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S The study has resulted from an offshore geotechnical investigation

" . in the central basin of Lake Erie near Erieau, Ontario. Seven boreholes were
cored in three stratigraphic units, consisting of a surficial Recent mud, a
glamo'-lacustrme deposit, and a till deposit. Sompling of lacustrine sediments
was plagued by problems of sediment core disturbance, so the performance of
five different thin-walled samplers used was evaluated. The Christensen sampler

° was the most effective in the conditions of the investigation.

}

The stratigraphic units can be well distinguished on the basis of plasticity
results, which were found to be primarily controlled by the natural water content
and the oxidizable matter content. Poor correlation of the plasticity with the
shear strength, the clay content, and the compressibility is attributed to highe’r
than expected values of the liquid limit within a three-metre thick weathered |
topstratum, and to higher than expected shear strength values near - the base of

S’ the Recent mud. In situ deslccahon of the glacio-lacustrine deposit in the near-

‘ " shore area of the basin during the low-level Early Lake Erie phase is considered
responsible for the overconsolidation and stiff to very stiff consistency of the
upper portion of the deposit. |
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IRy LA RIS IR & o AR e e R T L il
R

The predominant clay minerals of the stratigraphic units studied are
illite and iron-rich chlorite. X-ray diffraction analyses have revealed that the
high plasticity within the weathered topstratum of the Recent mud is primarily
attributable to the presence of up to ten per cent of smectite and interlayered
minerals. Scanning electron microscopy has indicated a gradual increase in
crystallinity of clay minerals with depth in the Recent deposit, and the occur~
3 rence of ‘cémented silt=size non-clay particles within zones oontammg ’

I a % unexpectedly high shear strength values.
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bassin central du lag Erie’pres d'Erieau, Ontario. Ona fore’ sept sondages

dans trois unites strahgraphlques. vases postglaciaires superficielles, argilgs
glacio-lacustres et argiles a blocaux. L'échantillonage des argiles lacustres
ayant soufferf de problemes dé remaniement des carottes sedlmenfalres, on a
.compare  le fonctionnement de cing carottiers & paroie mince. Le carottier de

Christensen s'est revel€ le plus efficace sous les conditions d'investigation.
o P

| du dépdt.
i
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On peut facilement differencier les unites sfrahgraphlques selon les
resultats de plasflclfe. La plasticité est determinée avant tout par les teneurs

en eau et en matidres oxydubles. La faible correlation hanf la plasticite - a

, la résistance au cisaillement, - & la teneur en argile et ~ & la compresslblhfe

est atfrlbuee a |c| valeur anormalement élevée de la limite de liquidite dans les
hots métres supeneur§ de sédiment chlmuquemenf alterés et aussi aux valeurs .
elevees de la résistance au cisaillement prés de la base des vases postglaciaires.
'Ladessiccationin situ des argiles glcmo-lacusfres dans la : Zone, littorale pehdant
Na phase de bas niveau du "Lac Eri¢’ Précose” est oons:deree éomme responsoble de
! la surconsolidation eg' de la consistance rigide & tres rigide de la portion supérieure

+

o *

_L'illite et la chlorite riche en fer sont fes minéraux des argiles qui~
predomlnent dans les unites sfmhgrophlques étudides. Les résultats de la dif-
fraction aux rayons X ant montre que la plasticite anormalenient elevee de la
portion superieure des vases posfglacualres est attribuable avant fout o la presence
de smectite et de minéraux mterstrdhﬁes d'une teneur parfois gale & dix pour
cent. La microscopie electmmque a'balayage ‘@ indique’une augmentation
groduelle de crystallinité de minéraux argileux en fonction de la profondeur dans
les vases postglaciaires et I'apparition de parﬂcules cimentées non-arglleuses
ayant la dimension du limon dans les zones possédant des:valeurs elevées de
résistance au cisaillement. -
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8.5 Thin-wall fixed-piston sampler, Osterberg type.
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9.1.3 Summary plot of geotechni¥al properties, Borehole No. 13163
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9.2.1 Summary plot of geotechnicdl properties, Borehole No. 13156,
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PLATES

View %f Rondeau Harbour, frieau, Ont., from which the
drillshi p was serviced. N\

Drillship "Nordrill'.
Drillship "Nordrill", view of the bow.

Four anchors resting on the deck while the drillship is towed
to a drill site.

Alpine Sampler, the headweight and the coring tubes prior to
assembly.

Inserting a 2.25~in. (5.7-cm) plastic liner into the coring tube.
Coring tube coupling. -

Lower end of the piston inside the coring tube.

View of the core retainer and the cutting edge.

" Thin-wall cutting edge assembled for sampling. A yellow cord

was used for fixing the piston in place during the lowering and
free fall of the sampler. The cord was cut by the cufting edge
after the sampler penetrated into the lake bottom.

Hoisting the Alpine Sampler.

Alpine Sampler prepared for coring.

National T-20 drillrig mounted on the drillshib.
8-in. (20.3-cm) dia. open-pipe shells used for casing off the borehole
during coring with the Christensen Sampler.

N

30-ft (?.1-m) Christensen barrel hoisted by the stationary crane to a
vertical position.

Thin-wall cutting shoe of the Christensen Sampler.
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Radiograph 0204, Borehole 13161, Al;me cores. Samples 4 and.5
(second and third, from the left) of the surficial Recent mud produce
,lighter image, pnncnpally due to the higher water content and the higher
porosity. The cores are penetrated by numerous primarily horizontal
gashes, probably produced by tension-during hoisting of the Alpine
Sampler. Sample 6 (flrsr>and fourth from the’ Teft) of the glacio~lacustrine
deposit produces darker image with indistinct horizontal layering. The
sediment disturbance resulting from sampling operation takes form of
transverse fissures separating the core. The 3/4~in. (1.9-cm) thick light
gre Iayer 'shown near the bottom of subsample at right is an interlayer of
lag sand. ‘

Radiograph 0205, Borehole 13161, Alpine core. The Pleistocene-Holocene
erosional unconformity at the depth of 18 ft (5.5 m) below the lake bottom,
Two €Bres from the same depth are shown since the site was sampled twice
with the Alpine Sampler. The difference between the surficial Recent mud
and the glacio-lacustrine deposit is barely noticeable by visual observation.
The core at left contains teeth of the basket core retainer, which was
damaged during penetration into the stiff glacio~lacustrine deposit.

Radiograpl\\ 0210, Borehole 13161, Christensen core. Sample 8, homogeneous\
very soft surficial Recent mud, is shown at right; distinctly lominated and
occasionally cross=bedded stiff glacio~lacustrine clay is shown at left.
Radiographs of the Christensen cores are generally of poorer quality than
those of the Alpine cores due to the higher absorption of X-rays by the
plastic liner, which required Ionger exposure time, higher intensity of
electron cuirent (mA), “and higher energy of electron beam (kV).

Radiograph 02025, Borehole 13163, Christensen core. Samples 7 and 8
(second and third from the left) of the surficial Recent mud reveal gradual
decrease in water content with depth and occasional indistinct lamination.
The Pleistocene-Holocene unconfomity can be seen at the bottom of Sample
8. Sample 10 (first from the left)-is the till deposit. Due'to poor quality”
of print, gravel pebbles cannot be seen; they were, however, easily
discernible as lighter roundish spots on radiograph films.

(The width of the black mark at the bottom margin and the number in the
lower right corner of theicrograph indicate the micrograph scale. All
specimens were prepared from the samples of Borehole 13163).

Sample 1-1, depth 0.0 ft, surficial Recent mud, magnification 2000 x.
View of non-clay porhcles present in the uppermost layer of the sediment.
The ifregular porticle in the foreground is probablfy quartz.
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., Sample 1-2, depth 1.8 ft. (0.55m),surficial Recent’'mud, mag. 2000 x.

, sedimentation.

. Sample 4-2, depth 19.9 ft, (6.07m),surficial Recent mud, mag. 1000 x.

Sample 1-1, mag. 2000 x. A mlcwofo>s|| coated with individual clay
flakes and amorphous materiol. . ‘ ) ,

Sampl e 1-1, mag.-2000 x. A 50-micron weafhered mi caceous particle_
with irregular surface morphology. WNote surface contortions, cleavage
steps and open cracks on the surface of the particle. -

Sample 1-1, mag. 2000 x. Characteristic size of clay and non-clay
particles observed for the whole speciinen. Particles are covered by a
large quantity of fine agprphous or poorly-ordered material.

View of | fo 3-micron large clay flakes with irregular outlmes.

Sampl e 1-2, mag. 2000 x, View of snlt-svze particles. Clay minerals
show good basal cleavage and occasional surface contortion. Non=clay .
minerals have anhedral shape and no apparent cleavage.

Sample 1-2, mag. 1000 x. General view of the specimen.

Sample 3-1, depth 10.9 ft, (3.32m),surficial Recent mud, mag.'5000 Xe
Loose random arrangement of clay flakes produced by artifical

Sample 3-1, mag. 2000 x. Characteristic view of the specimen.

Sample 3-1, mag. 2000 x. The surfaces of larger particles have weathered
appearance wufh surface regions of disturbed crystallinity. The abundance
of afiorphous material also indicates the weathered character of the sediment.

’

Sample 3-1, mag. 2000 x. Silt-size particles with very irregular surfaces,
mostly covered by fine crystalline and amorphous material. )

Silt-size particles with apparent cementation bonds. Surfaces are covered
by closely adhering cleavage flakes.

Sample 4-2, mag. 5000 x, Defalled view of upparenf icementation shown
in Plate 32,

Sample 4-2, Imog. 5000 x. View of clay-‘-slzé crystalline particles with

little amount of amorphous material. Micaceous flakes have lrregular
outlines and are occasionally contorted .
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" Sample 8-2, depth 19.4 £1(5.91m), surficial Recent mud, mag. 2000 x,

Silt=size particles with weathered surfaces.

Sample 8-2, mag. 1000 x. Jwo silt-size particles, apparently cemented .
at the contaet, and covered by closely adhering individual clay flakes.
[4
u}a

Sample 8-2,

g. 5000 x. Detailed view of the contact area shown in’
Plate 38. 5\) '

Sample 8—&, depth 22.4 ft (8.83m), Pleistocene reworked till, mag. ,
2000 x. The sediment is weathered as indicated by the large amount of
fine omorphous material. o . ‘

Sample 8~5, mag. 2000 x. The.till contains more crystalline flokes and less
amorphous fines than the overlying surficial Recent mud (cf. Plate 24).

Sample 8-5, mag. 2000 x. View of. individual crystalline particles.
of .
Sample 12-1, depth 42.2 ft (12.86m), Pleistocene till, mag. 2000 x.

The unweathered character of the sediment is indicated by the presence of
well~defined crystalline particles with clean surfaces.

Sample 12-1, mag. 2000 x. Another view o} crystalline particles in the
unweathered till. Clay flakes are occasionally contorted and fissured.

Sample 12-1, ﬁmg. 2000 x. View of silt=size particle witi\ irregular surface L
topography (secohdary carbonate?). Nate apparent cementation with
adjacent particles;
S&mple 12-1, mag. 5000 x. Individual cluy.hflakes ;:overing a silt=size
particle. Several clay flakes have crudely hexagonal outlines.
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CHAPTER 1 .

INTRODUCTION pe

1.1 Objectives of the Geotechnical Investigation . %‘)V

The thesis is based upon results of an offshore geotechnical investigation in the
central basin of Lake Erie (Figs. 1 and 2) conducted by H. Q. Golder and Associates Lid.
of Toronto (HQGA) from June to ée;;témber of 1972. HQGA were retained for the
investigation by the Consumers' Gas Company of Toronto (CGC) which has been for
several years carrying out geophysical and drilling exploration fcr natural gas in the
offshore areas of Lake Erie. The geotechnical investigation was c?riducted from the A
beginning in wOperatién with Dr. C.F.M. Lewis of the Geological Survey of Can::da,
and the Geolimnology Section of the Canada éentre for Inland Waters (CCIW). ' The CCIW
supplied sor‘ne of the offshore sampling equipment and provided facilities for the storage _
and laboratory testing of samples.

The investigation was un;iertuken wif.h the purpose to study the ge'titechnical

properties of Lake Erie offshore unconsolidated sediments, and to interpret these

properties within the framework of the relatively we“-knowrrsfrahgraphy and the

depositional history of the sediments. Information on the variation of the.shear strength

and other geotechnical properties of the offshore sediments has been required by the CGC
¢

" as background data for a reconstruction of an existing spudded drilling platform.

Particularly important for the new design of platform footing were predictions, based on

e
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R geotechnical data obtained, of foohng penetrohons info the soff unconsoliduted secllmgnts ;
L4
at selected locations. , . .
The geotechnical appraisal of the sediments for the footing design has.been
carried out by HQGA and submitted to the CGC in a report containing engineering
recommendations (Davis and Kim, 1973). In accordance with an agreement between HQGA
and the writer, an additional foundation engineering analysis of similar character has not
been attempted within the scope of this thesis, since it was felt that the foundation
problem was intricate enough to warrant a separate research topic. \
: f

1.2 Scope of the Thesis Research

The CGC and HQGA have allowed fhe writer fo use field data for research into

some pmblems encountered during or resulting from the conducted investigation. The scope

Q"

v AF the pmgramme was controlled by the availability of samples to the writer rhmugh the

courtesy of the CGC ond HQGA cmd the effechyeness of the sumplmg techmques =

4

y employed.
The thesis work has commenced with the evaluation of sampling techn}ques used

du;ing the investigation in relation to the. sediments being investigated. The problem of

Lot

offshore undisturbed sampling in soft lacustrine sediments has begn discussed due to ifs

¢ 4

obvious mportance for dependableslaboralory measurements of sediment geotechnical

pam ik

properties and due fo the desirability to lmpgcve existing sampling techniques:
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A series of basic geotechnical tests hoas been carriied out to charac;érize each
strofégraphic vnit and to determine spatial variations of the geotechnical properties
within the study area. ,The depositional history ol': the §edimerits in the Lake Erie
basin, and in the study area in particular, has been described to show the dependance of
the-sediment geotechnical properties on the sedir;lénf genesis. The results of basic tests
thus allow comparison with similar sediments found elsewhere, particularly willh
lacustrine clays found in the Greafwl..c.;kes region. -

6uring the research work several attempts hav? been made to employ known
empirical correlations for the prediction of the sediment behaviour. In general, these
correlations have been found unbrelliqble for the sediments investigated, primarily due to
the effects of chemical wedthering, organic matter and diagenetic processes on the
geotechnical properties measured. Some fundamental aspects of the geotechnical

properties have been therefore investigated by physico~chemical tests that are not

commonly employed in geotechnical engineering owing to expense. Determination of
specifi c'gravify, oxidizable matter content, tofal carbon content, and surface area
has been carried out fo provide a better understanding of gestechnical data.

