio (Gill

and,Kuénen, 1958} . .

It seems most likely that the fissures in the Chevrier
pit are a form of water escape structure. The intimate'

s

assoclation of the fissures with definite water escaﬁe o

structures (exhibiting upturned strata and dike-like
fluidization channels) 1is strong circumstantial evidence.
Laminétion parallel to the fissure walls is common to c¢lastic

dikes (Peterson, 1968)(fig. 3.15). Neither of theée'structures

~is charadcteristic of fossil frost veins (Black, 1976).

In the St. Lazare features, the downturning of the beds

beside thé fissures resulted from failure of the fissure walls

-

and slﬁmping ﬁnto_an open central fissure created by removal
of sediment by the upward movément of eseaping pore water.
This flow would have been relativgly dilute,-an&kfailqg‘to .
support the adjacent fissure walls. Nher%i}he fissﬁres aip at
a relatively low angle, the beds on the lower s¥§g of the

fissure are supported from below and sTumpihg Qcéurs only on

a—

the upper side.
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"An alternate explanation is that a zore of fluidization
existed, in which the degree of fluid support varied in a
gradient frbm fully fluidizeé ;long the fissure, gradually
reaching zero support along the margin of the downturned zone.

" When upward pressure decreased the sand subsided downward to a
éegree proportional to the original upward support..This

explanation is not preferred, for the following reasons:

1. Lateral gradients of fluid support are not observed to
oébur in laboratory fluidiiation experiments (Kunii and
Levenépeil, 1969);—ratﬁgr, éhannelization‘of the escaping
fluid is the most common occur?ence, and is the least

desired effect with respéct to engineering concerns.

2. The fissures intersect beds of very fine material such
as fine éilt and clayl which would have not fluldized or
would have been much more resistant to fluidization-thén
the subjacént sand (Lowe, 13?5). These beds would certainly
" have interfered with a 2zoning or gradient gfpfluidization,
and would have fesulted in an interruption of the smooth
dOWntur;ing along the fissures. Ihe.characteristic aspect
of-downturning does not change across fhese_beds of very
fine material. The formér.explanagion seems to fit much’

‘better here - the clayey silt bed would have been breached

by a relatively narrow zone of escaping pore fluid.
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+3. The fact that there is downturning at all implies that
" sediment was removed ‘from somewhere along the fissure-to
provide space for the slumping to occur, and the latter
explanation does not provide for this..lfﬁmight be argued
that melting of b;ried ice directly below the fissures
provided the void into which the sediment collapsed, but
adjustment of unconsolidatéd material to a larQe voiq space
is distributed upwards and outwardé,féém the void, so that
the effect of'the void is raéidiy diminished upward. That
there is approximately the same amouﬁt of downturning along
the length of the‘fissurés indicates that sediment was
removed along the length of the fissures.
4. The places whére one side-of the fissure has remained
completely'undisturbed are difficult to e#plgin with the
second<;ypo§hesis. It seems easier to see that no collapse
occurred on Ehe lower side of some fissures that were
shallowly dipping because they were sﬁpported from beneath
{first hypothegsis}, than becau;e for some reason duriné the
.flu4Qization event the sediments on the lower side of the
fissure failed to undergo anf,fluidizatién {second

hypothesis).

In the upper part of fissures 6, 7, and 8, where there.is
- upturning, or little or no downturning,‘fhe material moving

through the channels was much anser (higher saﬁarﬁater ratio)

and provided support to the fissure walls, and, in some
. N

e .
> )

o
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places, exerted enough shear against the fissure walls to

cause upturning of the:beds. When flow ceased in these
sections, the sand-water slurry in thleissures "froze" in
place, creating a plug of massive or faintly structured sand. R
Change from downturning\to-upturning may have been caused by a
diminution of fluid velocities consequent upon b?anching of
the main channel, Brancﬁiné tended to occur where the channel
encountered a bed of high enough permeablility to alloﬁ flow of.
pore fluid withip it, relieving the pressure in the main

fluidization channel (zone A, fig. 3.17). Beds of well sorted

sediment deposited mainly from suspension are most likely to ST

have provided these relief channels, and may or may not have
themselves been_fluiaized as a result. These beds would have
had the highest inifial porosities and high permeability and -
may have had a massive primar§ structure (see figs. 3.16
through 3.20). Upward from the point at which this lateral
branching or relief of the fissures took place, most of the
water escape channels are irregular and discontinuous, and
would have had internal fluid velocities less than in the
'lower sections. It appears that in fissure 6 (fig. 3.17),
. during waning flow after the fluidization event, floﬁ:of
escaping fluids in this section of the fissure may have
continued upward across zZone A, .

The St. Lazare fissures cut convolu::d beds, sc are

clearly post-depositional. The fissures are -themselves cut by

diagenetic ferruginous bands and therefore predate them. The
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fissureé are believed to have been formed before regression of
the bhamelain Sea, becaus; the dewatering processes described
above take place subaqueousl%. The high pore water preésurgg
may have been provided by reﬁnantﬁrgf glacier ice buried af
some depth within the fan sediments (beneath the fissures).
Elsewhere in the Chevfier pit there is evidence of melting of
buried ice, (see chapter 2).rTh;§‘woulﬁ have charged the‘sed—
iments with high. pore water pressures, and upward relief of
this pressure might have taken place first by_seepagé, then by
concentration of seepage flow into planar chanﬁels where velo-
cities of flow surpassed those necessary for fluidization.

In view of the relative rarity of large planar dewatering
structures_repbrted in the liierature, the Qﬁestion arises as
to why the relief of excess porewater pressure took place in
the St. Laéare case by way of planar rather than the moré
common cylindrical or pipe forms. Although there is little or
" no total displacement of the beds across the St. Lazare
fissures, stresses favoring tﬁe incipient development of minor
faults within the sediment.,” over a cavity prédu;Ed by the

«

2 .
melting of buried ice, may have controlled their formation.

The release of stress would tend to take place along planes,
even if the cavity was reiatively'equidimensional. In-
" addition, there exists the possibiigty that there were
meltwater channels within the buried.ice mass (éither newly

formed or relict) that collapsed and provided elongate

cavities that controlled the nature of.the stresses within the
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sédiment.

‘The doﬁnturning was not caused by simple cgllapse inté a
cavity as the downturning tends to be fegular and confinuous
along the length of the. fissure. Adjustment of a mass of
sediment to £fill a cavity diminishes rap;dly away from the
source of disturbance. in addition, fissure 7 was observed to

terminate downwards in undisturbed sediment.
3.3. CHAPTER 3 SUMMARY AND CONCLUDING STATEMENTS

Post~depositional structures in the Che?riér pit that
resemble certaih type; of fossil frost wedges are interpreted
as water escape fissures. They were formed before regreséion
of the Champlain Sea, possibly in respon;e to elevated pore
pressures at depth within the subaqueocus fan deposits;‘caused
by meltiné of remnant.glacier gce. The fissures are '
characterized by an adjacent zone in which tﬂé host sediments-
are downturned. Although.climatic c?nditions favoraﬁle to the
development of frost wedges may have Been-present in the early
Holocene, there is stroﬁg evidence against formation by frost
cracking processes. The two m;in points are: (1) the fissures
predate the subaerial exposure of the fan deposits by
pégression of thg Champlain Sea, and {(2) three of fhe cracks

end at depth within the sediment and water escape channels

extend upwards from these terminations.
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The morphology of the fiésures is a result of
fluidization of the sediment within pﬂanar'channels. Exﬁess
pore water, possibly due to the melting of buried ice,
initiated flow of rélatively dilute sediment-water mixtures;
and led to erqiigg of the host seaiments alopg the fissure.
Slumgiﬁg of the fissure walls foildwed,.as the dilute
" sand-water slurry moving up the fissure was nof dense epnough
to provide support. the of the fissures ma& have granched or
bled off la;erally glong permeable beds of massive sand, and
continued upwaéds as denser fluidized intrysions, which
remained as massive.or fa}ntly structured sand dikes upon
‘céssatioﬁ of flow within the channels. Minor faulting over
cavities created by meltinb ice may have controlled the
(planar) form-of fhe éissures. The lack.pf reports of this
typefof water escape~struc%ure in the literature, even from
other deposits of glacifluvfal sands in the Ottawa Valley,
indicates that the.following combination of depositional

conditions is unique to.deposits of this type. Characteristic

features of the St. Lazare outwash fan deposits are:

— .

1. Permeable, easily fluidized sediments are undérlain,by
relatively imﬁermeable clay-rich diamictons.

2. The areal extent of the deposits is relatively large,

which increased the chances of remnant ice being huried,

and of any. one particular place in the sediment package

~

2t

e e AL,
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'being hydrologically connected to melting remnant lce.

3. Lateraliy extenéive interbeds of fine-grained material
‘deposited from interflows or overflows, especially common
in the maring’environment, are observed in the deposits -at
St. Lazare (See discussiqn, chapter 4) and, a?ting as
temporary permeability barriers, may have sér&gd to

localize or direct buried meltwater release.

<o

.
~

4. The existence of cavities created by melting remnant ice
induce faults of limited displacement which control the

development of the water escape fissures.
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" CHAPTER 4: INTERPRETATiON.AND DISCUSSION

. 4 )
4.1 THE ICE - PROXIMAL GLACIMARINE ENVIRONMENT

4.1.1 SUBWASH

Rust andSRomanelli (42?5) %?trdduced "subaqueéus outwash“
to describe deposition bf glaciéen;c'sediments af the margin
of a glacier, belo# wave base in é marine or lacustrine
environment. Recently workers have recognized that this is
not an uncommon-sitﬁaﬁ;on, and indeed that many qapped

ice—mérginal featureS‘May have some component of subagueous

deposition (Fox and Powell, 1985; Domack, 1984; McCabe, 1984;

" Thomas, 1984; Fentonfég al, 1983; Dredge, 1983; Cheel, 1980;

Proudfoot et g;,‘}gao; Rusf, 1977;'Ba efjée énd McDonald,
1973; Gustavson et al, 1973; Wisniewgki, 1973; and Sauﬁ—
derson, 1973)? |

Goldthwait (1985) has 1nc1uded éupaqueéus outwash in the

.most recent reﬁision ?f the "Analyti?a

b t

Classification of

Glacigene Landforms", a project initiated\by the Second Ingua

Commission in 1973. He coined the shortened term

\ . .
which is .preferred by this author. Goldthwait classified

LY

, R _
subwash under the hroad category of "indirect glacially-

induced- landforms", under a sﬁb-category of "proglacial ™.

s

landforms", and thirdly uhder'a second sub-category of

v

"giéciolacusfrine/glaciomarine deposits"”.

"y
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. TABLE 4.1

' EXCERPT FROM GOLDTHWAIT'S (1985) CLASSIFICATION OF GLACIGENIC

LANDFORMS: {[present author's comments in square brackets]:
I. direct glacial landforms -
A. subglacial landforms

1. streamlined topography

2. drumlin field ) ’

3. ground moraine

4. minor: (pressure) moraine

B. ice margihd) -landforms "

1. minor (dumped) moraine .

2. 1ateral moraine complex

3., end jnoraine system

IT. indirectsglacially-induced 1andforms
A. ice marginal glacifluvial-landforms ) '
. 1. hillside channel (meltwater erosional form)
2. esker system or ose
3. -kame field -
moulin kame
kame plategu
kame terrace )
kame delta (marginal ose)}: pitted but .gently
sloping top, apex channel hanging atop ice-contact
slope; gravel. topsets, long foresets, lobate into
temporary lake or sea-level.
B. proglacial landforms .
1. Scabland topography
2. outwash systems (sandur)gLsubaerlal fluvial deposits]

a. outwash fan: symmetric gentle cofie, distributary
dividing channels; coarsest gravel at head, finegt
sand at outer edge; bedding parallel to surface!

b. valley train L '

pitted plain : %fﬁ“v

oo

c.

d. outwash delta: wherever plaln {({a,b, or c above)
reaches lake or sea; lobate underwater edge; sand
with fine gravel topset .topset/foreset
structure. : :

3. glacial lake or marine plain: glacilacustrine/ >

glacimarine deposition [subagueous deposits]
a. outwash delta (as above II, B, 2,d) glac ial
‘ with subagueous flows. )
- b. SUBAQUEQOUS QUTWASH (SUBWASH}: overlaid irregul E
lobate mounds, poorly sorted sand to pebbles, :
lenticular current beds arched (slightly.backset
and foreset); believed deltas from underwater
ice-cliff tunnel[s].
strandlihe .
varved laminae (rhyfg;;:;;T

e. marine clay - ¢ ot

[Ty
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4.1.2 SUBWASH FANS

thwait has disting%iihed betwgenvsubwash fans
II,B,3,b), and aeltas (categories II1,A,3,d,kame

,B,2,d, outwash delta, [suhaerial component, or

ds]; and II,B,3,a, outwash delta, [subaqueous

]).'Cheel (1980, p. 23) emphasiged this important
distlinction” between true deltas,‘ﬁhich by definition.fonm with
a'subaerially exposed upperjéurface (ﬁarrel, 1912;, andg-
subagueous - fans, which lack' the control on the upbef surface
that an.air-water interface imposes. This is a distinctiqn
that is not élways méde when discussing subwa§h°fans, even
when they are recbghized as such.(Thoma;} 1984; Dredge, 1983;
Gustavson et al, 1973; Banerjee and McDonald, 1973; Aario,
1972; Axelson, 1967; DeGeer, 1940). (Unfortunatel&,
Goldthwait has uéed the term "delta" in his description of

' subwash deposits)i Harrison (1972,_p.‘?), proposed the term
"attenuatad_de;tas" for subwash fans in the North Bay area,:
On;ario. Completely subaqueously depositéd fans;occur in
eﬁvironments othef thqn the ice-proximal, of cou?se,\for
example at the bottom of shelf slope channels on continental
margins, and, on a much smaller scale, in tidal channels;

Fenton e 1l (1983) identified fans composed of glabifluvial

sediﬁent,-but formed by turbid underflows at the. mouths of
.glacier spillways where they emptied into Glaclial Lake Agassiz

("underflow fans").
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The most significant implication of thie with respect to
facies interpretation is the lack of topset bede formed
through ordinary subaerial fluvial processes on . the top of a

subwash fan (Gustavson et. al =19?5) Actoraing to nglstrom
- # T -
(1958} deltas have characteristically greater foreset slopes'

than do subaqueous fans. Axelsson (1967 p 9) made the

observation. however, that some river—mouth deltas have quitef.

-

gentle foreslopes and lsecked true foreset bedding. - Submarine -

fans in°continental slope regions, which are dominated by

r

~resedimentation processes, .typically- have a subdued concave to

partly convex upward longitudinal profile (similar to alluvial

fans) . Probiems of scale,_however,nmake comparisons with the
much smaller'sugyash deposits. tenuous. McCahe\gﬁ §27(1984}
p.- 727), and Thomas (1984, p. 19) illustrated in their
depositional models of subwash a gentle, slightly convex .
upward wedge of sediment, Hecreasing in thickness outward from
the‘ice'front. Slumping andlresedimentation‘plaf an'important
h‘ fble in the formation of these'fans. Fenton et al (1983, p.
56) and Cheel and Rust (1982 lp. 291, 292) indicated similar
fan morphology where slumping is not believed to have
dominated the depositionaliprocesses. Dredge (1983, p. 120},
howeyer, identified suhwash fans from Glacial Lake Agassiz,
deoosited in contact with the Keewatin\ice front,'in the form
of "distinctive flat-topped pads with steeply dipping
foreslopes". Fan or delta morphology doesrhot appear to be a

‘reliable criterion for distinguishing between subaerial or

-~
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. subédueous deposition._Theré are two processes which mayl

_gonffibute to the creation of a-flat top on a subaqueous fan:

The first is that the top of the fan may be maintained at a
L . o . . ‘ .
certain height as the glacier margin slowly retreats during

deposition, although the surface would Bb'quite_irregular due .

Fy

to the highly variable conditions as the ice resedes. The
second is that subsequent reworking by waves- as the prbglacial
water body drains or recedes will tend to truncate and flatten

the top of the feature. Fans formed in proglacial lakes,

7 o . L,
. which, if ice-dammed, may drain catastrophically, will have

‘thejr ‘original (presumably irregular) morphology preserved.

-ﬁ;;fné incursions such'aS'the Champlain Sea are‘generally

contrblled by Esoétatic.rebound and drain more slowly. The

" author believes that the deposits at St. Lazare rebrésent a

relatively flat-topped subwash fan w§th a relatively steep and

- morphologically distinct front fan margin, characterizéd by

foresets in the distal areas with dips in the order of 10° -
.15°, The flat ‘top is primirily due to littoral reworking.

-

4.2 PROCESSES OF SUBWASH DEPdSITION

The following is a discussion of the various mechanisms’

-

by which sediment derived from subaqueous outwash is
deposited. The specific environments of the St. Lazare fan are

dealt with in section 4.3..

h ] - . i
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4.2.1 TURBIDITY CURRENTS AND TURBIDITY UNDERFLOWS

Kuenen {1951) defined a turbidity current as one which

has a higher density than the body of water in which it flows

-t

due to the sedihent suspended within it. He reserved the term

"density current" for.pue which has increased density due to

-

lower temperature or the presence of a solute phase (brine,

for example). He noted that a turbidity current usually flows
M-

along the bottom {"underflow" of Bell, 1942), but will flow at .

any level within the water body where the dehsity-of the
turgidity cufrent matches the surrounding water. Gould (1951)
expanded the definitlon to include overflows, where the
inflowing turbid suspension is less dense than the surrounding

[
water and flows over the top of the water mass. Overflows

-

‘would be commonly expected i glacimarine ehvironmenté,

consldering the difference in density between the fresh

glacier meltwater and seawater.

In the glacilacustriné'envirbnment,~underflows are

.common. Gustavson (1975, p. 258) demonstrated that a

difference as little as 0.01% in density was required for

underflows to form: Combined with the extreme temporal -

-

variability of the strength of_meltWater efflux, this leads to
the development of the commdn-characteristically well-
i;minated glacilacugtrine sediment (rhythmites and vafves).