Variations in-geotechnical properties are often attributable to the presence of
minor an;ounf§ of clay minerols;, parﬁcularlh'y of the swelling type. Therefore it was
considered necessary to examine the mineralogical composition of the clay fraction in;
some detail. A series of X-ray diffraction analyses and elécfmn—opticul studies has

-

been undertaken to obtain a more satisfactory explanation of the sediment behaviour.

~-
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This research has proved to be especioli; ;uifabie for the interpretation of irreversible

»
@

changes upon drying, which were observed in som; but fiot all secjim‘ent samples.
It is fully realized that for a complete foundation investjgation any research
info fund;mental causes of geotechnical properties has to be conducted in conjunction
with an engineering evaluation of soil and rock conditions employing mathematical tools
of analysis. Nev.erfheless it is believed that a better understanding of the principal
- physico-chemical factors influencing the geot‘echnical properties provides at least a

very useful background information for pre-engineering studies and the selection of

“4 reliable design parameters. -




CHAPTER 2

GEOLOGY OF LAKE ERIE BASIN : ,

42.1 Previous Work <

Geologlcal investigations in the Lake Erle drainage basin have been conducted

for almost a century. Spencer (1894) published a firsf map showing tilted glacial Jake

shorelines attributed fo the "infant Lake Erie." First concepts concerning the late glacial

chd postglacial history of Lake Erie were formulated by Leverett (1902) c‘:;)d Leverett and

Taylor (1915). In the latter work the authors-noted that the mouths of streams flow%ng
info the lake basin from the west are unusually deep. They suggested that the streams are
relics of an earlier drainage system connected with a low level of Early Lake Erie.

Bathymetry of the lake basin was mapped by the Canadian and American governments in

- 3
the early part of this century, and the navigation charts were published as the results of

this survey. The first investigation of unconsolidated bottom deposits in the central and
5 . v

eastern basins were made by Fish (1929) and Pegrum (1929). The first determination of

the clay mineral corﬁposiﬁon of Lake Erie sediments was published by Cuthbert (1944),

[ Since 1945 geological studies in the Lake Erie area have been undertaken by a-

" great number of people.

¥]

Hough (1958, 1963, 1966) revised a chmmloglcal sequence of glacial lake
levels for the whole Great Lakes region, and within this work published valuable

information regarding the geological evidence of the major lake stages in tlQe Lake Erie

e
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basin. Kramer (1961) studied water- chemistry and related it to the clay mineralogy of
fhe sediments, Hartley (1961 a, 1961 b) mvesh\gc;ed sediments beneath Ohio waters and
in the western island area of the lake . Morgan (1964) used seismic reflection profiling
for the identification of major bottom deposifs;. The most detailed study of Lake Erie -
bottom sediments to date is an unpublished Ph.D. thesis by Lewis (1966). This thesis
contains a comprehensive description of the surficial sediments bc;sed on the results of

. coring, echo soundi;g,‘ and laboratory fests. ;urt!'\ermore, geological and palynological
evidence for former low water levels of Early Loke Erie was presented ,{‘ including the age
determination of 'bottr;m deposits Based on several radio;:arbon dates. A seismic
reflevction survey in the central basin of Lake Erie was carried out by Wall (1968). The

" sedimentation pnoéesses in the western basin were studied by, Herdendorf (1968).
Further recent work has been published e.g. by Lewis et al. (19;56) , Kemp and Lewis
(1968), Hobson et al. (1969), Kemp {1969), Lewis (1965), Thomas (1969), Kemp'(1971),
Rukavina and Sf. Jacques (1971), Coakley (1972), I!ewi§_3_§_t_{§1;(l972), Sly and Lewis

'(l 972), Sr.wJocques and Rukavina (1973), iTp and Dell (1 ¢74), Kemp et al. (1974),

« Fritz et al. {1975) and Coakley (1975).

The stratigraphy of Pleistocene onshore deposits adjoining the Lake Erie basin ‘
has been sfudled by many geologists who have employed Iltholc>g|c, fabric, fossil, and
- weathering analysis, accompanied by raduoc«:rbon and palynologmal dating.

Informative summaries concerning the studies of onshore deposits have been published by

2

» .
Goldthwait et al. (1965), Chapman and Putnam (1966), Dreimanis (1969}, and .

-~

Dreimanis and Karrow (1972).

'




2.2 Physical Characteristics of Lake Erie

Loke Erie (Fig. 1) is the second smallest of the five Great Lakes, being only

' slightly larger than Lake Ontario. lIts area is 9,970 square miles (25,821 km2). Due to

7 its shallow depth, a maximum of 210 ft (64 m), it has the smallest volume of water

®

(110 cu miles = 458 km3) of any of the Great Lakes.
" The principal drainage system is formed by the Defroxf River.connecting Lake

Ene wnfh Lake St. Clair, and the Niagara River and fhe Welland Canal, which provide

r

the connection with Lake Ontario. The annual inflow from the Detroit River is
178,000 ¢fs (5,040 m3/sec); the annyal outflow through the Niagaru River and the .

Welland Canal is 194,000 ofs (5 300 m3/sec) and 8,000 cfs (22. 9 ﬂf\3/sec)

% wd

o
respectively  (The Infernahonal Lake Erie Water Polluhon Board ahd the :
International Lake Ontario - St. Lawrence River Water Poliution Board, 1969).
Based on.bottom topography, the lake is physiographically subdivided into

i*ihrge distinct basins separated by terminal moraines (Figs. 2 and 5). The moraines are

>
"b

-

il rldges veneered by sand deposwfs.

The oval-shaped eastern basin occurs east of the boundary delmpated by a -
moraine connecting Long Point, Ontano and Erie, Pennsylvamc:. Thls basm is the
deepesf of the lake. The north shore of the eastern basin is underlain by resistanf

Lower Devonian limestones of the Oriondaga Formation (Fig. 1). The bedrock surface

° o
”

is irregular and hummocky, forming frequent offshore shoals and promontories along

the shore, which rise up to 30 ft (9.1 m) above the lake water level. A thin layer of

!
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the till deposit, 3- to lO;ft (0.9- to 3.0-m)°thick, overlies the bedrock, and is'in turn ‘

occasionally overlain by stabilized sand dunes. Several shore bluffs, up to 120 ft (36.64m) -

»

in height, occur of the western end of Long Point Bay between Port Dover and Turkey.

£

Point. The south shore of the eastern basin e;(fends from Buffalo, New York to Erie,
N 1

Pennsylvania. The shore is fonned by a series of wave~eroded bluffs ranging from several’
feet up tp 40 ft (125 m) in height. The lower portion of-the bluffs consists of a soft
Devonian shale with occasional limestone interbeds, which is overlain by a mantle of

) till. The upper qu‘idln of the bluffs is formed by glacio=lacustrine silty and sanf;('iy
deposits. Y

-

The central basin extends from Long Point to Pelde Point on the Ontario shore,

and from Erie, Pennsylvania to Lorain, Ohio on the United States shore. The Ontario

N

- shore is characterized by three sand spits - Long Point, Point Aux Pins, and Pelee Point,
- [

which represent the sites of the present sand accumulgtion. The overall relief of the

2.

,
shore is similar to that of the eastern basin. Occasional vertical bluffs rise up to L‘Z?ﬁf
. .

~

I .:':"‘(36% m) above the lake level. The bluffs ‘are composed of two till sheefvoverli:in‘.&/ o

“ glacio-lacustriné stlty and sandy deposits. The south shore of the central basin takes for

o

y the most part the form of a wave-eroded bluff. Bluff heights generally vqr); from O to

o

60 ff‘(18.3 m) between Lorain, Ohio and Cleveland, Ohio; from 60 to 90 ft (18.3 1o

27.4 m) between Conneaut and Erie,, Pennsylvania. The bedrock surface occurs at about

~

lake level, and it frequently crops out on the lake bottom in the nearshore areas.

The basin west of Pelee Point and Lorain, Ohio has been subdivided by some

bl
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of Lake Erie {Fig. 1). Within the area of Lake Erie, the sedimentary strata dip gently to

- - ~

J T,

b

writers info the western basin proper and the Sandusky basin (e.g. The International Lake
s

Erie Water Pollution Board and the International Lake Ontario-St. Lawrence River Water

Y

Pollution Board, 1969);

others refer to western Lake Erie by a single term the western

1969).

basin (e.g. Lewis, 1966; Hobson et al., The Ontario shore between Pelee Point

and Detroit is a low bluff up to 30-ft (921-m) high composed of silty and sandy till. The

United States shore of the western basin is low and swampy ,except for o low bluff extending

from Sandusky, Ohio to Lorain, Ohio. Numerous streams drain to the basin from west and

southwest. The submerged mouths of these streams provide evidence of an earlier low water

~

level in Lake Erie.

2.3 Regional Bedrock Geology - .
. / : X
/ :

The%ke Erie region is underlain by Paleozoic sedimentary rocks whose

lithology 7(1 sfrucf‘ure predetermined the shape of the Lake Eri/e basin. The rocks out~
cropping within the region rc;nge in age from Middle Silurian to Mississippian, and are
largely composed of limeston‘(\'eé, dolomi<fes, and shales with some interlayers of sandstone.
The struct ure of the rock is oo\nfmllyed by two major basins of sediment accumulation; the

Iz

Appalachian geosynclinal basin to the southeast and the Michiga; basin to the northwest

<

the south in the central and eastern basins, while rhey dip to the easr in the western basin,

The Appalachlan basm and the Mlchlgan basin are divided by the Findlay Arch,
6t ' . v ) Q
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. which trends to the northeast, and a portion of it extends across the western basin of Lake
E Erie. Two chains of islands occur in zones of resistant Middle Silurian dolomite formations.
.“ Pelee Isiand and Kelleys Isiand lie within the zone of the Columbus Limestone while Bass

tslands and Sister Islands occur within the zone of the Upper Bass island Dolomite (Hough,

19&6). The central and eastern basins have been eroded in soft Devonian shales and .

g e D AERIRRT Tt

siltstones. The bottom topography along the north shore is controlled by gently dipping

: bedding planes in the resistant Devonian limestones, whereas the steep slopes along the

=

€

.{ south shore have been cut across the soft strata of shale and siltstone .
t .

L

2.4 Pleistpcene Géology

T AT

+ R TR T

Following the marine deposition of the Paleozoic era, the sea withdrew and the Lake

Erie region apparently remained above sea level till present; the predominant geologic
» v

process from Lafte Paleozoic to Pleistocene was that of erosion. The preglacial drainage

[

pattern in the Great Lakes region was first suggested by Spe.ncer (1894), however due to

later glacial scour, as well as paucity of direct geological evidence, the pattern remains
conjectural ( Hough, 1958). <Jt i¢ neve:{heless suggested, on the basis of bedrock topography,

. L -
‘that a master valley extended through the region, in the direction of the central Jine of the
1 @ »

present Lake Erie basin.

o

The stratigraphy of onshore Pleistocene-'deposits in the Erie basin has been worked -+ .
out principally on the basis of nonglacial flora and radiocarbon dating, in conjunction with

stratigraphic, lithologic and fabric methods of analysis (Goldthwait et al., 1965;

N
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Dreimanis, 1969; Flint, 1971; Dreimanis and Karrow, 1972). A summary of glacial
advances and retreats, (stadials and interstadials) in the Great Lakes - St. Lawrence

region during the last glacial or Wisconsin stage is shown in Fig. 3. Earlier-interg‘lucial
deposits of Stngamon or pre- Sangamon stages have not been described in the Erie basin,
nevertheless it is posgible that an interglacial lake existed in the basin during the Sangamon

Interglacial (Dreimanis, 1969).

2.4.1 Early and Middle Wisconsin Deposits

3

The Early Wisconsin (dated from 70,000 to 53,000 years BP) represented Psubsfage
of predominonfl;\cold climate with two sfudi(clls and one interstadial. The oldest Pleistocene
deposlf in the Erie basin is the Bradtville Till unit deposnted urmg the Guildwood S$tadial
(Fig. 3). The Lower Bradtville Till overlies the Devonian bedrock at Port Tulbof Ontario
(Fig. 2), and is in turn overlain by the Middle Bradtville glacio~lacustrine clay. The Upper

' ) L’

Bradtville Till contains frequent inclusions of lacustrine clay. [t is assumed that toward the

end of the Early Wisconsin substage . glacial advance extended over the entire Erie basin

. (Dreimanis, 1969). (\

The Middle Wisconsin (dated from 53,000 to 23,000 years BP) is characterized by
a relatively warmer climate of fwo glacial retreats, the Port Talbot Interstadial and the
Plum Pourﬁ Interstadml separated by a minor glacial odvance, called the Cherrytree

Sfocﬁal (Dreimanis and Karrow, 1972). During fhe Port Talbot Interstadial, ice cover

. ;eréatéci from the Erie and Ontaric basins. THe lowermost unit of this period is Port Talbot

I - -
.
-

-

.
e e "’ja'y‘%. e FE Lt NG Ao

o T s A b S RS o £

Fobp e ™
["’lﬁ‘ -



e Tl Te

TS s

. ’ ' -12-

1 gree,n clay, possibly deposited in a reducing environmentﬁin a low-level lake (Quigley
and Dreimanis, 1972). Thls cleposlt is overlain by proglacial vasfed clays (Glacio-
lacustrine 1 in Fig. 3) and the Pon‘ Talbof 1l shallow water and alluvial deposits. The
Cherrytree Stadial is represented in the Port Ta"lbot area by the Southwold Till and the
contorted silt and clay (Glacio~lacustrine ll). In Pennsylvania, the Cherrytree Stadial is
represented by the Titusville Till. During the Plum Point Interstadial the glocio‘l retreat
was probably less extensive than during the Port Talbot Interstadial. The beach deposit from
the Port Talbot- Plum Point area.has been correlated with this interstade (Dreimanis, 1969).

[+

2.4.2 Late Wisconsin Deposits

The Late Wisconsin substage (dated from 23,000 to 8,100 years BP) is subdivided
into five glacial stadials (the Nissouri, Port Bruce, Port Huron, Valders, and Driftwood
Stadials) separofed by four interstadials (the Erie, Mackinaw,-Two Creeks, and North Bay
lnfersi’adlals) The youngest glacial event, the Driftwood Stadial, belongs to the Holocene
according to the internationally-agreed Eleistocene-l'bloc’ene boundary of 10,000 years.
This event producedthe Cochrane Till in northern Ontario, and it is not documented in the

Erie basin.

Ean)

o The beginning of Late Wisconsin is characterized by a major glacial advance, the -

" Nissouri Stadial, during which the Erie basin was covered by ice for several thousand years.
Onshore glacial deposits correlated with this stadial are the Catfish Creek Till in southern
Ontario, the Navarre Till in Ohio, and the Kent Till in northwest Pennsylvania. Ice
retreated during the subsequent Erie .lntersfatliial from the Erie basin ;:';1d glacio-lacustrine

clays were deposited in a high-level proglacial lake, which stood approximately 200 ft

o
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(60m) abov; the present Lake Erie level (Dreimanis, 1969). The recdvance of ice during
the Port Bruce Stadial deposited the Fine-gr\ained Port Stanley Till, wl'ﬁch forms the bulk of
the Lake Erie bluffs along the Ontario shoreline (G:>|dfhwoit_e_t _6_!_. , 1965; Quigley and
Tu(rf, 1968). Offshore lodgment tills encountered in cor.es from the ceritral and western
basin are of the same age (Lewis, ]966).