‘ -
Similar rhythmites have not been observed until recently

in glacimarine deposits (Domack, 1984). It was assumed that

\

N

.,
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this was because underflows did not form, and because

flocculation of clay size material in the saline environmenf

-

suppressed sorting. Domack (1984) observed that flocculation -

and bioturbét;dn tend to inhibit and obscure rhythmites in
fine gfainéd glacimarine materiélxén distal basins, but that
in the.proxiﬁél areas turbid underflows are a major influehce
on~sedimentation:
‘. -
4.2.2 OVERFLOWS ﬁND INTERFLOWS ) . -
. : -
Ovefflows and interflows may fgrm directly at tﬁé
subglacial or englacial.tunnel mouth if the density of the
debouching fluid is less thaﬁ the sugfounding water, or
underflows may rise from the bottom to form interflows or
overflows wHen‘decreasing sediment concéntration feduces'fheir

densify td'lpss than the surrounding water (Powell, 1983).

" The velocities of these £lows cah_be high enough (5 to 40

cm/sec) to carry up to fine sand éized material some distance
away froﬁ the glacier front (Gilbert, 1982). Deposisg\ffsJ
interflows and overflows are suspension deposits and in the
open marine environment will.form draped, structureless to

graded laminae of clay to silt, or exceptionally., fine sand,-

‘at any position in the fan setting:
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4.2.3 ~VARIABILITY OF MELTWATER DISCHARGE-

.

+
S

The source of glacifluvial streams is meltwater from the

1falls on the

glacler ice and runof £ from precipitation that
surface of a'continental glacier and becomes incorporated into
the sub- and englacial channel'sygtem. Weather, therefore:; is
the major control on the rate of flow in meltwater channels,
and hence the amount of'water debouching at‘subaqueous

ice-marginal openings. Guétavspn et al (1975) identified

three nested cycles of discharge:

t

- L - :
First order: annual: winter freeze-up dras-
. : tically‘redﬁces or stops dlscharge
Second order: 'weather'patterns (days to weeks)

o

Third order: djurnall(present in summer only):

. results in fluctuation of flow

-

strengh 1in Alaskan'glaciérs by a factor_.

of ten (Mackeiwicz et al, 1983)

: r
+* . ~
A fourth variable, superimposed on the above cycles, is

the sudden release of meltwatér_filling pockets-bf cavities
. . . - 3
.within the glacier, and the catastrophic discharge of pondeg/fcﬁ

superglagial or subglacial lakes (Su déh;and John, 1976).




143

Gustavsgn et al (1975} observed that meltwater discharge

~ from the Mala§pina Glacier in Alaska is d:ast{cally reduced
but not al@ays,halted during the winter. Cdpsidering the very
rapid rates of re reat postulate@ fﬁr the Wisconsinan ice
sheet, (from 100 mfyr to a maximum of 500 ﬁ/y,-Flint, 1963, p.

S N

210) it seems reasdnable to assume that there may héve been

continuoué efflux eltwater throughout the year, albeit

greatly reduced during_Yhe winter.

4

3
(o

. M ' L.'?
4.2.4 VARIATION IN MELTWATER SEDIMENT CONCENTRATIONS B i

n

The qoﬁcgnﬁration of‘sédimeﬁt.within.élacifiﬁvial systems
is éléb vafiable. Hooke-gﬁ al (i985) reported that the
highest concentrations in subglacial sfregms ?n a Norwegién ”
glacier occur during the fiqst spring dise;érge, and
thereafter Yhe stre;ms are more dilute. Ostrem (1975) cbserved . ’

that 60% of t fat summer sediment. flux was transported

from a glacier on gastern Baffin Island during 055.2{ hour :
h W .

—

period.’ﬁﬁﬁ??—ferm fluctuations in sediment concentrations’
were observed as well, onl.he order of hours to days,
apparently unrelated to tr dé in total water aischarée. The
-éotal gsediment load usual;& reaches itg maximumlbefore‘the

peak of meltwater flow (dstrem, 1975} ; but the the peak of

'sediment concentration in meltwater commonly occurs up to fygf

several hours after peak flow (Fahnestock, 1963; Ostrem ef~al,
A . _/'-—-._\_‘. . - J?

Y
1967, in Mackiewicz et al, 1984, p. 120).
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4.2.5 INITIATION OF TURBIDITY UNDERFLOWS IN THE !
e .

GLACIMARINE ENVIRONMENT

A suspended sediment concentration of at least 34 g/l is

" required to exceed the density of marine water (Powell, 1983).

Powell (1983)'noted that subaerial glacial meltwater streams
in Alaska have measured susﬁended sediment loads of up to 72
g/l. Inflowiﬁg subglacial streams of that concentration can be

expected to form an underflow directly (hyperpycnal flow).
1 £

“Phis is in part due to the high viscosity of the cold water

.increasing its capacity to carry fine and very fine sand, and

in part to the very higﬁ'velocit{es that subglacial streams

can attain - up to 50 m/sec (Mackeiwicz et al, 1984).

.Mackiewicz et al also pointed out that the debris loads of

-

(r idly retreafing)‘continentfl glaciers may be sign}fiéantly
gf::;:;\tban those of valley glaciers.

Powell (1983) proposed thaf the bedload of englacial
streams may play an iégg;tapt role in the foxmation of “
underflows. The tractiéna\:-saltation fraction of a

high-yield debouching stream.may separate from the main body

of the stream and form an underflow, similar to to the process

_suggested for the Co@gﬂlRiver at the head of its submarine

canyon. Some subaer1a1 glacial streams carry from 30% to 90%
of their sediment load as bedload (Mackiewiczvgg al, 1984}.

In addition, sand settling out from overflows, if present in _ .

e
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- large -enough aﬁaﬁﬁﬁs} may producé the same results. Figure 4.1

"~

summarizes the foregoing conditions. MacKeiwicz et al (1984,
p. 121) postulath that two additional methods may contribute
to underflow g reéation. Hydraulic conditions in pipe-full
glacial chdnnel flow may allow for more sediment in suépend&oh‘
and a moreé even distribution of that sediment; and turbulence
due to a hydréulic Jump at the mouth of the tunnel'may'eroae
and entrain sedimeﬁt f;oﬁ the fan at that point. N
A final method of generating a turbid underflow is "
through slumping of material already aepositéd on the fan,
forming a classic turbidity current. There is a fundamental
difference, however, between underflows generated in this way

and flows initiating directly from meltwater. Slump-

generated turbidity currents constitute a single sedimentary

‘event, with a distinct beginning and end to deposition. The

turbid underflow generated from meltwater, although subjectzto
fluctuations in flow and sediment concentrat{ion, will tend to

be sustained gver a period of time, up to a'feﬁ days 1in the

case of-arsecond order sﬁg;m disqharge, or weeks at the peak:
of the first order (annual) cycle. In.the latter case,
overprinting of third order fluctuations will 1ea& to a
turbidity underflow witg vériations in flow streng%h, a

situation which must rarely or never occur in slump -

generated (surge) turpbidity currents. For these reasons, \Hr:z
“

meltwater-generated underflows should be termed continuous
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d &. Types of continuous turbidity
' currents (after Gustavson, 1875, and Bates, 1953):
J

(hypopyecnal tlow) overflow

(homopycnal flow) ihterﬂow

{ hyperpycnal fiow) underflow . P subglacial
i o~ stream
. b. Methods of formation of tu}bidity underflows in the proglacial environment

(after Powell, 1981): 1),2),3) Continuous turbidity underflow -
. 4) Slumping generates surge-type turbidity current

1. Sand settling from over— (or inter=) 2. Bedioad and part of suspension load

flows concentratas near bottom of subglacial stream separates

into turbidity underfiow immediataly from stream at lce
' front and forms turbidity
undaerflow
* P o o . a
< silt & clay lce <~ slit & clay . Ice
' \L . sand I
A subglacial | - Y subglacial
4"/4/ < stream  |reooon oo < stream
3. Concentration of sediment in subglacial 4. Slumping of -
stream so high that entire subglacial ' sediment generates surge—-typo

stream becomes contlnucus turbidity currents

turbidity underfiow

ice

subglacial
straam

\ .
Fig. 4.1 Turbidity currents in the glacimarine environment.
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turbidity underflows, and these are a subset of continuocus
turbidity currents, whichdihclude turbid interflows and
overflows. This.is the equivalent of the twofdimeﬁsional

turbidity currents (continucus underflows) of Luthi (1§aoj.

4.2.6 LATERAL VARIABILTY IN ICE-PROXIMAL
| bEPOSI?IONAL_ENVIROMNENTS ¢
Domack (1984) and Rust and Rohanelli £1975) attributed
channelling, cross-lamination and trough crossbedding to the'
action of proximal underflow cﬁrrents. Because the high energy -
of meltwater streams.i; localized at the tunnel mouth, it
would be expected that low ene;gy'envirénme;ts are also part -
of the ice-proximal environment, away from the influence of
debouching streams. If the turbidity underflows are
channelized on the fan surface, thé high energy environment
is extremely restricted at the ice margin and écross the fan
to medial or even distal areas where the underflows leave the
éhannels {Gustavson et al, 1975). Proudfoot et é; (1982)
described élay being deposited near fhe ice margiﬁ:adjacent
to channglized debouching streams in subwash fans they refer
to as "kame-deltas". This would result in.zapid facies

Al

change within the fan deposits.

oy
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4.3 THE ST. LAZARE SUBWASH FAN . . ‘-

4.3.1 GEOMORPHOLOGICAL CdNSIDERATIONS

by

8
The steep northern and northwestern sides of the plateau

indicate that the deposits were confined there by 1ce. The
faulting and contortions of the strata in pit 3, which is
‘located alongﬁ?ﬁe northern side, may be a result of partial
collapse of fhai side after the ‘ice support was removed
The‘sediments of the plateau are perched on a bedrock
.Eigh and are draped.aoros; it to the south. The surficial
depoS{ts are very thin aloné the nofthwestern edge, and the
ltopography along that side is;partiai;y controlled by bedrbck.
The_ smailer (Hudson) feature to the northwest also has a stéep

'northwestern jce- contact side.

4.3.2 DISTAL FAN (PIT 1 - SABLIERE BARBE)

Underlﬁing diamicton
. 5

”

This unit is well exposed only in face 1.2, but it
appears to be a’ lodgement till deposited by active ice. The
shearing and contoftions of the wispy bedding wilhin the unit
(fig. 2.17) support this interpretation. Probably‘thizg?nit

discontinuwously overlies bedrock in the area, as it d

elsewhere in the Ottawa'Valley {Gadd, 1977; Richard, 1980). . \ﬁs
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‘The sandy diamictcn mapped by-Richard (1982) at several places’

-

_on the plateau (fig. 1.1a) 1is probably this unit, as these

exposures occur-elither. adjacent to bedrock outcrops or where

tHe total thickness of the surfic1a1 deposits is very thin.

e

Borehole data show that at the apex of the fan (NE corner of

the plate€au), neithetr claé nor diamicton is present between

the sand and the bedrock.

‘Fossiliferous marine clay

.
i

The fossiliferous clay in section 2.1 (and exposed in

the middle of the Banbe pit) is the product 'of normal marine

\

sediﬁentétion, Wwith some influence.from outwash

rents (sand
interbegs) and probably ftoﬁ ice rafted depfis’ (scattered
pebbles and boulders). Thé'Champfein Sea Mwas at least 112 m
deeb at this pointf the marine limit on Rigaud Mcunﬁain is
192 m (Richard, 1978), eng the aeroximate elevation of the
fossiliferous clay is 80 m., -The abgndenf faunal assemblage
which was flourishing here (Bivalveé, gastropods, siliceous/
sponges) was bhr;ed by the influx of large amounts of fihe

s ¥
sand.

Lacustrine phase at St. Lazare?

¢

The recent discoveries of lacustrfne‘sediments beneath

glacimarine material in the Ottawa Valley (see section 1.2.3



&
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above) prompts close examination of the base of the marine -
sequence at st. Lazare. Romaine {1951) identified raised o -
beaches as high.as 216 m on Rigaud Mountain. No record of <

.marine fauna exists for any strandline above 180 m (Richard,

1975). The clay above. the diamicton at face 1.2 was not
exa@;néd for lacustrine microféuna, but it does not seem
likely that any lacustrine sediment is. present, as the marine
macrofossﬁls‘occur directly above the diamicton. If the

highest beaches on Rigaud_Mountain‘are lacustrine, no

qorrespoﬁding lacustrine record exists in the lutites at St.

Lazare.

Radiocarbon dates

-

The shells of Hfgfella arctica from the profan sediments

at the base of the fan segquence gave an average date pf 9865 +

L

120 radiocarbon years BP and the Macoma balthica shells
shelis

11;026:t1 0 yrs BP. No explanation is offered for the’
discrepancy between species. The Macoma date fits reasonably
well with the 11,200 yrs obtained by Richard (1978) for the

deglaciation .of Rigaud Mountain.

i . -
- r - S

;Subﬁash fan sediments at face 1.2

P

]

The section at face 1.2 is "unique in thq&\}t'represents,

the entire fan package, however attenuated and abbreviated at

- -
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this poimnt by the intermittent or wandering influence.of¥
unaerflow currents, and truncated bﬁ Champlain Sea wave
activity. ’ _ - .
The sand coarsens upward at this location, iﬁdicating
that the subwash fa? was pfograding_iﬁto this areanrom the
site of the ice tunnel opeﬁing, éome 6 km to the NﬁE. The

- paleocurrents measured throughout the'sand at section 2.1

show flow from that direction.

The only indication of faunal activity above the clay

unit is the presence of Monocraterion and Planolites
: #

burrows, although units containing substantial amounts of

silt are heavily biocturbated. The éxtensiVe bioturbation
indicateés thét breaks in_sand deposition must have occurred.
.The overlying units are laterally continuous for 50 m,
possibly up to 150 m.or more. This can clearly be seen along
the paitially slumped féce which forms the easte;n boundary of
| the pit, afout 75 m east of face 1.2 (fig. 4.2). These beds
are dipping at 15 towards the SSW. It can be seen from fig.
1.3 thatlpit.;-is'iocéyed at the réla;ively steep (3°L8°)
southern margiﬁ.of the fan. This is fﬁe expression of the
fofesets at fhe front of the, fan, modified by littoral
processes. o
The sediments aré mostly horizontally lamipated, although
- the bedding is partially to completely obscured by
bioturbation in places. The lower metre and a half of sand
contains significant amounts of silt and probably represents

- . R
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Figure 4.2. Obligque view of large fan foresets in the distal
region, pit 1. Foresets dip at about 109 SSW. .Section about 7
m high. . o
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lower flow regime deposition. Above this fhere are rippled and
crossbedded units, in przdominately medium sand: The traction

current structures are proof that underflows were active here,

_The lateral continuity of the bedding indicates that there was

broad'shget'flow across the foresets at the distal regions of
the fan. Some of the rippled ho;izons contain silt drapes
(flasers). These “represent suspeﬁsibn depositioh from
interflows or overflows,_probably from underflows which had
lifted from the Bottbm.ét some point upcurrent and wefe
depositing silt as interflows at this point. The coarsening
upward trend.ié due to an- increase in enérgy of the underflow
currents. This -indicates that channelized unaerflows were
briﬁging coarser sedimehnt farfher out from the glacier\hgrgin
géfdre opening up'into.sheetwasﬁ. At all other sections in the
ﬁ;ateau, ab;ndanéﬂchannélization-is evident:.Two thirds 9f a
metre of facies 3 (aJtérnating beds) are pﬁeseht near the top

of the section, the significance of -which isgdiécussed below.

a_

Origin of facies 3 sediment (alternating.beds)

The beds of facies 3 sediments have considerable lateral
extent, up to a hundred metres or more. Thﬁy are uncﬁannelized
or occupy very broad, shallow channels (fig. 2.09). The coarse
beds, and some of the finer beds, are composed ofijﬁ;lﬁgsrted
sand.with traction current structures such as ripble crosé
lamination, tabular (sand wave) croésbgdding, occasional.

° -

A

i ) ’

f

L
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trough crossbedding, and upper flow regime plane lamination.

High energy is also indicated hy-the straight erosional
contact truncating the burrowed horizon at fig. 2.44. This

shows that turbid underflows occcupied broad channels or moved

across fan foresets as sheetwash.
'The alternation of bedding style and sediment size
resulted from the fluctuation of  the meltwater currents mhe
finer beds are moderate y’tq poorly sorted and were formed in
part by the settling/of silt sized material from interflows
and overflows. The extensive burrowing and bioturbatioh of

these finer beds indic\te thatxth 'were periods of non

. ;
deposition, or at leastislow enough dgposition that”

. colonization by burrowing fauna could take place. In some

places, where the coarse beds were deposited under upper floﬁ~
regime-conditiﬁns, the intervening beds are partially or;.
completely eroded (fig. 2.44)?.Evidence of the former
existence of an overflow/interflow layers within the sequence

. . . Y
is inferred by the occasional Monocraterien burrow within the

.upper flow regime sands. It is assumed that the worms that

— -
formed the burrows colonized&the area during a significant

lull in deposition, and would not have suwvived in the high

- energy env1ronment of the horizontally laminated sand. In.all

cases the burrows are truncated at one horizon within the

upper flow regime sands (fig. 2.44).

The extent of hioturbation in the poorly.sorted fine beds

. 4 “
points to first order or annual cycles in meltwater flow.

- «

,q\k /,‘;/-

Yo,
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Daily fluctuations certainly would not 'provide enough time'for
bioturbation. Second order fluctuafions caused Bf yeéthe;
systems are not believed to be respoﬁsible for fh; overall . -
aspect of the alternating bed facies, because the anrsér beds
dontaining tractioﬁ current structUres, which are very -

-~

léterally extensive, would have taken longer to accumulate

-

than the seveéral days of peak flow that may have accompanied a

major storm. It is more likely that the coarse beds were

deposited during annual peak flow (a number of weeks) wh

: . . b A
underflows could be maintaihed beyond the channels on the mai
part of the fan out across the distal foresets. Unusual

discﬁarge events at other times could complicate this pattern7g

and many of the thinner beds of cocarser mater%sl can be

_attributeQ;:o this. The. alternating, bed facies, therefore, can

be considered to be-proximal varﬁes. Fig. 4.3 shows

. alternating beds from face 1.1b photographed in May 1985

Ehigh, atypically, have the clay laminae of the-winter laver
preserved. These resemble the '"sandy proximal varves" of
DeGeer (1940), from a Pleistocene submarine outwash fan in

-
Sweden. Annual meltwater flugtuations were proposed by Domack

(1984) as the most likely control on the rhythmic proximal'“
glacimarine bedding of The Late Pleis?ocene Whidbey Formation‘
in,Washingfan. ' o . “

The finer, poorly sorted horizontally laTinated beds of
faciesAS contain significant amounts of silt gnd are largely a

.

product of suspension deposition from interfldﬁéqOr overflows. _

N2

B Vd
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COLOURED PICTURES
Images en couleur

1

Figure 4.3 Facies 3 beds (interpreted as proximal varves),
face l.1a. Traction current beds alternate with mainly
suspension deposited beds. Scale in dm. :

,
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Because of their relative remoteness from the ice ‘margin,
they probably also contain contribution from interflows N

derived from underflows that lifted from the bottom as
sediment loss reduced their density.