The subsequent Pleistocene events are chu!'ucterized by the formation 'of rogigcial
lakes during the ?scillotion and gradual retreat of the Laurentide ice sheet out of the Erie-
basin. The Late Wisconsin history of lake levels in the Erie basin has been studied among
others by Hough (1958), Kunkle (1963), Lewis (1966), Lewis et al . (1?66), Lewis(1969) and
Fritz et al. (1975). The sequence of Late Wisconsin ‘lake stages is shown in Table 1 and in
Figs. 3and 4. ‘

The First well-documented Pleistocene lake was formed at the onset of the Mackinaw
Intérstadial about 14,000 years BP when the Erie ice lobe retreated from Michigan, Indiana,
and Ohio. This lake stage is known as Lake Maumee | (Table 1‘), which stood at the highest
elevafipp of 800 ft (243.9 m) a.s.l. ;l'he water of Lake Maumee was ponded within a low

L

area between the ice margin and the Fort Wayne Moraine in Indiang (Fig. 4). The outlet

channel of the lake was westward over the Fort Wayne Moraine, and the lake discharged

¢

_ via the Wabash River to the Mississippi drainage system. Accofding to HouéH (1958), the '

further retreat of the ice front lowered the lake level to Maumee Il at about elevation 760
¢

ft (231 .7 m), and the loke waters drained westward via the Grand River valley to the

Michigan basin. The ice.front then readvanced and raised the level of the lake to Maumee

i1l ot about elevation.790 ft (240.8 m). Hough (1958) suggests that the discharge of this

o
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Table 1. Late Wisconsin lakes in the Erie Basin ( modified after Lewis, 1966, and Dreimanis un(Karrow., 1972

e, . .
ﬁge Glacial Lake Elevation a.s.l. D
C'7 Years .Event . Stage " Feet P Meters Qutlet m
Erie "~ +573.2% 174 .4* Nidgara River . S
Driftwood '
Stadial Holocene o S
RN North Bay
10,000 Interstadial Plgistocene | '
Valders Stadial (Late Wisconsin) ' .
11,500 Two Creeks Early N St
' Interstadial Erie 470t 143- Niagara River St
12,500 ¢ Early Algonquin 605 184.5 Des Plaines R. Be
Lundy 620 189.0  Des Plaines R. G
Grassmere 640 195.1 . Michigan Basin N
¢ Warren |l 675 205.8 Grand River th
. Wayne . 658 200.5 Grand River** W
Port * ° Warren |l 680 207.2 Grand River
Huron Warren | ' 690 210.0 Grand River A
Stadial Whittlesey 738 - 225.0 Grand River
13,000 ' . Ypsitanti 5437 1657 Niagara River? - Be
' " Arkana 11| 695 211.9 Grand River G
Mackinaw & Arkona [ 700 213.2 Grand River
13,300 Interstadial Arkona | 710 216.3 . Grand River _
, ' Maumee |11 790 240.8 Wabash River M
Maumee Il ~ 760 231.7 Grand River St
* Maumee | 800 243.9 . Wabash River .~ M
14,000 - Port Bruce . . S ’ P
15,000 Stadial ‘ * o ) Le
{ *  International Great Lakes Datum (1955) e
**  Or possible eastward drainage to the Ontario basin | "
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Basin ( modified after Lewis, 1966, and Dreimanis and Karrow, 1972)

-~

i

Elevation .  a.s.l, Deposition (Symbols below refer to the
e Feet Meters Outlet map of Lake Erie bottom sediments, Fig. 5)
3 573.2* 174 .4 Nidgara River . Sand beach and nearshore deposits (S)
ocene " Surficial Recent mud (SM and M)
p :
|
istocene

te Wisconsin) .

-

'

Niagara River

Sand beach and nearshore depasits (S)
Surficial Recent mud (SM and M) {

Des Plaines R.
Des Plaines R.
Michigan Basin
Grand River
Grand River** -
Grand River
Grand River
Grand River

Beach and nearshore deposits
Glacio~lacustrine clays (G1)

Norfolk Moraine and some offshore tills in
the eastern basin (G1)

Wentworth Till (Paris and Galt Moraines)

. Ashtabula Till

Niagara River? '

Grand River
Grand River
Grand River
Wabash River
Grand River
Wabash River

Beach and nearshore deposits
Glacio-lacustrge clays (G1)

Maitland, Erieau, Pelee Moraines (GT)
St. Thomas, Ingersoll, Blenheim .
Moraines ’

Pert Stanley Till,/ Hiram Till
Lake Erie offshore lodgment till (G1)

% c
e 470% 1432
ly Algonquin 605 184.5
1dy 620 189.0
assmere 640 195.1
irren 111 675 205.8
lyne 658 200.5
irren || 680 207.2
wren | 690 210.0
iittlesey 738 225.0
silanti 5437 1657
<ona |l! - 695 - 21,9
cong I 700 213.2
<ona | 710 ' 216.3
wmee 111 790 240.8 |
iumee |1 760 231.7
wumee | 800 243.9
5) .

Intario basin
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latest stage of Lake Maumee was again via the Fort Wayne outlet.

. The next. lake sfage,~Lake Arkona, occurred ;uriné the glacial retreat from th;
Lake Border, Moraine. }According to Hough (1958),the- meltwater flooded the entire Erie -
basin and the southern portion of the Huron basin, forming a single lake. The lake level
stood at ele;/afions from 710 ft (216.3 m) a.s.l. (Arkona I) to (;95 ft (211.9m) a.s.l.
(Arkona Il1).

.The possibility of a low lake level in the Erie basin at the end of the Mackinaw
lnterstudi\al was suggested by Hough (1958). Kunkle (1963) pre)senfed evidence for this
low-level stélge named by him Lake Y|.>si|cmfi. The evidence is based on the occurrence of ’
fluvial deposits underlying the bed of the Huron River, which Kunkle dates as post-Port
Bruce but preceding the Iat;r lake stages. According to Kunkle's estimate, the lake level
was at least 30 ft (9.1 m) below the present Lake Erie level.

The ic‘e retreat during the Mackinaw Interstadial produced end moraines of Port
Stanley Till along the north shore of present Lake Erie, such as the Blenheim, St. Thomas,
and Ingersoll Moraines (Goldthwait_«_a_t_g_l_., 1965). The Pelee, Erieau, and Port Maitland
Moraines (Fig. 5) were probably formed during the Lake MaumeZ - Lake Ypsil;mti stages
(Sly and Lewis, 1972). |

The Lake Ypsilanti stage was terminated by the readvance of the Port Huron Stadial
about 13,000 years BP (Siy and Lewis, 1972). - The ice eroded the eastern basin and formed
the Norfolk Moraine (Figures 4 and 5). The borehole ev}dence_ indicates that some tills in

the eastern basin were deposited during the Port Huron advance (Lewis, 1966). The marginal

glacial Lake Whittlesey stood at an elevation of 738 ft (225.0 m) a.s.|. The lake occupied

~
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the central and-wesfern basinsof pre;enf Lake Erie- and extended further to the west and
southwest . Dr;:inuge from Lak;e Whittlesey was westward through the Huron and Micllwigon
basins as during the Lake Arkona stage. The youngest onshore glacial deposits found in the
Erie bc;sin arethe sandy Wentworth Till occurring in the Paris and Galt Moraines,

and the Ashtabula Till occurring along the present Lake Erie sl;ore in Ohio. These tills
have been correlated with the Port Huron Stadial .

\

The lake level in the Erie basin was lowered during the subsequent retreat of the

ice from the Port Huron moximurr}. il'he oglocial retreat enabled the opening of new outlet

channels to the west through the Huron basin. Lake wuters- of Warren lI and Warren || sfogd

initially ot elevations from 690 ft (210.0 m).fo 680 ft (207.2 m) and drained via the Huron |

basin. Lake waters of Warren | and WarrenAl stood initially at elevations from 690 ft

" (210.0 m) to 680 ft (207.2 m) and drained via the Huron laosin. Hough (1958) suggested an
occurrence of another low-level stage at this time v{ifh a drainage to the Ontario basin via

" the St. .l\)avid gorge. This extreme low position was followed by a minor glacial readvance
and the water surface was raisetj.‘td“*e”ib\/afibn 658 ft (200.5 m) of Lake‘Wayne and then to
elevation 675 ft (205.8 m) of Lake Warren Ill. This sequence is supported by the evidence
ofﬂsubmergence and re-working of the Lake Wayne beach, and the evidence of a low-level ‘
stage in the Michigan basin (Hough, 1958). The di§charge of Lake Warren 1l w;xs again
westward through the Huron basin outlet. |

A
Following the Warren ||} stage, the ice retreated, and lake levels gradually fell

o

through the Lake Grassmere stage (640 ft =-195.1 m), the Lake Lundy stage (620 ft = 189.0m),

and the Early Aiéonquin stage (605 ft = 184.5m). Leveref;.and Taylor (1915) suggested

7

I
1
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eastward drainage paths for all three lokes, however their view was disputed by Hough
(1958) whose studies indicated northwestward discharge through the Huron basin.

The deposition of Lake Erie offshore glacio-lacustrine clays is estimated to have

+ occurred between 13,300 and 12,500 years BP, ard thus this unit is tentatively correlated

-

with the Arkona | = Early Algonquin loke stages (Lewis et al., 1972).
During another major ice retreat, corresponding to the Two Creeks Interstadial of .
the Michigan basin, the Erie basin was freed of glacial cover. Since then no subsequent

glaciation occurred in this area. The ice front retreated to the northeast, and about 12,600

years BP (Sly and Lewis, 1972) freed the Mohawk-Hudson valley outlet. This event allowed

»

drainage of the Erie basin through the Niagara River and gave rise to the formation of Early

o v

Lake Erie. There is much evidence indicating that Early Lake Erie was below the present

" lake level from its beginnjng to about 4,000 years BP. Since 12 ,600 years BP the water

level in the Erie basin has been controlled by the élevation of a dolomitic bedrack sill at
the head of the Niagara River at Buffalo, N.Y. The rise, due fo\\‘an isostatic rebound of
fhe Buffalo sill, was init%\ally quite rapid'.\;ladiocarbon dates on the organic material
indicate that from 12, 600 to 8,000 years BP the Buffalo sill urose from about 125 ft to 50. l;f

"(38.1 m to 15,2 m) below the present lake level. From 8,000 to 5,000 years 8P lake level
continued to rise relatively very slowly. Another steep rise in water level, in the order of
30 ft (9.1 m), occurre'd from 5,000 to 3,800 years BP as a consequenée of the transfer of
Huron basin drainage ’from the North Bay outlet to the St. Clair River outlet during

Nipissing events (Le\flis, 19069). Subsequent slow but progressive rise in lake level to the
I

present elevation of ;573.2 ft (1747 m) reflects the decelerating rote of the iscstatic rebound

-

.
“.

&

\
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ot the Buffalo sill outlet.

)

Concurrently with rising water level in the lake basin, fine-grained sediments

~

(the surficial Recent mud) have begun to accumulate atop the Pleistocene-Recent uncon-

formity ‘in the shallow areas of the western and central basins, while conformable deposition
. o« )
of these sediments hase been taking place in the deeper areas of, the central and eastern

N\
basins.

2.5 Unconsolidated Bottom Sediments
T

Th\;s on the basis-of ;;revious published.work (Lewis, l96§; Sly and Lewis, 1972),
the unconsol idated deposits in Lake Erie can be subdivided into three principal units.
These are: |

1) Plei‘stocene glaciél and glacio~lacustrine depoisif,f» (symbol ‘G1 in Fig. 5)¢

2).  Beach and nearshore sand deposits (symbol S in Fig. 5)

3) Recent surficial mud (symbols SM and M in Fig. 5)

The main characteristics of the units are shown in Table 2.

-

1 “Pleistocene glacial and glacio~lacustrine deposits -

The unit is widé\ly exposed on the lake bottom, particularly in the nearshore zones.

It comprises o glacial clayey till and a glacio-lacustrine clay. = A

s §
\\.

The till Eorm\; four end moraines as.shown in Fig. 5, and it probably covers'aiost of

the bedrock in basin areas. In the nearshore zones, the bedrock crops.out discontinuously

. ! L
.as a result of the till erosion. The coarsest till occurs in the Erieau Moraine, the finest
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till in the Norfolk Moraine (Table 2). The vertical and lateral extent of the till and its
stratigraphic subdivisioh, particularly in the basin are\as, is not very well known. The
topogtaphy of the till surface in the western basin has been mo'pped by Hobson et al .(1969),

however on the basis of the seismic.survey it was not possible to distinguish everywhere the

till from the den;e\ glacio-lacustrine deposit, and thus expand interpretations from bottom
sampling and offshore corings. In the eastern basin, the till and the glacio-lacustrine
deposit have Yery similar purfiéle size dis.t;.iE{inon gTubIe 2)‘und both sediments have oc~ -,
casionally sin&ilar structure characterized by the absence of layering (Lewis, 1966).

The glacio-lacustrine deposit which overlies the till is often laminated, occasionally

cross-bedded, and in general contains less gravel-sized material than the till. It is

characterized by reddish colour in the eastern half of the lake (derived from the red shale of

)
!

the Queenston formation) and by greyish brown colour in the western half of the lake ;.

\ o :
(derived from grey carbonates and shales). The'sediment is predominantly silty clay with

4 .o 1 . . o .
occasional silt and gravel inclusions caused by ice rafting.

[y
-

-

The gravel-sized material of the till dnd the glacio-lacustrine deposit consists mostly
Jof carbonate, and shale pebbles together with smaller amounts of ignecus-metamorphic pebbles.
Sand-sized materidl contains mosﬂ); quartz, carbonate and feldspar grains. The -predominant
"~ Zminerals of clay-sized matrix are well-crystallize d illite and Fe-rich chlorite (Lewis, 1986,
_ dnd thi“s' sthdy, Section 5.14) Vermiculite, smecﬁte; interlayered minerals and possibly
kaolinite. occur in minor percentages. B ) .