‘This propertg“of underflow deposition would leadéto sharp
contacts between coarse underflow deposits and their overlyiﬁg
interflow equivalents, as observed in facies 3 béds, The sharp

. } .
lower contacts of the coarse beds are due to the sudden
_starfup of underfiows during the season of peaﬁ flow (Dﬁmaék.
1984,p. 598). Domack suggested that sharp ubper and lower
contacts of an underflow .deposit- imply a rélatively ;hort
episqde of sedimentation, and that rather, as in the case of

the rhythmites of the Whidby Formatién, a gradual lessening of

the strength and freguency of underflow dépqsits over the

- season led to a fining upward transitional contact between

peak flow tractional underflow sediment and.the/;;grlying fine

éfained overflow deposits.

Grading is occasionally present, however, within ¥he
alternating bed facies in pit 1. Fig 4.4 is a seckion through
facies. 3 beds showing drabed lamination overlain’ by ﬁype A
climbing ripples which grade upward into type B climbing
ripples. There is general fining upward within each bed. No
biofﬁrbatlén is éresent hgre (perhaps due to continuous rapid
deposition), but these beds are of the same order of thickness

and occur in the same place in the fan as "the biotuépgted

strata, and are attributed to annual meltwater cycles.
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Figure 4.4 . Clay drape 'grading upward to silty and sandy
climbing ripples, indicating gradual increase in’ current and
underflow activity, probably . at the beginning of seasonal
meltwater efflux. Knife handle 2 cm wide. ’ .

.

N o
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Two feasoné are proposed for the shérp rather than
gradational upper contact of the coarse underflow deposits,
and the generél lack of grading within either the coarse or
the fine ﬁembers of facies 3:7.1. Bioturbation may have )
homogenizéd originally graded fine grained members (un;ikely).
2. As discussed above, a continuous turbidity underflow will

'1ift off the bottom as soon as its density is lower than the

ambient fluid, with consequent cessation of traction activity

'downstream of that point.

Time required for deposition of the fan

Gustavson et al (1975, p. 276) estimated the time
required for deposithen éf glacilacustrine deltas at from tens
of yeﬁrs to several hundrgd year;,at most. Using the average
thickﬁess of tﬁé proximal var;e éouplets at St.,Lazare (30'
cn), and the maximum thickness of section in pit 1 (14 m,

.-#*{zcluding,an estimate of the deptﬁ to the‘top of the
diahicton),.an estimate of 47'yeafs is derived. This fité very
well with the figure of Proudfoot et al (1982) for the time
requireg fqr depos?tion of a subwash fan in Alberta derived
from the varve:’daﬁFd duration of the glacial lake into which
it was deposited {40 years fo; ll_ﬁ). The size, average flow

rates aﬁd‘sédiment loads of glaciai tunnels ;ust be guite

variable, ‘and depend on such factors as the configuration of

the glacial tunnel network, melting rates and sediment supply.

. \
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Thus the rate of deposition of subwash fans must be expected’
to vary widely within the end member figures of Gustavson et

LI

al (1975), aﬁd perhaps more. These depositional rates (in the
—_——— . . _' . .

order of 30 cm/yr) are gquite reasonable when compared with

rates of over 400 cm/yr for silt and clay rhythmites in

Glacier Bay, .Alaska (Powell, 1981). . '

-

Other distal fan facies

Facies 3 sediments make up over 56% ;f the exposures at
pit 1: Facies 1 is_the next most abupéant, and ii discussed
below., Facies 3 sediment‘(current r}ppied sand) cohﬁrises_uﬁ~w
to 25% of the exposures at faee 1.1. Faeies 2 sand differs

' from the tract;Ln -current part of fac1es 3 sediment in the
abundant presence of climbing. ripples, and in the thickness of
" the bedding. Fagies 2 beds are considerably thicker, on the
order of a metre or more. ' » \ ’

Thick sequences of climbing_rippleé-can be deposited

experimentally in a matter of hours (Gueiavson et al, 1975). A
siﬁgle very high discharge ewenff lasting only a few days, may

: have deposited an entire metre thic£$unit of facles 2 climbing
ripples. Climbing ripple cross lamination is a very commoh
mode of deposition in éeltas, where relatively high veloc}ty
streams .carrying high sediment loads are suddenly slowed as

they enter the depositional basip and large amounts of

sediment are forced out of suspension. The same situation

]
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would have éxisted at the distal end of fan-top channels at

St. Lazare under high flow conditions when'very large amounts -

‘of sediment-were being delivered to the fan fFEﬁtﬁ\%Be

estimate of the time of deposition of the entire fan should be’
reduced in inverse proportion to the amount of climbing

rippled sand in the section.

i
i

1

“\\ Ice rafted debris ’

*

L
-

The componerit of ice rafted debris in the.St. Lazare

sediments is low. Outsize .clasts have been observed in the

sand, and most boulderd show evidence of having been-dropéed

4into the sediment (fig. 4.5). Only one of these dropstones

showed obvious evidenée of glacier'écour (fig. 4.6). Thg
glacier.wouigﬂgfve been in extensional flow_in.the'study area,
having descended from the highlands‘a short distance north or
northeast frqm St. Lazaré, and experienced flow expansion
down-ice from the'éuﬁ—icg,constriction imposed‘ﬁ§ Oka_énd
Rigaud Mountains. There would have been littlé or no

. .
sﬁbglacial material b;Bught up into the glacier snout, and
calving bergs would have been relatively clean. Outﬁash—
derived curren;; may also have quickly removed bérgs from the
fan_érea, especially i1f the currents were debouching in a
small calved bay in the-ice margin‘ Outsize boulders are

particularly abundant at the littoral unconformity, and are

all of Grenville origin. Some may have been dériygd by
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Figure 4.5 Ice-rafted boulder, face 2.6, showing deformation
of subjacent beds. Boulder 30 cm across. ,
.
-
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; . Figui'e‘ 4.6 striated ice-rafted Jboulder, face 2.5. Scale in
- . dm. : i . :
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»
drifting of shore ice from the abundant boulder beaches on

’

Rigaud Mountailn after ice retreated from the area, and
deposited at the base of the littoral sediments as a lag.
Boulders abundantly scattered over the top of the plateau may

have a similar origin. Lack of supraglacial debris is *
indicated by the absence of any flowtill djiamicton interbedded

with the sand. - '

[

Facies I: faintly horizontally stratified channel fill

The channels and their sediments’ bear a strong resem—!
blance to mass flow deposits in Pleistocene glacilacustrlne
eﬁdiments in the Netherlands ({Postma et al, -1982, especially
their fig. 6d; and fig. 385 of Ruegg, 1983), and near Ottawa
(Cheel and Rust'1980: their type B ehannelffiil), both of

-

which were attributed -to the erosive action of slump-generated
. _ P . “
mass flows. In the case of the channel fill near Ottawa the

steép channel walls and the inverse to anﬁal grading at the

. _ . =
basé“araetheqmﬁét similar features. The similarity to the

L

channeis of the Netherlands are (1) the steep channel sides,
(?) the concentration of pebbles along pedéiné planes near one
side of the channel, (2) faint horizontal stratification, (3)
identical eonvolutions near the top of‘channels (fig. 383 of
Rue%g, 1583), and (4) the dark laminae near thé base of $ome
channels (fig. 4 7}, which pinch out withln the channel apd
which Ruegg (1983,'p,.68) attributes to slumping of-the un-
_ =

S
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COLOURED PICTURES - :
lmages en coulcur

Figure 4.7 Laminae ‘'rich in heavy minerals at the base of a

facies ‘1 .channel, pinching out within the channel, similar to
that of Roepp (1983,fig. 6d) (top and to the left of scraper).
Face 1.1b. Scraper is 10 cm wide. ~

:
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. &
stable channel wall during eedimentation of the cnannel fill.

The major differences between the channel fills are (l)the St.

Lazare near—massive channel- fill is of very wedl sorted sand

! -

(apart from the very minor\pebble component), an? L2) does not
exhibit an overall ‘decrease in grain size from bottom to. top,
and (3) the channels of Postma gtAgl de not show the strong
asymmetry of the St.'Lezare type. |

| On the other hand, the following characteristics of
facies 1 sediment tend to indicate thiat the channels were
carved by dllute currents rather_than by mass flows : (1) Tne
channel £fill consisteuof small fining§9pward beds of well

sorted sand. (2) Facies 1 channels are asymmetric. (3)

Lo

Pebbies and rip-up clasts commonly lie“along bedding surfaces,
concentrated towerd the steep, gr'"cut bank" side of the
channels. (4) belecypod valnes; when they occur, tend' to lie
in & horizontal,_convex-upwerd position.
| Phe strongest piece of evidence ageinst a dilute current
origin ({;uidal flow, Lowe, 1979) for the St. Lazare channels
is the very steep channel walls. In the absence of stabilizing
vegetation, saturated sand has ;ery little coheeive strength
and therefore could'not have maintained steep channel walls.
This argues for the presence within the channeig, during their
formetion, of sediment of suwfficlent &dncentration such thqt'_
it woulo:have provided support for the channe;_walls. \

- - .
Dispersive pressure present in density modified grain flows

(Lowe, 1976a) may have been capableﬁof providing support.

R
-

~

i
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Postma et al proposéd-.that the "diffuse banding" -(vague
horizontal stratification) of their typg B channel fill may
have originated by the prdgressiVé "ffeezing" of é basal 1aye£
of'highly concentrated sediment. This process would leéd to
thé development of inverse grading in each iayer due to
dispersi¥e pressurés (Hiscott'andAMiddleton, 1979, p. 323).
Because \almost ‘all the beds in the St. Lazare type are
normally graded, this process could net have been responsible.
Thé occasional reverse graded bed mgyfbe attributed to this

‘process, however. *

-

The succesive upward flnlng within the indiv1dual beds of

facies 1 channel-fill at St Lazare implies pulses of floWw,

with depositlon of finer mater;al as the flow waned..It is
proposed that the méde of deposition of the faintly stratlfied
facies 1 sakd is by a relatively concentrated dispersion of

sand, possibly corresgonﬁingto the density-modified grain

_flow of Lowe (19769). Sediment was sufficiently concentrated .
ﬁthat dispersive pressure;partially contributed to grain |
gupport_(anq helped to maintain the high-angle channel walls),
vet dgéste enough‘that some aspects of fiui%al filow were .
obtai%%? (ability to erocde, normal grading, as§mmetric‘channel
-prqfifgg, depqsitionaof peledypod valves in convex-upward
_posifion). Slump-generated mass £low may not havefbeen the \ ‘6
source of sediment (if théqgwefe,lchannei fill witﬁ features

. .

more characteristic of mass flow depositon should be expected

to be found more proximarij). The channel fill may be a result
C i
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\\\% transition from‘erosion to deposi'tion, when the concentration f-l
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o

of continuous turbidity underflows that were confined and
concentrated within their channels to the extent that
dispersive pressures became significant The fact that there -’
is no overall upward fining of the sand within the channels
also.supports the hypothesis of deposityon from continuous
(but fluctuating) turbity ‘currents ra'thg-:&han epis.odic
(slump-generated) flows.

The reverse—to—ng;mal grading in the lowermost few cm at

the base of most channels is orobably-a result of the

. of sand at the base of the channel was high enough for

\eispersive pressures' to have become predominant;ﬂfhis

ket -

inversely graded layer alsc occurs above reactivation surfaces

/<~ithin the channels, indicating a freshening of the strength 7
k\géhfhg currents and re-initiating of erosion. The irregular,

S .
steﬁﬁed aspect aspect ,of some of the channel walls.ié

attributed.to enlarging of the channel during reactivation.
N

-—

Large convolutions which are present near the top of many

of the channels, and are truncated by the overlying beds,
formed after deposition of the channel £ill as a result of
dewatering of the (rapidly deposited) sediment. The
convolutions may have beern influenced by currentsmabove the
bed, but preferred orientations of the convolutions ﬁere not

measured (or noted) in the field A s

The presence of rip-up clasts of clayey silt within the
P
.channels shows that there were interflow/overflow depoxﬁts

-~
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the action ofzgsjifflows.
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present upstream of pit 1, further proof of the existence of

winter suspension deposits which tend to have been e:oded.by

-

4.3..’5! PROXIMAL FAN DEPOSITS AT PIT 2 (CHEVRIER PIT)
. X .
'Pit:2.is situated in a relatively proximal p&sition on
the fag{'All facieg are present here except for facies 3
\(al%érna&ing beds), wﬁich is believed to be restricted to
distal fanlareas. The predominant facies type.fn pit 2 is
acies 4, ﬁr crossbedded sand, csnfined within relatively
steép wéiled channels of varying sizes, Most of it is trough
: v ‘
cfassbedding and plan&r—tangentiai‘crossbedding formed by
.migrating straight- and sinuous—crestedcsubaqueous dunes, _
indicating that in tﬁis' ubproximal position the energﬁ of the_
oﬁ;washlcurrents*wgs‘higﬁ. Soﬂ% planar-tabular (sand wave)
ross edding,'ripple cross }amination‘;nd trough cross
a‘ nated fine saéﬁ exists within the channels; this is an
dication og\loﬁer flow stréngths of the meltwater underflow
currents. No jndication of interflow or‘overflow degpsition is
present in the southern two thirds of face 2.5; the peak flow.
strength in this area was always high enough to erode all
traces %f suspension deposition. The paleocu}réhts within ¢he
crossbedded units indicate flow ffom the ﬁNW{ Because-of_the

N

strength of flow impljed by the cro3sbedding and the;proximity

' Qf the ice margin, an ice tunnel openiﬁg to the northwest,

o,

-~
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about one guarter of.the way down the northwest side of the

fan, 1s inferred.

~

The lower part of the adjacent exposure of‘facé 2.2
consists of fine sand, ‘consisting of typelB climbing ripples
and non-climbing r;pples. Fig. 2.23 showé.upper flow regime
discontinuous gzane lamination grading upward into |
.non—climbiné ripples, indicating a waﬂing of the velocity of
the underflow current at that place. Several units of tabular

N ‘ P
crossheds represent the migration of individual sand waves,
yost of the rippled saed shows flow from the‘west, but
climbing.ripples in;the lowesf part of the north end of face

4

2.2 point towards the west and may be regressi®e ripples

formed in the manner recorded by Aario (1972). A large part of

the sediment within pit 2 may be fine rigpled sand, ds similar
-material is present in face .1 and in:scattered small
exposures elsewhere in the\p t. These sedimeets indicating
easterly paleoflow may be the deposits of currents originating
from a meltwater tunnel on the west side of the fan which was

A
active after tunnels at the inferred fan apex deposited the

beds observed in pit‘l. Deposits in this sub-proximal position

in the fan may Jgt show any rhythmic aspeet because of the
high energy of the flows; fine grained of f-season suspension

deposits were 1ikely not preserved through peak flow.

o T

At the north end of face 2 5 there is evidence of

‘shallow, broad channels filled with much finer sediment (very

finé sand, silt, and clayey silt). The upper few metres of
/ | —_
o &

g ‘ Q‘
- .

D R

g§&
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face 2.2 are composed of similar sediment in one broad (>60m}

channel. In face 2.5 there is abundant evidence of

"overflow/interflow déposition in the form of draped laminafioﬁ

and pqorly sorted horizontally laminated fine silt; sand.
Sevéral thin beds of massive well sorted fine to medium sand
are also attributed to fallout from overflows or interflows
{fig. 2.22). Fine sand is expected to be deposited from
overflows proximally (Gilbert, 1982). Fig. 4.4 shows a
céarseniné up seguence s%arting with-draped clay énd overlain

by climbing ripples in silt and sand, wi?h‘d regular upward

decrease of angle of climb_of the ripples. This indicateé/;

change from suspension sedimentation tc’a gradually increasing

underflow turrent and a decrease in the ratio of material

falling from suspension to that carried in traction. Although

no burrowing is present; the presence of a clay layer strongly

suggests winter deposition, and the coarsening up sequence a

% - i . \
gradual seasonal increase -in meltwater activity.

"

The variety of facies in pit 2, and thé}divergencé of its
o ~ 1 {‘\ Ve
palecflow trends from thosg“measdred\elsewhere across the fan,
: , .

-

-

suggest that more than one majer ice tunnel contributed

sediment to the fan. Any one ice tunnel may have varied in
- .

impomtance over'timd. according to the configuration of the

network of subglacial tunnels.
- M - -

A +
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"Flaser" bedding

Flaser-like bedding withfh facies 2 sand (fig. 2.24)
. ‘ . &
results from draping of clayey silt over ripples during

interflow or overflo;\events when underflow deposition is
. . ' '

'temporarily interruﬁted.‘This may be an expression of third
: I: i ’ _‘ -
order (diurnal) flow fluctuations (probably, in the case)of
fig. 2.24), or it may represent lulls between storms o

. .

weather pattern influence.

-

S

. Convoiute lamination

» :

.

‘There are several cganluied beds in face 2.2 (sensu
Reineck and Singh 1975} . These beds are laterally continuous
within a broad, shallow channel and average 25 cm iﬁ.
thicﬁress.’The conyolutions die out gradually over a space of

about 5 cm below; and are truncated abruptly above. There is

no preferred lateral orientation to the convolutions. They are
interpreted as a product of reverse density gradation where a

" layer of sand overlies a layer of silt or silty clay which has
a lower densitf than the sand. The straight gpper contact may
not be an erosional contact, but-simply rherupper surface of -
. the sediment at the time that the convolution occurred

(similar to fig. 131 of Reinick and Singh, 1975). Elewhere in -
pit 2‘eimilar convolﬁtions were feund that must have occurred

after the everlying beds were deposited, as a sherp.upﬁer
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' crossbeds. 4t w
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contact is missing, and.instead the convolutions affect the

overiy@ng heds (fig. 4.8). It is clear thaé at least two
differeﬁ£ generations of convolutions are prgsent. Qonvoluté
bedding is indicative of high depositional rates and high pore
water content, conditions that certainly yould be expecte¢/;§
oécur in fine grained subwash fan sediments. Coﬁvbluted 7
Sedding is_distinct from contorted bfdding in genesié and in
form. Contorted bedding lacks the sometimes gquite reg&iar
;ntipliné/syncline form of convoluted beds. Contorted bedding

in the study area results"brimarily from "distortion by'

shearing as masses of sediment adjusted or subsided to fill

-

voids created by meltiﬁg remnanf glacier ice.