The Pleistocene depasits contain highly variable contents of carbonates. Lewis

(1966) determined that the uppermost horizon of the glac ial and glaciq—!acustrine deposits
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, Table 2., Summarized characteristics of Lake Erie offshore sediments. The a;eol extent of the units is shown

.inFig. 5,
t\ ' »

-

Sediment Symbol..  Stratigraphic  _ “™Particle Size *
' Type (Fig.5) Corfelation | . % Sand and % Silt ** % Clay ** i
. , \ . ™ Gravel . % %
’ mm 062~ .004mm  Calcite Do
. .004 mm
Glacial Port Huron " 3.2 33.2 63.6 2-22 5
Till . e]] Stadial 21.7 37.0 4.3 3-15 3.
¢ o 22.9 34,0 43.1
\ 14.9 33.1 52.0 6-11 7
Port Bruce 14.1 39.1 46,8 5-20 4 .
Stadial '28.0° 33.9 38.1 5-15 7
Glacio- - , Gl Early ( 2.3 7.2 70.5 2-22° 5
lacustrine ' Algonquin 3.1 35.8 61.1 3-15 3.
Deposit . 0.9 21.5 77.6 © 5=20 . 4
T , 0.6 14.8 84,6 : /
, . Arkona 6.8 38.8 544  5-15 7
- 'S ! . b
{Sand (Lag, " Pleistocene 13 68 19
-Beach, and S 3 ’ .
Fluvial * and/or 70 14 16
Depgits) N
: Recent :
Recent SM Erie 5 30-5 5 Traces: 5.
Surficial - - . or
. Mud P 0-10 . 30-50 40-70  Absent .
> \i o 18 v 32.8 65.4
o Early 18.9 58.2 22.9  Traces Tre
N e Erie ' or
s T ' Absent
4,2 & 8.9 36.9 0-5 51

‘//
,/

Q2

The Wentworth classification used throughout the table.
* Average or range values are shown as available.
Wb

A)

e —

L oF
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Lke Erie offshore sediments. The areal+exfent of the units is shown °
g \ L) J
hic Particle Size * % ~ o " *
% Sand and % Silt ** %.Clay ** i ** Total **  Organic
Gravel © . - %, % Carbon . Carbon
.062° mm . 062~ .004mm  Calcite Dolomite !
.004 mm ' ;
- : _ !
3.2 33.2 63.6 2-22 5-10 ; -
21,7 37.0 41.3 3-15 3-15 7
22.9 34.0 43.1 o 3.4 |yl23t
14.9 33.1 50 6-11 | 7-8 -
14,1 39.1 4.8 5-20 4-13 .
28,0 33,9 38.1 5-15 7-15 ant 0.63%
\ ‘ : ‘ ) |
: ' T %
: 2,3 27.2 70.5  2-22 5-10 7
| 3.1 35.8 61.1 3-15 3-12 = ‘8|
' L 0.9 21.5 77.6  5-20 4-13 ', . 9
0.6 14,8 84.6 - 3.41 0.78" 10
: 6.8 38.8 544 5215 7-15 ' : n
o 13 68 19 ~2.58 1.38 12
' 70 . 14T 8 1% . 0.46 13
*” :
5 30-5 50 . Troces  5-8 3,09 2.09" . 14
' or - .
0-10 30-50 46-70  Absent 5 3.29% 2.79" 15
1.8 32.8° 65.4 N 1.257 % A6
18.9 '58.2 22.9 Traces ' Tltcces‘ -3.27% 2.47%, 17
. or ‘
‘ Absent . ’ ,
4.2 58.9 %.9 0-5 '5-10 3.t 2.47% 18
ughout the table.
available.
o S e
SRt L 2 of 2 ;
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Table 2 (continued). .
Dafa ( Q No. of
Soukce Lake Area Analyses Reference
1 Norfolk Moraine 8 Lewis, 1966
2 Erieau Moraine 14 Lewis, 1966
3, - Erieau Moraine 9 This study (Figs. 11.2 and 11.5)
3 Erieau Moraine 6 This study (Figs. 9.1.1 and 9.1.3)
4 Pelee Moraine . 6 Lewis, 1966 '
5 Central Basin 11 Lewis, 1966 - .
6, . Western Basin 2 Lewis, 1966 i
6 Pelee Mordine - 10 . Coakley Vinter, and Zeman , 1975
7 Norfolk Moraine 6 Lewis, 1966
8 Erieau_Moraine 7 Lewis, 1966 ’ .
9 Cent¥fal Basin 7 Lewis, 1966
10" "Central Basin ] This study (Fig. 11.4) .
10" Central Basin 2 Mudroch and Zeman, 1975 “
11 Western Basin 7 Lewis, 1966 .
12 Lake Erie silts 16 - Kemp, 1971 ‘ ’
13 ‘Loke Erie sands ) 14 Kemp, 1971 S
14 Eastern Basin Lewis, 1966
14 Eastern Basin, surface '
sediment  » 10 Kemp, 1971
15+ Central Basin Lewis, 1966
15 Central Basin, surface - '
- sediment 25 Kemp, 1971
16 Central Basin , 18 This study (Figs. 11.1 and 11.3)
16"~ Central Basin 16 This study (Figs. 9.1.1 and 9.1.3)
17 Sandusky Basin 3 Lewis, 1966 -
18 . Waestern Basin 5 Lewis, 1966
1g* Western Basin, surface
sediment 24 Kemp; 1971

7
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contains lup to 22 per cent of calcite and up to 15 per cent of dolomite (Table 2).

The highest calcite/dolomite ratio\iwere obtained for samples from the eastern and central

basins. The highest values of both calcite and dolomite were measured in samples recovered

i

from the nearshore areas in the Ontario sector of the lake, which is underlain by Middle and

Lower Devonian limestones and dolomites (Fig. 1).
e\

) A 2) Sand deposits - The sands occur primarily as modern beach and nearshore
d;ﬁosits. Sources of these deposits are eroding shg;e bluffs, the in situ subaqueous erosion
of glacial deposits, and the discharge of sandy material from streams. Long Point, Point
aux Pins, Pelee Point, and Presque Isle (Fig. 2) are sand spits in the area of major recent
sand accumulation. Submerged sand deposits are also known to occur atop the Norfolk ahd
Pelee Moraines (Sly and Lewis, 1972) where they apparently represent beach deposits of
low-level Early Lake Erie. Other submerged sand de;()gsits in the western basin arellikely
of the same origin. Along the Ontario shoreline, ne;rshore sand-sized deposits are typically
fine to medium well-sorted sands (Rukavina and 5t. Jacques, 197{; Coakley, 1972; St.

: / "
Jacques an/d Rukavina, 1973; Cockley, Winter and Zeman, 1975). On the average, sand

deposits become finer in an offshore direction and show a decrease in sorting (an increase in
standard deviation) . This pattem, however, is not observed everywhere, and local facies
/ ’

exist with no apparent relationship betwenmodal size and depth.

/ .
 Quartz, carbonates, and feldspars are the main minerdl constituents. Heavy ©

~; N N

[P

:Z‘veral syites contain hornblende, hypersthene, augite, garnet, rutile, zircon, apatite,
gnetite, and ilmenite (Herdendorf, 1968; Codkley, 1972). In contrast with the textural

Q
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maturity, i.e. the good sorting, the presence of metastable minerals, such as hornbiende, -
hypersthene, and augite, indicates that the sands of Lake Erie are mineralogically quite™ "™
immoture (Hough, 1958).

3) Surficial Recent mud - The unit occurs ;;rimorily in the basin areas of the

s ’

Iake ond it covers approximately 60 per cent of the lake bottom. Typically, the mud is

very soft to soft dark grey silty clay in the central basin, and silty clay to clayey silt in
the eastern and western basins. The mean particle diameter generally decreases in the
offshore direcﬁnon, ranging from 6(0{10#(0.016 to 0.001 mm) in the eastern basin, 6 to 9
¢ (0.016 to 0.002 mm) in the central basin, and 6to86(0.016 to 0.004 mm) in the western

basin (The International Lake Erie Water Pollution Board and the International Lake Ontario-

@ ~ St. Lawrence River Water Pollution Board, 1969). In several locations the unit was observed

to become finer with depth (Lewis, 1966;this study, Fig.11.1, Fig. 11.3, and Table 12;
Cockley, Winter and Zeman, 1975). The vertical trend observed for the entire lake may
reflect'!an increasingly energetic bottom scouring and the consequent winnowing of fines

with rising lake levels during the posfglaciaili history of Lake Erie.

w

The deposit contains occasional black specks or laminae, which are believed to be
caused by bacterial reduction of sulphates or authigenic or early dia‘ge‘netic formation of
sulphides (Sly and Lewis, 1972). The black colour rapidly disappears after expasure to air >
and the mud oxidizes to brown or brownish grey colour. A thin oxidized or partially

oxidized crust up to several centimeters in thickness occurs immediately below the lake

bottom. In the topstratum, to the depth of burial of 6 cm, the Eh varies from +0.288 to

‘ ~0.147 volts with the most negative potential occurring at 5 cm, and the pH values range

™
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from 6.9 to 8.3 (Kemp and Lewis, 1968). In general, the increase in pH with depth
parallels the fall in Eh values (Kemp and Lewis, 1968). In deeper portions of the post-
glacial sédimenfary column the Eh is constant with depth remaining at about zero volts
(Kemp, 1969).

The top centimeter of the se;iimnf_ contains on the average 2 :o 3 per cent of
organic carbon (Kemp, 1969; this study, Table 2). The highest concentration of organic
carbon occurs in buried peat deposits from the western basin (Kemp, 1969). The concen-
tration of organic carbon with depth is known to decrease with depth to about 1 per cent.
The mud in the central areas of the basins is generally richer in organic matter than the mud
that occurs in the nearshore’areas. A general inv;me relationship exists between the
organic carbon and the carbonate carbon (Kemp, 1969). In comparison with the Pleistocene
bottom deposits, the surficial Recent mud has generally a lower content of carbonates,
containing near the water-sediment interface traces of calcite and up to8 per cent of
dolomite (Table 2), In all three principal basins, carbonate content increases with depth .
(Lewis, 1966; Kemp, 19.'(>9k). In the central basin, the carbonate content increases to 15 fé
25 per cent in the i\ower portion of the profile (Table 12).

Illite @nd Fe-rich chlorite are the predominant clay minerals of the unit. /
Vermiculife', smectite, unc{ interlayered r,ninerals-occg;\fn minor amounts. Pm;ence of
kaolinite in minor amounts is likely, but it has not been satisfactorily demonstrated by
X-ray diffraction.analyses (Lewis, 1966; this study, Section 5.14). In comparison with
the Pleistocene sediments, clay minerals are more weathered and they contain highér

" percentages of amorphous material.
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CHAPTER 3
FIELD WORK

3.1 Sameling

During the 1972 offshore inves;igation, seven boreholes were put down in an
area appnoximc:fely 20 sq miles (32 km2) lurgi& (Figs. 1 and 2), located to the south and
the southeast of Erieau, Ont. (Plate 1). The lake boﬂom\\iYRrhe investigated area is
generolly’ flat, with slopes of 0.5 degree or less dipping toward the southeast; i.e.
toward the central portion of the basin. The water depth ranges from about 75 ft
(22.9 m) in the northwest end fo about 85 ft (25,9 m) in fh/e southeast efand of the area,

All sites were cored frorh the drillship "\Nurdgl‘ " c\:b?\rtered by Underwater Gas
Developers Limited, a drilling subsidairy of the Consumers' Gas Company. The
"Nordrill" is a modified lake freighter (Plates 2 and 3) 270 ft (82 m) long and 40 ft
(12.2 m) wide, equnpped with a National T-20 drilling rig, Iocafed in the central
portion of the shlp. The exploratory dnlhng for natural gas is camed out through a 15-ft
(4.6-m) diameter well in the ship surrounded by a turntablle. On the drilling site, the
turntable is a\nchored by four anchors (Plate 4), an‘d“the ship hasthenfreedom to revolve
about the central well. This arrangement permits th; bow of the ship to be kept facing '
the wind and waves during stormy periods. The. mahm‘vering of the §hip ai‘:out the central
well is achieved by means of two outhoard engines: The ship is not presently self-

propelled, and has to be towed by service tugboats, which also help to raie and set the

anchors on a drilling site. .
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The location of the boreholes was predetermined by the location of sites selected »
for natural gas exploration. The geotechnical coring always preceded the gas exploratory
drilling, and on the average was s;;read over a period of about 48 hours for each borehole.

Preliminary information on the bottom sediments within the project area (Lewis,

t

1966) indicated the predominance of glacial and gecent fine-grained cohesive sediments. -
All samplers: employed were therefore equipped with thin-wall cutters suitable for geo~
technical coring. Furthermore, the use of the driliship capable of a fixed location
allowed an adaptation of an onshore drilling system with a drill string connection between
the water surface and the bottom of the borehole. The onshore method was considered
useful for repeated—-entry sampling, particularly at greater depths, however, it would not
have provided sufficient amount of samples within a 48-hour period allocated for geo-
technical coring. It was therefore decided to use oceanographic single-entry samplers to
obtain long continous sample; of the Lottom sediments. N . |
Five types of thin-wall sampleswere used for somplikg of offshore fine-grained
sediments with variou; degrees of success. The main features o\\f these samplers are shown

in Table 3 and Figs. 8.1 to 8.5. Their operating principles are descnil.)ed below in

Appendix A. The state-of-the-art techniques of offshore sampling are briefly summarized

in Appendix B. i

4
b

3.2 Evaluation of Sampling Techniques

- i
Several considerations, taken into account for the evaluation of the five samplers

and their operation, are listed below to provide a frame of reference for systematic

~ 4
- ) \ X
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comparison:

ga)

b)

c)

d)

9)
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e
Compliance of c; sampler design with existing criteria for thin-wall

tube samplers (Table 4) ’ | ’
Actual quality of recovered cores as documented by X-radiographs and™
shear strength measurements "

éapability of a sampler to take cores in different ;edimenf types

Time required for sampling compared to the-length of core recovered
Prevention of sample loss during retrieval |

Ease of sampling operation, the sturdiness of a sampler

Type of ]sample containment used for transportation and storage of samples

L d

3.2.1 The Alpine Free-falling Piston Sampler (1200 ib)

The Alpine sampler (Appendix A.1, Fig. 8.1) was used on all borehole sites,

and continuous samples up to almost &0 ft (18.3 m) long were recovered. The obvious

advantage of the sampler is its ability to sample a long column of sediment in a very short

timé. The ratio ¢ exceeds appreciabiy the recommended value in Table 4, thus indicating

that the sampler is subjeéted to excessive outside friction which impedes penetration. More

importantly , a very higﬁ value of the ratio Cg reveals that cores are likely to be dist urbed

by the buil d=up of inside skin friction, A relatively small diameter of core (2.25 in=57 mm)

also contribu tes to core disturbance .

The most serious deficiency of the sampling technique épp‘ear‘e\g to.be the

PR
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Table 3. Characteristics of thin- wall samplers used~during the 1972 borehole investigation

[

Identification , D, Dy De , D Ls
inches inches inches incﬁes feet
Alpine Free~falling . Up to
Piston Sampler (1200 lbs.) 2.25 3.0 2.2% 2.32 60
Benthos Gravity Sampler 2.50 2,75 . 2.5 2.75 Upto 6
Thin-wall Open Drive = : Y e s 1.5 and
Sampler (Shelby) 4.75 5.0 470 . 5.0 5
Christensen Thin-wall , ‘ D ' 5and
Sleeve Sampler - 3.75 4.75 3.69 3.94 30
Osterberg
Fixed-piston . Sampler 2,75 3.0 2.75 3.0 2
Definitions (symbols as used by Ling, 1972)
Dy = inside diameter of barrel and diameter of sediment co're ‘ G =i
‘ (
D, = outside diameter of barrel
Deg = inside diameter of cutter C = z
Dy, = outside diameter of cutter
L, = sampling length ) Ca = z
5
v
, ¢ =
K
E

</ . 2 o \
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mplers used dyring the 1972 borehole Investigation

D; D D Ls C C Ca C
inches in:hes . inthes feet o ° s
‘ Up to
3.0 2.20 2,32 60 - 2.27 26 1.2 320.0
2.75 ., 2.50 2,75 Up to & 0 0 21.0 28.8
1.5 and \ 3.8 and
5.0 4.70 5.0 5 1.06 -0 13.2 12,6. -
~ ' L v
J and 13.2 and ‘
4.75 3.69 3.94 30 1.63 17.0 14.0 96.0
. t ‘ )
3.0 275 3.0 2 0 0 " 19.0 8.7
)
meter of sediment core ' C; = inside clearanceratio = Dg-Dg 100
(controls inside friction) ~ —p_—
‘k Co = outside clearance ratio = Dy, - Dt , 100
: ' (controls outside friction) ———Dt_-
. w2 2
' Cy = @areaorvolume ratio = DW - D, :
(volume of displaced - - x 100
sediment divided by - p 2
volume of sample) -e
C,\ = ratioof sampling length = L
' to inside diameter of $
; barrel ) D, h
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Table 4. Criteria for thin=wall fube samplers ) ‘
. \ [
Characteristic Criteria Recommended for Refer:
Inside clearance ratio, 0-0.5 short corers Rosfeld
C -0.75- 1.5 long corers - (1967)
2" to 5" Shelby ASTM S
1.0 tubes D 1587
Outside clearance ratio, L 0 cohesionless sediments Rosfeld
Co , . (1967)
C <2tod° "cohesive sediments
Area ratio, Cq 13 2" Shelby tubes Terzagh
3 (1967)
. <10 all sediments Rosfeld
(1967)
Inside diameter of =2" (50 mm) uhdisturbed sediment Ling (1
barrel, D, e sampling
' >3" (75 mm) samples obtained by
¥ _ pushing
Ratio of safe sampling <10 dense to loose cohesionless Rosfeld
length to inside diameter sediments | (1967)
of barrel, Cs <<20 stiff to very soft cohesive
) sediments
Angle of cutter, <10°, 4 all sediments Rosfeld
R P preferably <5° ' (1967)
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Recommended for

s,

Reference

Notes

short corers

Rosfelder.and Marshall

! long corers (1967)
‘\ +2" to 5" Shelby ASTM Standard
B tubes _ ‘D. 1587 !
\ cohesionless sediments Rosfelder and Marshgll
2 (1967) ‘
\ cohesive sediments '
B o
i 2" Shelby tubes Terzaghi and Peck
3 (1%
all sediments Rosfelder and Marshall
o (1967)
m) undisturbed sediment | Ling (1972)
sampling ' )
m) samples obtained by -
pushing
N /
dense to loose cohesionless | Rosfelder and Marshall-
sediments , (1967) “
stiff to very soft cohesive -
sediments
4 all sediments " Rosfelder and Mar;hull
<59 \ (1967) -

LY

! Symbols defined in Table 3
) .
Unless taper of cutter very s

3 May be =10 with a piston

sampler or a sharp cutter

o< = 20°to 30° allowed to

?
!

|

mall

4 Except at cutting edge where

prevent damage of cutter (Ling,

1972)
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f P \\
considerable compaction of cores, the amount of which is indicated by data given in Table

n

5. X=-radiographs furnished evidence of differential stretching and compression of cores due

to irregularly. distributed ilfnside skin friction. The plugging of the cuytter with a harder ™

* sediment material occasionally prevented full recovery. The effect of core size upon core

disturbance can be estimated from data given in}bie] 6. )
Although the sampler was found to be the most suitable for rapid coring of the soft

Recent

iment, it was unable to penetrate a heavily overconsolidated crust pecurring in

- a

the upper portion of the Pleistocene sediment .

-
P

s

el ' ‘ ) !
_.— 7|. The sampling operation averaged 30 to 45 minutes jper core, however up to 3 hours

were reiquiréd for the assembly of the sampler. ' The dismantling of the sampler was likewise

/

! . [ .
time~consuming. No core loss or §liding was observed during the process of retrieval. The

triggering mechanism and the piston were found to function satisfactorily throughout the

-

borehole investigation.) - :

Plastic liners provided suitable containment for transportation and storage of samples.

Information on bottom composition is a prerequisite for a successful coring operation.

The sampler can be bent easily or damaged if coﬂng,of hard bottom is attempted.

a
l

{ ' . ' .

3.2.2 The Benthos Gravity Sampler ‘

The?} sampler (Appendix Ab;Z , Fig. 8.’2‘) was found suitable for the sampling of fine-
grained surficial sediments only. Previous penetration tests of the sampler in sandy sediments
met with little success (Sly, 1969). In c;)mparison with the Alpine pisfor; sampler, the

Benthos sampler generally provided better quality of cores due to ifs shorter {ength

+
[ Lo

'
i



Observed Péretrafion, ft . 54.7
}.:ngth of Recovered Core, 42.4
Percentage Core Compaction, 22.5
aC |

y

) -8
%
o -3 -
' 1\ g ’ .
Toble 5.. Compaction of the Alpine cores \ L
. o . ~
Borehole No. ~— 13156 \

13160 13161 \ 13163

,Eo.o 20.0 22.1
.5 - 15.6 12.2
17.5 - 22.0 44.8

, ) ! e W
~ Observed Penetration ~ Core Length e R .
AC Observed Penetration x 100% B \ T
'i'oble 6. Comparison of undrained shear stren gh vclues (psf) from thé same
depth for the Alpine cores and the Christensen cores
Depth Below ) \Percenfoge
Loke Bottom Sediment Alpine  Christensen Shear Strength
Borehole N07 . Level, ft Type Core Core . Reduction (ac,,)
13156 42 Surficial 62 290\ .78.6
Recent ‘Mud \\ ,
13161 12 Surficial 43 119 . 63.9
e Recent Mud \ y
13161 19 Glacio- la~ 1690 2185 22*.7
ustrine Voo
eposit \ \ -
13163 -, 18 Surficial 40 135 7 4
. Recent Mud , S
13163 - 22 _ Glacjo- la- 1270 1065 -19 z
custrine :
Deposit LR
13194 : 36 Surficial 120 145 17.2°.
- Recent Mud P
ac, = €, (Christensen) - ¢, (Alpine)  100%

CY (Chrlstensen)
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* and larger inside diameter (Table 3). The. stainless steel cutter was not required in soft

°

. muddy sediments, anc%/therefore the area ratio, C» exceeded the recommended value

(Table 4). The'compaction of the cores was not measured, hoWever, published dclta (Sly,

v

1969) indlcufe that the compaction may range from 16 to 20 per cenf in fhe most compres-

sible lake boﬂom ‘sediments. The valve sysfem is skilfully designed gmce it allows free flow

_of water through the sampler during desc;énf, and provides efficient sealing of the sampling

tube during recovery. The sampling operation was rapid and easy. During shipment and

o
- )

storage cores were contained in plastic liners. : .
~. .

~._ Al

3.2.3 The Thm-wull Open Drive Sampler (Shelby)

The sampler {Appendix A.3, Fig. 8. 3) was used only for the samplmg of the f:rsf
borehole. The Shelby sampler, though meeting all the critenri'a\ shown in Tqble 4and in

; . -t »
spite of its widespread use in onshore coring, does not'seem to be particularly suitable for

]

offshore coring projects. The sediments with very high natural water content have the

tendency to flow into and up-the casing during penetration, and the sampler consequently
- j

accumul ates disturbed sediment material from the upper horizons at the top of the sample.

The lower end of the sample is.also disturbed during recovery, as it is softened by ambient

”
1

L -
water. The sample is further subjected to excess hydrostatic pressure when the sampler is

above water, which ‘occasionally results in partial or total loss of the sample. Other

—

disadvantages of the Shelby sampler is its short length, relatively high cost olf the steel
d i 1
tubing, and considérable weight of the sample encliosed in the large~diameter steel tubing.

The sampling technique was found to be.simple and only few basic rules for optimum sample

f F

\

ThoAt v ws b




SRR T ET § waaR TRV AT St & T
-

’
Y

bt Attt

/recovered w

/

!

.shear strength values on the geotechnical summary plots (Figs. 9.1 to 9.7).

recovery hadjto be followed.

3.2.4 The Christensen Thiﬁ-wall Sldeve Sampler

ot s T -33-

\
1

<

Thet sampler (Appendix A.4, Fig. 8.4) prov?d to be superior to all other samplers

tested, notwithstanding that it does not meet all criteria’listed.in Table 4. The sampler

3

/ slightly morT disturbed than those taken with a 5-ft (1.5-m)long barrel. The relatively large ?
diameter of [the core (3.75 in = 9.53 ;m)', reduced significantly the core disturbance of soft

sediments (Tjable 6). -

T
Fore‘o fixe
tratipg all

the sedime

with a meghanical:or hydraulic device to exert an additional driving force.

a

T
therefore t

T

both ends pf the sample are disturbed in the manner described in Section 3.2.3. The

tendency f

frovided ger‘emlly samp'les of good quality, and up to 20-ft (6.1-m) long samples were

thin a short span of time. Samples taken with a 30 ft (9.2-m) long barrel were

he sampler has to be used with a sfondurg gsﬂot‘e drilling rig, and require; there-

4 - R - .
d| jack-0p platform or an anchored driil ship. The sampler was capable of pene-

rhree sediment types but it met refusal in the till when the bearing capacity of

fit exceeded the v'veight of the full sampler and drill rods. The rig was not equipped
he ratio C,, for the sampheg#xceeds the imits shown m Table 4, and it apbears
hat a deeper penetration was impeded by the build-up of outside skin Friction.

he sampler suffers from the disadvantages of open-drive samplers, “cm‘d.usually

or the sample disturbance characteristic of open-drive sampAers was noted many

‘timé"s throf;ghout the borehole investigation, and can be readily noticed as a reduction in

-

.
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The operation of the sampler required no great labour of effort. The sampling

technique resembled that of the Shelby sampler.

] . L

)

3.2.5 The Osterberg Fixed-Piston Sompler

. The sampler (Appendix A.S@ 8.5) was found suitable for the sampling of ‘
soft lacustrine sediments, and recovered samples were generally of very good quality. The -
principal disadvantages of the sampler are the relatively short length of core (Toble\ 3),

occasional sample loss, and more complicated operation compared to open-drive sa)rplers.

f

£ |

[3

3.2.6 Summary

The conclusion drawn from the performance of five different samplers described

above is that each sampling method resulted in a certain disturbance characteristic of the

type of sampler employed.

Of the five sampling methods used, the samplers causing the least disturbance were,

in order; the Osterberg piston sampler, the Benthos sb’npler, the Christensen sampler, the

Shelby sampler, and the Alpine piston sampler. s '

(-

P

For the purpose of the investigation, which was carried out under time : constraints,
. . \ : ‘ "

-
A

long more disturbed cores were preferred to short less disturbed ones. In view of this decision,

the most satisfactory results were obtained with the Christensen sampler. The sampler was

&

*
‘capable of taking long cores with little disturbance in all sediment types occurring within

" the project area. The cores obtained with the Alpine piston sampler were disturbed

c
’ ° u
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appreciably as a result of the artifical compacting and the relatively small inside diameter
> of the sampler. The effact of sampler size upon the amount of disturbance was nofédu(Table 6).
. The Benthos sampler wa’s found to work best in very soft lacustrine sediments but the
short length of‘ the sampler limited its use during the project.~The Osterberg sampler and the
Shelby sampler provided in general cores of adequate quality, however short cores and time-
consuming sampling precluded their wider use during the project, |n addition, thiese samplers
/ proved to be least suitable for sampling of very soft surficial sediments in which cores were
' frequently lost.
The sampling of very soft surficial sediments required the L:se of core retainers, other-
wise even cores obtained with piston samplers (the Alpine and Osterberg samplers) were

occasionally washed out during rettieval.

Plastic inside liners, used with the Alpine, Benthos and Christensen samplers, greatly

.

facilitated the shipment and subsequent laboratory subsamplihg of the cores, The cores
contained in the steel sampling tubes had to be either extruded or cut with a power saw to
shorter sections. Both of these procedures were time-consuming and resulted in further core

disturbance. Furthermore, sediments with high moisture content were found to.oxidize

rapidly inside the steel tubes. The decomposition of organic matter and the presence of ,

/ water caused rapid corrosion of the steel tubes. Another disadvantage of the steel tubes was

encountered during the X-raying of the cores. Compared to plastic liners, the penetration
13
of steel tubes required higher voltage and amperage of X-rays, which resulted in the loss of

details in radiographs. The use of plastic liners appears therefore highly desirable for offshore

o | N

coring.
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CHAPTER 4

LABORATORY PROCEDURES . g

4.1 Basic Geotechnical Tests (at the Canada Centre for Inland*Waters)

Following the field sampling and coring work on each borehole site, 3- to 5- ft
(0.9~ to 1.5-m) long samples were transferred from the drillship}fo Erieau, Ont. in the
service tugboat, and then shipped in a thermally ir:sulated box -fo the CCIW in Burli;\gfon,
Ont. for basic geotec'hni-cal testing. The samples were sjéred in a controlled temperature
room at 4°C in-order to inhibit the decomposition of organic' matter and possible swelling due )
to the formation of gases. All samples were X~rayed prior t6 testing to provfde information
on sample disturbance, depositional contacts, macrostructure, and to help plfm the subsequent
laboratory p‘rogromme. The use of the radiographs as a valuable aid in the sfu.;dy pf lacustrine
sediments is discussed below in Appendix B. Typically, the samples were further ;l:f to
1-ft (0.3-m) long sections, and data were measured and recmd;d at this interval. In case of
the Alpine cores, the average sample length exceeds 1 ft (0.3m), as the logs had to be
"stretched" to account for the short ening of the coresmduq to artifical compaction during
sampling.

'\fhe laboratory programme at the CCIW was aimed at the determination of the basic
geotechnical properties required for the enéinegring appraisal of lacustrine sediments. The
properties éo}vtprised the natural water content, ’the Atterberg limits, the. totdl ur;it weight,

and the undrained shear strength. The writer's participation in this progromme consisted in

carrying out most of the laboratory work-on cores from Boreholes 13156, 13160 and 13163.
¥

* The testing of cores from the three remaining boreholes was carrled out by members of the

LN

|
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~ ’ °
HQGA engineering staff.
The natural water content and the Atterberg limits were measured in accordance

with the stahdard ASTM met‘hods of test (standards D 2216 and D 423/424 respectively).