: . &
Proximal bank-attached channel bar (face 2.6)

N

Face 2.6 is approximately 1 km NE of the main pért of the
Chevrier pit. The littoral®unconformity is at 4m depth in the
section. The sediments above the uncdnformity are identical to
‘ ; ’

those inf;ace 2.5. Below the unconformity is a large bhannel,

100 m wide; nd two thirds filled-w;th large-plénan tabular

e
hannel migration of a

cross-channel, bank-gttached bar (alterpate bar sensu McCabe,

. 1975,¢in Collinson, 983, p.57 1 .37{. The cfossbeds are

composed of modératély sorted fine to coarse sgnd” Regressjve
ripples mig;a:ad obliquely up the foresets near the bank-

attached side. In the thalweg at the open end of the bar,
, - >
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deposition
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. N v Y
Convoluted bedding with disturbed overlying sed-

2, indicating that convolution occured
of superjacent beds_ (vertical section)}. Pen

after

.
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migrating sinuous-crested dunes formed troﬁ@h crossbeds. The

paleoflow indicatgd by these trough cross beds.matches the
direction of diplof.the bar f?Fesets, and is similar to.those
measured. elsewhere in pit 2 (1309). The channel is'cut'in
rippied'fine sand. Ihis is further eg{dpnce'of an active ice

P

tunnel on the west side of the fan.
4.3.4 PROXIMAL FAN FACIES AT PIT 3 (DAQUST PIT)'

Pace 3.1 .

\ s ‘

Pit 3 is in the most proximal position with respect to an’
4

ice tunnel at the northern apex of the fan. This is compatible

with the fact that the coarsest materia¥ found in any of the ,

pits is located here. Part of Eéce 3.1 is made up of coarse
ﬁebbly sand, interbedded with mediﬁm sand and bverlying fine

: « ‘ , .
Pripgl?d’sand. -

The finest grained séﬁiment anywhere in the fan is also
present here. Disconformably. overlying phe coarse pe?bly‘sand
is a lens-shapéd unit of blOCky; laminated and-variegafed
‘silﬁy clay. Gadd {1§77) i@entified similar gray/red Qariéga}ed
"silty clgy from the uppef paft of the Champlain Sea dgpositg
in boreholes in the Ottawa valley. The laminatﬂons within the

clay are disturbed, faulted and contorted throughout. The con-

tact with thé underlying sand is relatlvely straight and.regr'

- - -

ular although-slightly loaded in.ﬁlaces.‘The underlying sand

¢}
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*is highly‘disturbed, with injectione of one unit into another,

ﬁicrofau]ting (mostly reverse) and'contorted bedding.
. ;
«

It is probable that channels were carved then abandoned

on the fan surface, through channel avulsion.br by the sudder™

¥

cessation of meltwater flow from the ice tunnel.‘In the"

N

,abgence-of meltwater influenCe,’or in a neardchannel

backwater; clay may have filled the channel. In light of the
disturbances ofsthe underlying sand, however, , it is suggeete%

that the clay lens was deposited in a Kettle formed by .
the melting of buried glaciér ice. The injectiohs and other

] . S .
contortions of?thejsand units formed 'as the ice meited'and

ffubsidence began. Two smallér'units efﬂEimilar silty céﬁy are

interbedded with the sand units beneath the clay .lens; this

shows that slumping'of pebbly géné’SCcurred‘intermittent;y as

_clay sedimentation proceeded, as described by Hayward and -
: . ,

French (1980) from defosits in the Ottawa area. Probablf_some

residual subsidence during the depositiohhof the entire elay
) , ~ ' e

unit contributed to the contortion and faulting within the

clay, whlch seems too severe to be due simply to differential

compactlon The reverse faults throughout the section conform
Y

‘“to the criteria for melt-out of buried ice proposed by

-,McDonald and Shilts (1975) S - L y

]

The clay lens 1s truncated above by. the littoral "

=

unconformity. The amount of sediment that WaSAIEFO!kEd by the_‘
' \ C ! S g

t

shoaling Champlain Sea is not known, but the ﬁresence‘of a

"
Lo

- . . ' + .
rominent, flat littoral unconformity at depth thrdughout the

. . . .
. .
- . - . . .
. ¢ . .

‘l

&
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fan indicates that the original profile of the top of the fan

was flattened by wave activity.

Face 3.2
- » i
Face 3.2 1s predominantly plénar crossbedded'hediﬁm
and fine sand, with ihferred paleoflow from the north. The
abundance of relatively low energy deposits close to an ice
tunne) which is believed to have deposited similar material

7 km to the south implies variable strength of the subglacial
/ : ' ' o ) &

. streams debouching from the ice tunnels.

-

There is a considerable amount of disturbance of the beds
here, similar to face 3,1 and attributed to the same process,
namely meltout of buried ice. Small reversé_faults abound

throughout. Two foundered balls of fine sand in a medium sand

unit (one is shown in fig. 2.41) are gttributed.to partial

'liquefaction of the lower bed. Injection of a unit of fine

LY

silty sand into two less disturbed units 'is alsc a result of
ice melt-out. Somg of the upper units are relatively
flat-lying and less disturbed, and may have been. deposited by
mass flow into a kettle from AQjacent.highs {Hayward and
Frénch, 1980). Collapse of: part of the northeastern edge of

L

the fan after retreat of the ice margin from the fan may hgve

contributed to the faulting in pit 3.
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A

o Faunal presence in the subwash fan

) . 4
A ! s

There i; eviﬁence for a considérable amount of faunal
life within the fan sediments. There was certainly a dﬁverée
assemblage thriving not far ?rdm the ice front (<10 km), in
the pro—fan silty clay, as indicated b?Ithe biccoenosis at
face 1.2. The occurrence of disarticulafed pelec&pqd valves
w;thin the facies 1 channels in face 1.1 indiéa£e the presence
of colonies of pelecypods more proximal than pit 1. The
preservation potential of‘shells wifhin the wvery ﬁerﬁéable
sand at St. Lazafe is poor. Some burrows in p}t 2 are believed
to be of pelecypod origin. Abundant colonization of thé distal
fan areas (probably by annelids - Guy Narbonne, pers. comm.
1984) i1s borne out by the burrows and bioturbation in pit 1.

’

Littoral unconformity

. The uppermost part of the sequencé was truncated by
reworking of the top of the fan_by wave processes as the
Champlain Seé regfessed. This must be the usual situation with
subwash deposits, and only in restricted basins would
diminished fetch allow for a minimum of wave attack and
reworking. in the case of ice-dammed lakes, rélatively
catastrophic drainage may help preéerve thé_uppermost
sediments by reducing the amount of timé the feature would be

at waterlevel. In the case of the St. Lazare fan, the
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uppermost beds were reworkéd gquite significantly; Abundant
geomdrphic evidence qf shore processes, such as terfaces and
extensive boulder'beaﬁpes, is 5resent in the Vaudreuil regién.
' In pit 2, the ., littoral uncanformity'extends to a depth of 3 m
below.thé top of the present pit level. The sections in pit 2
clearly show the lag of boulders agove the unqgnformi%y,
coarée hérizontal or low angle storﬁ beach bedding and
discontinuous subhorizontal beachface bedding above this
{Davis 1983, p.413) (figs 2.34 and.2.35). The sand above the
unconformity everywhere is staingd oraﬁge from iron oxide, in
strong contrast to the buff—coiéunﬁd sand iﬁmediately beneath
the unconformity, reflecting‘the.oxidizing conditions in the
littoral ehvironment. No evidence of fluvial deposition, such
as channeis. was seen above the unconformity, nor is there
-any'evidence that these sediments were subaeriaily exposed

during deposition.
. Aeolian lag

At face 1.?, the uncdnformity is'at@é m depth in the
section. It can bé seen in fig. 4.2, wheré it strongly
lfésembles deltaic topset bedding, and_has‘been mistaken for
such in the past (Richard, 1976). The bedding in this unit has
been obscured at this location by a number of ‘processes,
namely cryogenic disturbances during cold poétglécial climatic

o

events (see discdussion, section 3.2.6}); disturbance by modern’
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vegetafioﬁ; and tilling by farm macﬂinery {(alfalfa is
presently being grown in tﬂe-adjécent field). The ﬁppermqgt
part of the unit consists of coarse pebbly sand. As mentiéned
‘in section 1.3.3, evidencéﬁgj,aeqlian.processes are widespread
on the plateau. This upper pebbly sand is.pfﬁbably a deflatioﬁ
lag created by aeolian winnowing of ‘fines. This is not an
uncommon occurrence in glatial’depdsits (Flint, 1963, p.