. The total unit weight was” determined by weighing each sample on the shipping scales with a

precision of I 1 g, subtracting the tare weight of the liner or the steel tube, and then dividing -
the net weight by the sample volume.
The undrained shear strength was measured with a Wykeh;m- Farrance laboratory

hand-operated vane apparatus. The standard four-bladed 0.5 x 0.5 - in. (12.7-mm) vane

v\vas used. 'l/'he tests were conducted on unextruded cores with the vane axis parallel to the
core axis. The undisturbed shear strength represents the first highest or any further higher

value obtained. For a second sl;earing the vane was rotated through 360 degrees, stopped,
and re-rofqted.‘ The seconcT value is referred to as the remolded shear strength. The sensi-

tivity, indicating the |o<: of strength upon soil disturbance, was calculated as the ratio of the

undisturbed shear strength. to the remolded shear strength.

‘.\

L]

4.2 Additional Geotechnical Tests (ot H.Q. Golder and Associates Ltd.)
- ‘ ’ .

The grain size analysis, the consolidation test and the triaxial compression test
were conducted on representative samples in the HQGA soil mechanics laboratory.” The writer
did not participate in these tests, except for the grain size analyses, conducted at McGill
univ;rsary on samples from Borehole 13163 (Figs. 11.1 and 11.2). .

The grain ‘size analyses were performed using the standard sieve and hydro;t)eter

-

}
- 4
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method. Fractions coarser than the No. 40 sieve (4h20 p) were daéermined by dry-sieving,

fractions coarser than the No. 200 sieve (74 p) by wet back-sieving after the hydrometer
test, and fractions passing the No. 200 sieve were calculated a¢cordingto. ' . Stokes' law
using the hydrometer readings. Methods recommended by ASTM standard D 422 were em-
ployed, inclu;:iing the use of constant temperofure\ bath, distilled. water, sodium hexameta-
phosphate as dispersing agent, and an ASTM-type hydrometer.

The one-dimensional consolidation tests were carried out on 2-in. (50.8-mm) diameter

specimens with the load increment ratio of unity. The range of vertical consolidation

pressures used was 0,05 to 6.0 isf (4.8 to 574.6 kN/mz) for specimens of the surficial Recent

Lo

mud, 0. 18 to 20.0 tsf (17.2 to 1915.2 kN/mz) for specimens of the glacio-lacustrine deposit;

and 0.16 to 40.0 tsf (15.3 to 3830.4 kN/m2) for specimens of the Hll deposit.

Three unconsolidated-undrained (Q-type) triaxial compression tests and two’

consolidated-undrained (R-type) triaxial compression tests were performed on 1.4~in.

(35.6~-mm) diameter specimens of .the surficial Recent mud and the glacio-lacustrine deposit

’

from Borehole 13156. The primary purpose of these tests was to determine shear strength

o

parameters under controlled drainage conditions, to compare results with laboratory shear

vane tests, and to obtain stress=strain characteristics of the sediments. Budgetarynrestric—

tions precluded triaxial testing of more specimens, and therefore-the limited test data *

available cannot be considered as represenfé:tive for sediments studied.

t
1

- 1 '
b
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. ferrous iron was oxidnzﬁd@rlor tLa testing since the samples were initially-air dried for

| | © -39-

4.3 arch Complementary Tests (at McGill University)

A complementary series of tests wds carried out in order to provide more information

0

on the causes of geotechnical behaviour of the lacustrine sediments. All complementary

tests were performed on sediment samples from Borehole 13163.
The specific gravity of sediment solids was determined using the pycnometer method,
‘ : a :
and following the procedures re@;:}en\ded by Lambe (1951}, The experimental method of

pycnometer calibration was used since it was found more reliable than theoretical computations.

| The organic matter content was determined using the method propose'd by gchollenberger, J
which is described in detail by Royse (1970). The method consists in the oxidation of oréanic
matter ;nd@ther oxidizable compounds (e.g. ferrous iron or higher oxides of manganese) by
chromic acid. Following the oxidization, the excess chromic acid was back titrated with a
ferrous-ammonium sulfate solution. As recommended by Royse, the results are reported as
total oxidizable matter and are considered an clpproximcntion of the organic matter conte'nt
and an index of the reducing potential of the sedlment. It is believed that most of the

{

several days. _
1+
The total carbon content was measured by heating the dried samplé at about 1300°C
in the induction furnace analyser. Since total carbon includes both organic carbon and carbon
in carbdnates, an ottempt was made to measure organic carbon content in samples ofter the

removal of carbonates by sodium acetate following the method given in Black, et al,(1965).

The results obtained showed a very, high scatter caused probably by incomplete removal of



TTRERIID

ki

=~ 40 - L

carbonates. For this reason the results are not considered reliable, and are not reported.
For future work it seems preferable to remove carbonates by sulphurous acid at room

{
temperature. This method has been used with success by the CCIW geochemical laboratory

' &

(Kemp and Lewis, 1968; Thomas, 1949). .

The surface area was determined using the ethylene glycol retentiofl method
proposed by Bower and Goertzen (1959). Sampl e; used in the tests were untreated with any
chemicals but they were sieved through a 40 mesh sieve, and were oven-dried at 105°C to
constant weight, The sieved somple’s’ had an average weight of 5 g. Excess ethylene glycol
was removed in a vaéuum desiccator containing anhydrous Cc:C]2 and a free surface of
ethylene glycol . The samples were kept under vacuum for several days till a consfant weight
(with'in a few tenths of a milligram) of retained ethylene glycol was achieved.

The modified Penfield method (Penfield, 1894) was used for the quantitative
determination of uncombined and combined water in two samples from Borehole 13163, The
use of this determin;tion was suggested to the v;rifer and performed by Mrs. Horska of McGill
University. In the method, an air-dried sample was sieved through a 40 mesh sieve. The

sample (about 5 g) was then dried in an oven at 117°C for 24 hours. The loss in weight due

b .
to the uncombined water, expressed as percentage of the total weight, was designated as
Pl } 2 E

. Hg0 - A second porhoh of the sample was placed in a thoroughly dried, hard glass bulb with

aghgng stem. The bulb was heated to approximately 1006°C for 20 min and the liberated

water was condensed in the cooler portion of the stem. The stem containing condensed -

-

water was cut off, weighed, ignited and reweighed. The difference between the weights

of the stem confaining the condersed water and the stem after drying, expressed as percentage

L)

s '
W




of total weight, was designated as total H,0. The difference befweet; total Hy0 and sz-
represents the
The clay mineralogical composition was studied by the X-ray powder diffraction
method. Most of the X~-ray analyses were run on a Philips X-ray diffractometen; however
some initial analyses were obtained onl a Siemens diffractometer. In addition, Prof. Quigley
of the University of Western Ontario provided the writer with the X=ray diffraction traces of -
compressed specimens (centrifuge oriented), which were analysed on a General Electric

diffractometer. The X-ray patterns were obtained fér specimens in the following states:

)
(2)
3)

' “

(5)

(6)

7

L (8)

\ (9)
(10)

The details of specimen preparation technique and thiinstrumonfal settings used For the o
X-ray analyses are presented.in Appendix.D. \
Ty AN «
The scanning electron micrographs were obtained with Stereoscan 600, manufactured

N .
by Combridge Scientific Instruments Ltd., England. Representative sediment specimens were

e [P e ————— e PO

- 4] -

Q

ount of combined water in the sample Hp0 +.

air-dried bulk fraction, finer than No. 40 sieve
natural Iy-rr.i_oisf (never dried) clay size fraction (<2 p)
air-dried cl.ay-size fraction (<2 p)
air~dried fine-clay fraction (;1 p)
clay-size fraction after the rer;rov”al of carbonates

]

clay-size. fraction after the removal of .organic matter

ethylene glycol solvated clay-size fraction

K- saturated clay-size fraction

aq

clay-size fractioh treated with 2N HCL ’

clay-size fraction heated to 180°C, 550°C and 600°C
\ ~

A
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prepared using five samplés ;)f thevsurficial Recent mud and two samples of the till deposit.
All samples are from Borehole 13163. The specimens were obfoi;\ed ‘from the dilute susp-
ensions of the bulk fractions v:hich were ultrasonically dispersed to destroy aggreéates of
sediment particles. Few drops from the dispersed suspensions were then placed atop a mica
microslide attached by an epoxy resin to a mounting pallet. Prior to an examination in the
electron microscope, the specimens were coated with a gold-palladium alloy in a vacuum
chamber to achieve electrical conductivity of the mounting pallet. ¢

The magnificcl:tion used for viewing ranged from 200 x to 5,000 x. The electron

inkges above magnification 5,000 x were already out of focus, and therefore this value

: -k
had to be used as the upper limit for viewing.

2

~4 . C
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‘CHAPTER 5
N VR
RESULTS — *

#

5.1 Stratigraphy from Borehole Core?

— A detailed interpretation of the stratigraphy in the project area has been prepared
from the visual description of the cores and the results of laboratory tests describec; below -
in-this chapter. Sbémorized borehole data ~ are shown in Table'7, and,’indi\'riduol borehole

- logs are shown in Figs. 9.1 to 9.7 inclusive. The r;sults of core e‘xamination were used for
the following discussion of the stratigraphic units, which can be compared to the overall

" discussion of Lake Erie geology in Sections 2.4 and 2.5.

The lowest stratigraphic unit encountered was the brownish grey clayey silt with "

—~

PN

z fine to coarse gravel . This unit, T, (Fig. 7) ::ppears to represent a flank till deposit of the -

\ Erieau Moraine in Boreholes 13160 and 13163, A till deposit of very similar texture was

; ~ encountered in Boreholes 13189 and 13194, where it probably belongs to a basal till sheet

\\ overl);inq the bedrock. The thickness of the till unit is quite variable, and it was estimated

T

\\ from the known bedrock surface elevations that were recorded for,each borehole during

| \ exploratory gas drilling (Table 7). The greatest thickness was found at the site of Borehole

g
j
H
i
A
3
é
:
%;
%

13160 (93 ft = 28.3m),‘ and the least one at the site of Borehole 13193 (24 ft = 7.3 m).
The unit generally decreases in thickness in the eastward direction away from the Erieau
oraine. It is quite likely that the til) sheet is confinuous across the whole investigatej

L " req, ancd that it would have been found also in Borsholes 13156 and 13161, had they
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Table 7. Summarized borehole data
Sediment Th
. ) P
, Surficial
Borehole Borehole Recent
No. w N Water Depth Length Mud
° ! U - v ft " m ft m ft m
13156 81 30 25 42 10 05 83 25.3 77.4 23.6 55 16.8
13160 81 53. 15 42 01 35 82  25.0 59.6 18.1 17.9 5.4
13161 81 37 45 42 13 45 81 24,7 34.8 10.6 18.0 5.5
13163 81 47 40 42 09 00 76 23.2 45.6 13.9 ]9_.9 6.1
13189 81 35 35 42 15 15 82 25,0 69.1 21.0 24.5 7.5
1’3193 81 28 ’:20 42 14 15 81 24,7 91.5 27.9 60.2 18,
13194 8- 39 45 42 04 ‘10 84 25,6 100.0 30.5 40.0 12.
Y
)‘
s ) ‘ /
I 1 oF [



Sediment Thickness in Byehole _ Qverburden Thickness
. i Surficial. Glacio- - Till (Estimated from Gas Testhole)
Borehale Recent facuystrine Deposit K
Water Depth Length Mud Deposit -
. ft . om ft m ft . m ft m ft. m ft /. m
T p . - T
83 25,3 77.4 23.6 55 16,8 22.4 4.8 -, - 12{ 39.0 \a
&2 250 59.6 18.1° 17.9 54 - .. 47 127 0 o 33.8
81 247 348 10.6 180 55 168 51 - - 100 305 .
767 ‘23.2  45.6 13.9 19.9 6.1 - - 25.7 7.8/ 99 30.2
82 25.0 69.1 21.0 24.5 7.5 39.5- 12.0 . 5.1 '1.5/ 120 36%5
81 247 9.5 27.9 0.2 8.3 258 7.9 55 1.7 . MO 3.5
84  25.6 100.0 30.5 40.0 12.2 24.5 7.5 35.5 10.8 | 151 46.0
. : _ ‘ \ .
\;;?ﬁ;j’. 4’ ’
- " N w
e u | ‘
‘ y —
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been coret#l to éreo?er‘ depths. The t.;hpér part of the till horizon in Borehole 13163

~.

(Samples §-3 to 10-1 in Figs. 9.1.2.nd 9.1.3) contains more of the clay-size| -

fraction, !{and it has the character of a reworked till. The ¢ ed till could have
_redeposited either by slumping or.viscoplastic flows in a glacier margin lake™. As

Port _srL.ce Stadial about 14,000-13, 500 years ago (Table 1). |

| The glacio-lacustrine de“posif,’Gl , (Fig. 7) overl ies; the ﬁli in all
with ‘the exception .of Boreholes 13160 and 13163. Ti1e maximum thickness of the unit is
in the order of 40 ft (129.\2 m) in the vicinity of Borehole 13189 anhd possibly also in
Borehol/e’l°3l 56. The glagio—lacustrir:e clay is typical.l;r brownish greu)'l with occasional

varved Taminations, crossbeddings, and irregular lenses. Theselstruc‘fures occur inter-

[

mittently between zones m which uny signs of Icyermg are abéenf Regular varve laminae

’1/16 to 1 /2 in, (0.2t0 1.5 cm) irr thickness ylere by far the fost common structures

\

\
observed. Based on parhcla s:ze anolyses, the depom is a silty cluy, containing 60 to |

80 per cenf of the ~2 micron. fmchon (Flg /Jl 4. Rare sond grains and pebbles were
observed in some cores. T'he oge of the depOsif is esfnmafed to range between 13 ,300
and 12, 500 years ago, belng lcid down dqring the Loke Arkona stage and subsequenfly
formed lakes of the Mackinow Intei‘stcldlol und fhe Porf Huron Stadml (Tabla 1).

oo A prominenf unconf‘or;m?t; was saen in most of the cores between the Pleistocene

deposfts, T and Gl and the oveHymg Récent mud, M, (Flg 7. This unconformify is

marked by a desiccafed crust that occusionally contams lag sand gralns ‘and reddlsh brown

/

»
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colouring characteristic of strongly oxidizing conditions. The Pleistocene deposits

immediately below the unconformity have generally much lower water content than the

overlying Recent mud. The desiccated crust is clearly visible in nearshore cores, (Bore-

Ry

holes 13160, 13161 and 13163) where the unconformity occurs above elevation 470 ft

3 ’
(143.3 m) a.s.1. In deeper offshore cores, the unconformity is less censpicuous and its
Al ’J ’ ¢
position had to be asgertained from radiographs. The conspicuous desiccation of the
. g s .
Pleistocene deposits oTove elevation 470 ft (143.3 m), attributed to the subaerial-exposure

o

during the low~level stage of Early Lake Erie, is known to occur in other areas of the

Lake Erie basin (Lewis, 1966). R S ) j

N

The surficial Recent mud occurs gverywhe;e in the investigated areq, ranging'in

1 C} thickness from about 18 ft (5.5 m) in Boreholes 13160, 13161 and 13163 to about 60 ft
(18.3 m) in Bore‘hole 13193. The new datahavabeenadded to Lewis' 1966 work (Fig. 6). ‘
b I\ , The Recent mud is 4 silty clah with the clay-size fraction (<2 p) coyshtuhng ) pically %
- 50,to 70 per cént of the sediment (Figs. 11.1 and 11.3), thus bejng slightly cogrser thon E i:
’ the underlymg glacio-lacustrine deposit. “The mud is fyplcullmmmm 5 op;p\eﬁr-\ | %
ance, dark grey to ;;y Numerous black specks and fhe laminge of amorphous sulphides, :3
) v;(i:ich are sﬂugsestive of ref/iZc’mg porentml of the sedlment, were seen thr houot cores. ';
On éxéos'ure the sediment oxidized to 'brow'n colour within several _houbrs. he decomposi- ;
| tion of organic matter with hme in stored cores was not studied beyond the visual ﬁ:
: observahons of gas F tion. " This process was Parhcularly noticeable in the case of g
cores taken from the sedlmew topstratum 5 which con*ams about 3 per cent ox M!e %
. | ;s

, .
.
.
. .
i
i ., )
s ' o o - “s
1
. §



. of 323 per cent was measured for the bg}fom surface sediment in Borehole 13160. In the -

" surficial Recent mud the water content decreases gradually with depth, reaching 55t0 80 -

. ( . .
_shore boreholes has the water content of about 20 per cent (13160, 13163) in the till .

JP T
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matter (Fig. 9.1.1). The decomposition of organic matter is likely accompanied with ’
1

formation of gases such as carbon dioxide, methane, and other volatile hydrocarbons

(Royse, 1970).

>

5.2  Natural Water Confent (Figs 9.1 to 9.7)

The results indicate very-high values of water content for the sediment at the

lake bottom interface, typically in excess of 200 per cent dry weight. A maximum value

per cent at the Pleistocene erosional unconformity. The highest ratg of decrease occurs
within the uppermost portion of the sediment column. The values show no apparent lateral

variation and are not related to the thickness of the mud deposit.

An abrupt decrease in the watéi content occurs below the erosional unconformity,

indicating the desiccation due tothe subgerial exposure of the Pleistocene sediments.
. ,
The sediments are heavily desiccated in nearshore boreholes (13160, 13161, 13163) where

the unconformity is above elevation 470 ft (143.3 m).. The desiccated crust in the near-
deposit and about 35 per cent in the glaéio—lacusfrine deposit (13161). The difference in
the two values is probably aftributab{le to.the variation in particle size (Figs. 11.4 and

) ’ t

11.5), as well as @ different consolidation history of the two Pleistocen® deposits (Seci'ion

5.7 belowj . In offshore boreholes (13156, 13189, 13193, 13194), the unconformity occs
; . - . L o

»
\ . N . . .
. v




below elevation 470 ft (143.3 m) and the crust in the glacio-lacusttine deposit is much

* ’

less desif:cofed: The water content in the offshore boreholes immediately below the ..

unconformity ranges from 70 to 45 per cent. ¢

=3

==

The water content within the glacio—lacusfrin? deposit decreases slightly with
depth to about 25 o 30 per cent at the bottom of the deposit (13161, 13189, 13193,
13194). Within the till dgposif the water content remains relatively constant with depth
ranging from 20 to 25 per cent in the offshore boreholes (13189, 13193, 13194) and from

15 to 20 per cent in the nefirshore boreholes (13160, 13163), >

5.3  Atterberg Limits (Figs. 9.1 fo};7 and 10.1 40 10.3) .

The liquid limit values measured on samples of the Recent mud at or close to the
lake bottom interface were generally in the excess of 100 per cent. The maximum value

obtained was 154 per cent for a sediment sample from Borehole 13160 (Fig. 9.3.1). "Within

% ¥
the Recent mud, the liquid limit follows a similar trend as the-water conterit, i.e., it

decreases with depth, the rate of ciecrgase being the highest within the uppermost 10 ft

(3.0 m). [n the nearshore boreholes (13160, 131 63),t'he liquid | imit decreases from the

~_ 2

maximum valu;s of the lake bottom to about 65 per cent at the levels immediately above
the erosional unconformity. In the q;fshae boreholes (13156, 13193, 13194), the decrease

in the liquid limit was observed only within the upper 30 ft (9.1 m) of approximately 50t

N

(15-m) fhiLk deposit. The results indicate that once the natural vfraf'er a\fenf doc,reasd?f’ﬁ‘l'\’"&‘

e

the value of the liquid limit, i.e., when the liquidity index reaches the value of 1.0, °

\ ? ~
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&
there is no further significant decrease in the water content or the liquid limit.

The

minimum quuié limit values were approximately the same as those obtained in the near-

shore boreholes, i.e., about 65 per c;nt. Thus, the liquid limit values in this unit appear
to sho(n no lateral trends anfl'can be almost everywhere positively correlated with the
water content. . &

The plasﬁc limit of the Recent mud shows subsfunhally lesser dependence on depth
than the liquid |Im|f ranging from about 30 per cent at the lake bottom interface to about
25 per cent at theﬁoﬂom of the deposit. The plasticify index, i.e., the difference
between the |iquid}imif and the plastic limit, is thus basically confrglled by the l!c:uid
limit values.
| The liquid limit of the glacio~lacustrine deposit ranges from 60 to 40 per cent.

i.‘(Boreholes 13156, 13193, 13194)' and, similarly to the natural water content, it slightly
decreases with depth. Since the liquid limit typically exceeds the natural water content,
the liquidity index is mostly less than 1.0, ‘\:/arying between 0.8 and 0.2. The values of
plastic limit (Boreholes 13156, 13193, i3l94) vary between 25 and 20 per cent.

The tests on the till deposit (Boreholes 13160, 13163, 13193; 13194) indicate
very small vertical and lateral variations in the liquid limit and the plastic limjt. The -

/

liquid limit values vary between 30 and 25 per cent, those of the plastic limit between |

15 and 10 per cent. The ligquidity index varies fypically between 0.5.and 0.1, with

occasional higher values up o 1.0. .
{

' The distribution pattern of the results pioﬂed on the Casagrande plasticity chart

shows that each sediment type forms a well-defined cluster on the chart, The results qre

-
‘ ’

el
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plottad for Borehole 13163 in Fig. 10.1, Borehole 13156 in Fig. 0.2, and for all
boreholes in Fig. 10.3. @y the plasticity chart (Fig. 10.3) all v lves fall above and
parallel to the "A" line, indicating that all three sediments can be mbq&d as "inorganic
soifs" which probably have a similar mineralogical composition of the c’lay-fize fraction,
i.e ., they are derived from the same geological source. According to the Unified Soil
Classification System-(Terzaghi and Peck, 1967), the Recent mud can be classified as
the silty clay of a brocd' range of high plasticity (the C H group), the glacio-lacustrine
fdeposit as the silty clay of medium to high plasticity (close to the boundary of rhe4 CH
and CL grcugs) , and the till deposit as the clayey 'silf o& low plasticity (the CL-ML group):
In comparison with marine and F;esh-water sediments of comparable particle size
distributions (e.g.,‘ data published by Harrison et al., 1964; McClelland, 1967; and
Stlva and Hollister, 1973) ,’( the liquid limit vuluest determined for the uppermost zone of
| the Recent mud are considered to be unusually high. ihe relationship between plasticity

‘and other geotechnical properties is discussed in Section 6.1 below. The reseérch into

the causes of high plasticity is described in Section 6.2.

¥ 4

“~
5.4  Total Unit Weight (Figs. 9.1 to 9.7)

g

Values of total unit weight are required for the calculation of total and effective

overburden pressures at a particular depth. The results indicate that the variation in this

parameter is principally inversely related to the natural water content, and to a lesser

, deéree influenced by the specific gravity of sediment particles that increases with d?prh

®




from 2.64 t0.2.75 (Figs. 2.1.1 and 9.1.3). The total unit ;;fﬁhf of the Recent mud
ranges fr;m 70 to 100 pcf (1.12 to 1,60 g{cma), that of the glacio-lacustrine daposit
frorg'leO to 115 pef il .60 to 1,64 g/cm3), and that of the till aepmif from 110 to 135 pef
( .723 to 2.16 g/cmd).

C s Th#tunit weight of the Recent mud compares well with the range of 78 to 94 pcf

i
1

(;l 25t0 1.51 g/cms)' reported by Keller (1969) for the upper few feet of sediments from
the North Pacific Basin. The values for the glacio-lacustrine deposit can be compared

With the rangs of 114 to 116 pef (1.83 to 1.86 g/cm®) reported by Soderman et al . (1960)

lgpr onshoye lacustrine clays in the Lake St. Clair region. The till values are comparable

!

,;o the range of 120 to 134 pcf (1.92102.15 g/cma) reported by Soderman et al . (1960)

for the Lake St. Clair dnshoge tills. ‘ i ' ~

§
1 - )

3

5.5 Undrained Shear Strength from_Laborato:'y Vane Tests (Figs. 9.1-t0 9.7)

\ v
3
) a

" The Recent mud is generally of very soft consistency, i.e., its undrained shear

sfré‘ﬁgfh does not exceed 250 psf (12.0 kN/mz). AIZ the water-sediment interface the

shear s\(ength is in the order of 25 psf (1.2 kN/mz) . Below tht; interface, the shear .

. !frengfh shows only a sl iéhf tendency to increase witl’: depth, reflecting the un-derconsol i-
dated state of the sediment. The thickness of the underconsolidated topstratum is approx-
imately 10 ft (3.0 m) in the nearshore boreholes (13160, 13161,";73163), 12 £t (3.7 m) in

| Borehole 13189, and 15 ft (4.6 m) in Boreholes 13156, 13193 an;:! 13194, The undercon- '

solidated topstratum coincides with the saction of the sediment jrof ile in which the

_/
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liquidity index exceeds }Jnify . The approximately linear trend of the shear strength versus
depth below the topstratum indicates a normally consolidated sediment wi‘fh the liquidity
index close to unity. Several zone; of higher shear strength, which depart from the |
expected linear trend, occur in the lower section of the Recent mud profile (Figs. 9.3.1,
9.6.1and 9.7.1). The possibility of an Increase in the shear strength due to a noh;ral
interparticle ce'menfaﬁon is discussed in Section 6.3 below. At the con;act with the
Pleistocene deposit the Recent mud reaches the value of about 200 psf (9.6 kN/m?). The
sensitivity of the Recent mud generally increases with depth from about 2 to about 4, c;td
occasional ly values as hiéh as 8 were obtained. The relationships of the undrained shear
strength of the Recent n;ud to the effective overburden pressure and the plasticity are
discussed in Section 6.1.

The consistency of the glacio-lacustrine deposit is soft to stiff with the undrdined

shear strength volues ranging from 200 to 2000 psf (9.6 to 95.8 kN/mz). The maximum -
41“1

Y

values were measured on samples from a 3-ft (0.%-m) thick desiccated crust occuring at
elevations 474 to 471 ft (144.5 to 143.6 m) in the nearshore borehole 13161, Below this
crust the average shear strength is about 1200 psf (57.5 kN/m2). In the offshore boreholes
(13156, 13189, 13193, 13194), a genera!ly softer sediment was encountered, and the
maximum value ﬁof 1420 psf (68.0 kN/mz) was measured on a sample at elevation ‘448 ft
(136.5 m) in Borahole 13194, The data from all bt;reholes indicates a positive correlation
between the shear strength and the water content, and no obvious relationship between

the shear strength and elevation. The shear strength generally decreases with depth in

L

!

o
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Boreholes 13161 and 13189, and shows a reverse trend in Boreholes 13193 and 13‘1 94. The
sensiﬁ‘vity of the glacio~lacustrine deposit ranges from about 4 to 10, with the average of
about 7.

The till deposit shows a similar variation in the measured values of shear’strengfh
but ‘the values are generally higher, especially fowur;:ls the bottom of the bo.rel‘;oles. The
values range from 400 to 2600 psf (19.2 to 124.5 kN/mz),-and the deposit can_be classi-
fied as of soft to very stiff consiskency. The sensitivity of the till deposit rangés from

about 3 to about 10.

5.6 Grain Size Analysis (Figs 11.1 to 11,5, Tabl‘e 2)

The grain size distribution of the Recent mud is relatively uniform throughout the
sediment uprof?le with a clay content (less than 2 microns) ranging from 50 to 65 per cent.
The cumulative distribution curves (Figs. 11.1 and 11.3) indicate a possible slight ipcfease
in :he content of cllay-size particles with depth. This trend has been confirmed by a -
detailed grain size analysis of the sediment in core 13194 (Anderson, 1975).

* ° The lower fhrgshold for hydrometer determination is abodt 1 micron, and, th;m-
fore, by this method it is not possible to establish whether any appreciable change with
depth occursin the finest clay fraction. The results of electron microscopy (Section 5,15),
glyi:ol retention tests (Sécﬂon 5.12), and X-ray diffracﬂon analyses (Section 5.14) indicore
that very fine poorly crystalline material shows a reverse trend compared to c;'ystaHlne. |

clay-size particles; i.e., an inconspicuous but consistent decrease with depth. ol

e
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The results of grain size onolyses of the glacio-lacustrine deposut mdncate that the

deposlt is somewhar finer than fhe overlying Recent mud. As shown in Fig. H .4, the

glacto—lacustrme deposit contains on the average 60 to 80 per cent of particles finer than

A
i

2 microns.
% The till deposit (Figs. 11.2 and 11.5) contalns up to 30 per cent of sand and

gravel, approximately 40 per cent silt, and 30 per cent clay. The maximum gravél size

is about 2 in, (5 cm).
A !

g The grain siz‘:’anulyses are in general agreement with data published by Lewls,

1966 (Table 2).
0 5.7  Consolidation Test (Figs. 12.1 to-12.3) ‘
Five consolidation tests were carried out on samples of the Recent mud from
- Borehole 13193 (Fig.. 12.1). The first four samples (2-2, 4-2, 4-3 and 5-1) were

selected from the uppermost 12 ft (3.7 m) of the sediment and the samples were trimmed

from the Alpine cores. These sarnples were almost too soft to be tested ina consolido-
N meter, and the test results show the influence Jof~ sompling\»disturbon‘ce. The compression

portions of the void ratio vemsus log pressure (e-log p) curves ure; steep and almost-linear
., atlow consolidaﬂon pressures, indicating a very high compressibilify.‘ The compression

index, Cc' e, the slope of the field conso!idahon line of the e~log. p @urve,, ranges p

bstween l .55 and 1.15, The C. values are very high in comparison.with the empiricol ‘

} _ ~ relationships for normallyaconsoliddfed clays (Terzaghi and Ppck ' 1967; ‘McClelland, 1967). 2




_ The commonly used method (Casagrande, 1936) of determining the preconsolidation
pressure , Pc , 1.e., the pressure under which the sediment has been consolidated during
its deposiﬁor;al history, gives uncertain re.sults and, therefore, only a range t:i’l~ probable
values is shown in Fig. 12.1. In the case of Samples 4-2 c;nd 5-1, the cor;'lpression
portions of the e~log p graph are virtually straight lines, and the P_ ;values cannot be
determined. The fifth sample (21-1) represents the sediment 6.2 ft (1.9 m) above the
‘contact with the glac\io-lacusfrine deposit and the sample was trimmed from the
Christensen core. A more regular e-log p curve was oEtoined, however the determination
of P is still uncertain, The compre.;.sion index 0.63 compares well -with the published
data for pormally consolidated clays (Fig: 15.4).