118}). Frost churning of.the sediment prevented a lag
concentrate.from armouring the surface and halting this

process, such that the effects extended to a depth of almost

1 m.

4.3.5 DEPOSITIONAL MODEL

A calved bay af St. Lazare

The two icé contact sides of the fan {a iong one to the_
northwest and a-short one to the north}) combined with the
inferred position of a'major ice‘tunnel at the northeastern
corner of the fan,'suggest that thére was a triangular
indentation in the ice front, coinéiding with the bedrock high
on which the‘fan»is'ibcated. The bedrock relief up-ice of the
fan is considerable; the bedrock channel on the northwestern
side of the fan combined with the bedrock high beneath the fan
form a steep cliff of over 100 m. It is oriented obliguely to

the flow of ice indicated by striae -to the'northéast, but
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Rigaud Mountain may have deflected the thinning leading édge
of the ice towards the southeast.

The combinétion of thé restriction on glacier flow posed
by the two mountains and the steep relief of the bedrock
surface between them may have initiated the calving of a
triangular Bay. This calved bay may have been as deep as
7 km, and maintained long enocugh for deposition of the fan
'(fig. 4.9). The potential gradient of water pressure within
the glacier would have been affected by this indentation in
the ice front such that the drainage was deflected: with time,
towérds the bay. Meltwater activity would have increased
during at least the initial stages of the depositioﬂ of the
fan. Multiple meltwater channel openings would have developed
within the bay. Given an average rate of retreat of the ice of
100m to 200m per y;ar (Flint, 1963}, it could have taken 35 éo
70 years for the main ice front to have retreated past the
apex of the fan. This figure agree§ !well with the estimate of
the time required to deposit the fan based-on‘the average
thickness of the proximal varves recognized in the distal
‘areés of the fan (47 years).

No evidence of deformation by overriding ice exists
anywhere in the fan, so reédvanée of the ice front cannot be
postulated at this location. The overall slight coarsening
upward trend to the sediments within the fan is attributed to
increase of meltwater activitf wifh.time as a meltwater tunnel

network developed within the ice to feed the fan apex,
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progradation of the fan itself, and the channglling of
sediment laden und;rflows acréés the fan.

On a broader scale, the St. Lazare fan is the major
componen£ of alcomplex of outwash deposits in the ice-lee of
Oka Mountain. Rigaud Mournitain has a similar but smaller lee
accumulation (fig. 4.10). This may be a common occurrence in
the lee of large obstacles that induced crevassing and calving
down-ice from them. N

A combination of circumstances, therefore, combined to
produce the St. Lazare fan: 1. A rapidly retreating ice sheet
produced large amounts of meitwater, and had an extensive and
well developed network of meltwater tunnels’within-the ice;

2. The local bedrock consists of an easily erodable |
acéumulation of resistant clastic éarticles; 3. Fldw exXpansion
between, and down-ice from, Rigaud'and Oka Mountains induced
crevassing and weakening of the ice margin; 4. Steep bedrock
relief (the bedfock high at St. Lazare) induced calving of a
re-entrant ané provided a restriction to flow which briefly

stabilized the ice margin.
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growth position

LEGEND FCR STRATIGRAPHIC SECTIONS

asymmetric ripples:

s non-:i:lir.n-bing-
m climbing, type~ B
climbing, type A

- draped lamination

flaser Bedding -

crossbedding:
AN
==
A\

planar—tabular
ptanar-tangential

trough

microfaults:

7/

reverse normal

bivalves:

@ =N

disarticulatad

cly silty clay
vf very fine sand
fine sand

mediym sand
coarse ¥agd

03-0-

Uﬂ

095°

-

herizontai lamination
horizontal atratification
faint horizontal

stratification

centorted bedding
or lamination

convoluted bedding

massive bedding

bedding obscured
by modern vegetation

sand wisps and lenses
biocturbation

burrows { Monocraterion )
rip-up clasts (clay)

boulders, cobbles, pebbles

strike of pit face

location of
paleccurrent~Measuremant

foundered balls
or masses of sand

. {ﬁ&



LOCATION 1:
100 088 110

106 095 116

120 100 103,

VECTOR MEAN

LOCATION 2:
065 119 110
125 115 112

VECTOR MEAN

LOCATION 3:
160 147 156

125 177 1417

162 123 113

VECTOR MEAN

LOCATION 4:
027 011 002
043 025 027

041 032 042

APPENDIX B

. 7 PALEQCURRENT DATA

RIPPLES

119 108 068 107 114 084 101
101 072 121 105 099 107 099
092 044 104 100 127 113 107
AZIMUTH=101°; MAGNITUDE=97%
TROUGH CROSSBEDS

113 118 130 128 116 145 139
105 104 155 143 123 115 093

AZIMUTH=121°; MAGNITUDE=93%

RIPPLES

134 167 151 153 139 149 099
099 120 176 137 125 099 152
135 103 121 180 131 126 138

AZIMUTH=138°; MAGNITUDE=93%

RIPPLES
029 055 021 013 027 035 020
342 035 034 355 031 039 034

010 005 040 028 344 039 010

206

083 102 131 107 080

4

107 099 100 101 083

142 117 100 110 081

155 150 160 133 156

161 100 160 159 120

164 139 145 157 144

010 033 046 017 027

012 030 023 339 006



VECTOR MEAN

LOCATION 5:
113 090 115
077 113 085
121 045 127
VECTOR MEAN
LOCATION 6:
£55 061 053
081 056 029
056 043 051

VECTOR MEAN

-

207
’

AZIMUTH=023°; MAGNITUDE=96%

RIPPLES

091 087 087 092 080 117 119 145 100 123 099 083
115‘070 079 087 095 093 107 083 117 055 121 103
071 065 093 087 093, 107 089

AZIMUTH=095°; MAGNITUDE=93%

o

/
065 069 035 073 056 061 041 049 064 045 065 040

RIPPLES

‘078 044 065 0175 054 062 061 084 046 051 071 074

099 055 068 064 062 057 066

AZIMUTH=060°; MAGNITUDE=97%

LOCATION 7.—~RIPPLES

179 159 166

162 179 157
%

166 200 205

VECTOR -MEAN

LOCATION 8:
206 238 202

VECTOR MEAN

LOCATION 9:

251 249 227

—

178 173 195 171 187 176 164 213 183 198 161 194

157 204 170 173 161 235 194 209 273 168 173 173
AZIMUTHE=179°9; MAGNITUDE=92%

TROUGH CROSSBEDS

205 226 200° 182 219 196 212 182 205

AZIMUTH=207°; MAGNITUDE=97% ‘ ¢

ﬁIPPLES . \

292 307 306 297 271 260 228 314 312 317 338 338



251 237 309

VECTCR MEAN

LOCATION 10:

224 218 200

VECTOR MEAN

LOCATION 11:

261 235 225
221 226 264

VECTOR MEAN

LOCATION 12:

210 153 181
170 157 136

VECTOR MEAN

LOCATION 13:

229 231 205

243 231 237

VECTOR MEAN

LOCATION 14:
157 140 153 161 165 181 184 169 151 165
150 148 173 171 135 136 176 168 175 157

VECTOR MEAN AZIMUTH=1619; MAGNITUDE=96%

242 247 227 235 247 225 197 207 229

¢

AZIMUTH=2609;

TROUGH CROSSBEDS

215 181 213 194 212 185 227

AZIMUTH=2089;

RIPPLES

e

249 250 226 223 233 '233 243

263 257 236 254 248 260 247

BZIMUTH=244°;

TROUGH CROSSBEDS

192 189 198 191. 219 189 188

168 136 146 154 141 187 178

AZIMUTH=171%;

RIPPLES

289 231 184 210 221 219 210

191 181 170 224 206 230 260

AZIMUTH=219°9;

TROUGH ‘CROSSBEDS

MAGNITUDE=79%

MAGNITUDE=87%

MAGNITUDE=97%

MAGNITUDE=93%

MAGNITUDE=95%

216 131

235

261"

157

155

227

223

163

165

237

238

191

166

237

232

141

158

-

200 248 249

242 243 241

257 258 228

|
|
146 158 171

170 151

i81 238

217 f

221 238 232

163 149 165



LOCATION 15:

009 007 008

011 041 011

VECTOR MEAN

LOCATION 16:

257 242 259
241 243 2713

VECTOR MEAN

LOCATION 17:

099 079 091

VECTOR MEAN

LOCATION 18:

092 08B 065
182 161 097

VECTOR MEAN

LOCATION 19:

155 137 143
162 122 132

VECTOR MEAN

RIPPLES

>
038 358 018 018 044 004 024
033 021 035 351 017 356 026

AZIMUTH=0159; MAGNITUDE=96%

RIPPLES
253 241 227 253 231 248 244
249 249 269 253 250 245 221

AZIMUTH=247°; MAGNITUDE%98%

TROYGH CROSSBEDS
055 091

AZIMUTH;OTSO; MAGNITUDE=96%

TROUGH CROSSBEDS
131 166 192 090 111 104 140
125 157 075 123

AZIMUTH=108°; MAGNITUDE=73%

TROUGH CROSSBEDS

131 109 145 158 101 08 122

N

AZIMU?§5£§4°; MAGNITUDE=92%

209

r

359 017 354 031 039

007

235 241 237 251 225

234 261 249/ 242 227

121 142 0B2 086 119

182 120 105 171 143