The test data indicate that Samples 4-3 and 21-1 ‘are nofmally cgﬁsol idated‘, s
while Sample 2-2 appears to be overconsolidated by 0.085 to 0.365 f’f8~.—l/r635.0“
"kN/mz) . Since the sediment at ?his depth has a shear strengtlléf/gmuLZ—S’gsf (1.2
kN/m2) and the water content of 130 per cent, ﬂ"ne apparent overconsolidation is
probaialy caused by the volumetric deformation of the sample prior to testing. It is of
interest to note, however, that Richards and Hamilton (1967) attributed ;he cpbaret-\t
overconsolidation of marine sediments found at the depths of 0.5 to 1 m below the bottom
to a "chemical, cement-like, intergrain bonding" due to possible "solution c;nd redeposi-
tion of silica, calcium carbonate, iron or manganese". On the basis of the C. values and

their comparison with published data (Fig. 15.4), the test results indicate the Underconsoli-

. dation'"of the topstratum (Samples 2-2, 4-2, 4-3 and 5-1) and the normal consolidation of

i
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the underlying sediment (Sample 21-1). This conclusion is in agreement with the interpre-

¢

tation of the shear strength results given in Section 5.5.

were found to vary from

The values of the coefficient of consolidation ,‘ Cy/
[

8x10-4 to 7x1079 cmz/sec 7 and remained approximately copstant during the tests. The

results obtained fall within the range of dclta given by Terzaghi and Peck (1967) for clays °
of high plasticity.
Four consolidation tests were carried out on the glacio—lacusif;'ine deposit, two
on the samples from Boreholes 13189 abicve elevation 440 ft (134.1 ‘m) , and two ;:n t.i\e
\ samples FroT Borehole 13193 below elevation 440 ft (134.1 m). The results of the tests :
! are shown in Fig. 12.2.. The glacio—l:gffrine deposit in Borehole 13189 is overconsoli-

' dated by 1.28 tsf (122.6 kN/m?2) in the case of Sample 8-1, by 1.57 tsf (150.3 kN/mz)J

in the case of Sample 12-1. The results on Samples 26~2 and 26~4 from Borehole ]31“93
suggest that the deposit below elevation 440 ft (134.1 m) is normally or.near normally ’
consol idated. The compression index was found to.range i:ety}g_en 0.45 and 0.65, 'with' tl;é
hverage valve of‘ about 0.5. Once again, these values appear to be ll':ig‘h in comparison .
with thE; coir;pressibilit'); of an average clay with-medium to hiéh plcsficif);.

. The coefficient of consolidation values range fr&m 2x1073 to 3x1074 cmz/se’;:,
The minimum valpgs . kindicgﬁng the maximum times required to reach 100 per cent consoli~
dation, were obtained forlconébl idation pressures from 2 to 3 tsf (191 5 to 287.3 kN/mz) .

Four samples of ;he till ;ieposit were tested (Fig. 12.3); three samples from

Borehole 13160 located cbove elevation 440 ft (134.1 m), and onewsan'ple from Borehole

.
)
,
‘ i
,

-
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13189 lc'»cqted below eievafic;n 440 ft (134.7 ). All samples are ovérgonsol idated, The

p}econsolidqﬁon pressure in excess of the present gffactive overburden pressure ranges from

" 1.74104.05 tsf (166;.§ to 387.8 ,kN/m2). The compression index varies from 0.20 to 0.11.
The coefficienf of coniolidutionnvari;s from 5 x 10"5 to 4 x 10_3 cmz/sec ;_and the values

generally increase with increasing consolidation pressure.

It is concluded that the consolidation’ test results in general cénfirm the Late ‘

_ Wisconsin and postglacial depositional history of Lake Erie described above in Section

v

2.4.2 and summarized in Table 1. . ' ‘ . ]l

.

-~ N \
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5 8: Triaxig) Compression Test (Fug. 9.2.2) o \‘

's

‘ N The undiained shear strength results from the uncomohdofed-undramed (Qe-fype)

,:‘, ‘_," \

triaxial compression tests are in very good ugreemenf_ with the °|abomfory vane t_esfs

~e
.J;

described in Section 5.5. Tbhe un'ﬂiﬁined shdor strength oé the Recent mud ranges from 240
to 300 psf (11.5t0 14.4 kN/m ). The undrained shear strength of the glamo—lacusfer
deposit is 410 psf (19.6 kN/m }. The unconsolidated samples of both the Reeenf mud ana\

the glacio-lacustrine deposit failed by plastic deformation of the somple base. Axu:l sfrcmk\

' : . i . ‘\ )
ot failure varied from 4 to 7 per cent. ) \ %
;’ . i Pt b . 4
/ In the two consolidated-undrained (R-type) triaxial compression';tésts, the samples ‘/‘ \ :;

were first consolidated under the compute d values of effective overburden pressure and |

i *

then !sheared under undrained conditions by applying the axial load. The resultihg un- /

Bl

drained shear strength values are 710 psf (34.0 kN// m2) for the Recent mud and 800 psf

HGCLT

f
© L

o

s
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(38.3 kN/m3) for the glacio-lacustrine deposit, i.e. the rei?ults are apcproximately twice as
: '
high os those obtained from the Q-type tests. The consolidated sample of the Recent mud
failed along a 45-degree failure plane in the upper half of the sample, and the consolidated
sample of the glacio~lacustrine deposit failed at the midheight of the sample by shear failil‘la
valong two 30 to 45-degree conijugate shear planes and some horizontal shearing within the
finer-grained dark laminations. The samples failed ot axial strains of 3 to 5 per cent.
Th;a difference in undrained shear strength values is obviously primarily a function of
the: festing method applied. The considerably higher values obtained in the R-type tests
k (;re atiributable to the following causes:

M The sediment samples do not behave as elastic materials and thus the

- . . L - . . 5
consol idation to insitu stresses results probably in a lower void ratio
— ——— P

N
. and a lower water content compared to in situ conditions.
. (2) The ratio of in situ lateral effective stresses to vertical effective stresses,

termed the coefficient of earth pressure at rest, K, is less than, unity.
i

The ratio is known to vary from 0.7 to 0.35 for saturated sediments

Y

(Bishop and Henkel, 1962) . Thus the laboratory consolidation under-.

. , ‘equal.all-round pressure exceeds the values of laterdl effective stresses

L]

occurrig in the natural strata.

. For the above reasons, the R-type test value.are believed to overestimate the in situ .

o o

* undrained shear strength, which would be measured in a figld vane test. A pertinent .

™ 'f:discussion dealing with the influence of a tesfinb method upon undrained shear strength

{
results was published by Kenney (1968). .

| . .
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" increase in measured values with depth, rcmgmg from 2.614 at the wafer-sedlmenr interface:

\s

3 : S
::: ’ - -5 .9‘ -‘l' , !

B - ‘ o 5
. |

L

5.9 Specific Gravuty (Figs. 9. ‘! 1 and 9. 11,’3) b g

g e

The specific grovny results q'btamed,,on samples from Borehole 13163 show a consistent :

4

to 2.75 at 42 ft (12.8m) below lake bottom. The increase with depth is more pronounced
L T .
in the Recent mud than in the till deposit. The variation in measured values can be princi= - p;

I

pally accounted for by: , \
(1) . The decrease in organic matter with depth, in particular within the
" Recent mud (Section 5.10 below). , S e

(2) The higher percentage of calcite (specific gravity 2.71).and dolomite :

(specific gravity 2.85) near the base of the Recent mud and in the till : 3
- 5 . » i ‘Er
deposit (Section 5.11 below). v e
- ’ t . e J
. N ~
" ! . ] Ce ¥

5.10 Oxidizable Matter Content (Figs., 9.1.1 and 9.1.3)

_ The oxi‘dizable matter content ?f H"\e‘ Recent mudﬂin Borehole 13163 déCﬁeases with
depfh from 3.4 per cent at the wafer—sedimenf interface to 1.0 per cent close to the ‘
Pleistocene unoonforrmfy. The latter relahvely low value indicates strong oxnduhon of the
sediment lmmedmtely above the unconformity (Sechon 5.1).

Within the Pleistocene deposit, the oxidizable matter content remains .

2
practically constant, ranging from 2.0 to 2,2 per cent, i.e. it is slight!y higher than the

minimum content in the mud.. Using the con{/érsion coefffcient of 1.72 (Kemp and Lewis, .8

1968) the values correspond fo 1,23 per cent organic carbon (Table 2). The values are

A

shghtly higher than those obtained for a lodgmenf 1311 deposit, also pmbobly Port Bruce,

: /',
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from the Point Pelee shoal area (Codkley, Winter, and Zeman, 1975).

» - Two samples were prepared for each determination fo check the reproducibility| of
- )
measured values.The| reproducibility was found to be about & 4 per cent of the mean value. -

Compared to H{Chri tensen core samples taken at comparable depths, the Alpine core

| samples gave values approximately 0.5 per cent lower. The difference is probably caysed

by more rapid oxidation of the Alpine cores during the sample storage period.

. 51 Tot[I/Carbon Conteny (Figs. 9.1.1 and 9.1 .3)

] ( ,
The amount of total carbon in the Recent mud in Borehole 13163 decreases within
the uppermost 5 ft (1.

5 m) of the sediment, below which it was generally found to increase

with depth as expected. Most likely the decrease with debrh in the upper zone can be

(

" attributed to the sharp decrease in organic carbon. The maximum carbon value obtained

was 3.8 per centdry weight at the base of the unit.

Within the hl I, deposit, the values rem?ihcfaii"[y constant with depth, ranging from

. ©

3 410 3.8 per ceht dry weight. Two separate iTamples were prepared for each dete‘r‘:nination‘, ,

, ‘ z + .
" and the éepmduclbg ity was found to be about ' + 3 per cent of the mean value.

H
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5.12 surracéAr a@LA 1.) and 9.1.3
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range from 5] to 38 m2/g (16.0 1o 11 %mg/g)

T measured‘!mashckﬁlfference Eetween rhe two deposifs. The results indicate thot even after

5,13~ Modified Penfield Test (Table 8)

-8l- n
! \\ . /7\,' V
A=W/ (W, x 0,00031) B m. ‘
. wl'm‘e A = surface area in m 2/ g / S

W = weight of retained ethylene glycol
\Ws = weight of an oven~dried sample

¥
0.00031 = the Dyal-Hendricks constant

o , h , ‘
The results obtained on the spacimens of the Recent mud range from 87 to 62 m2/g

(27.0 to 17.2 mg/g). There appears 1o be only a slight decrease in surface area with depth

and quite q high scatter in measured values. The surface area values of the till deposit

—

o . -
The surface area values are genzfrally sngmﬁconﬂy lower than those reported for the

-2 micron fractions by Soderman and Qujgley (1965) and Warkentin (1972). The relatively
low values miost probably result from the use of bulk samples (-40 m'etsh) rather than the -2

micron fractions in the present,i vestigaﬁoﬁ_. . : :

¥ ‘ . \

—

' he results of the test (Ioble 8) indicate a highef water retention capacity of the

Recent mud &nppared to the till deposit, and thus they apﬁecr to have bearing on the

oven drymg to llfC the h-plasﬂcity surficlal Recent mud adsorbs ot combines with
appreciably hugher amount of wate @the low-plosﬂclty till, As described In Sacﬂon 5.14

below, it was decided to study whether the fforenf water retenﬂon capdacities of
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high-plasticity and low-plasticity clays could be correlated with their mineralogical

composiﬁon. =

The Penfield-test demonstrates the unreliability of a burning method sometimes
ol 4

employed in soil mechanics for the determination of organic matter content. According fo
*

this metho}, all water designated as HyO + in Table 8 would be included into organic matter.

1

/

Table 8. Quantitative determination of uncomblned and combjned water in cnr-dned '
samples, BorerIe 13163;.and its oorreluhon with p asticity
%, ,
‘:mple No. o 1 -2 . 12-7
Sediment Type Surficial Recent Mud Till , )
- % total weight : \
Ho0 - (at 117°C for 24 hrs) 0,80 o 0.87 . \
0 ' Ho0 + (to 1000°C for 20 min) 4,02 o276
5 % dry weight l B ‘
" WI (natural moisture) 96.2 ' 271
Wl (air-dried) 58.7 30.8
x % dry weight
S P} (natural moisture) 29.8 ‘ ’ 17.7
Pl (air-dried) . 26.8 17.8
., % dry weight ’
Ip (natural moisture) 66.4 9.4
Ip (air~dried) 319 130

‘.

. 1
o . - ) s - )
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5.14 X~ray Powder Diffraction Analysis’

5.14.1 Bulk Specimens

In the first series of tests, specimens were prepared from bulk samples of the

sediment fraction finer than No. 40 sieve. The analyses were run in the scanning range

of 2° 10 48° 2 @ , and the'y are cre-tdrawn for the range of 2° 70\240 209inFig. 13.1. As
expected, the diffraction traced showed high background scoﬂ'e\'gl and pmminént peaks for
non-clay minerals. Among these, the most conspicuous peaks (r;]ot shown in Fig. 13'.l)f“4vere -
roted for quartz ot 3.34 A (101) and af 4,25 & (100) ; dolomite ot 2.88 % (104);
plagioclase at 3.20 Z (002), and relatively weak peakl for orthoclase at 3.22 &iw(OOZ).
N;substonﬁal difference in clay mineralogy was observed between samples of ‘high=

plasticity and low-plasticity clays. As shown in Fig, 13.1, the traces show easily

disﬁnguisbj\ble peaks for the first~order and higher-order basal reflections of illite,

chlorite and possibly kaofinite. ' 5

~

5.14.2 Clay-Size (<2 p) Fraction, Untreated Specimens ¢

In the second series of analysis, the sediment fraction finer than 2 microns was
examined. Representative diffraction curves are presented in Fig. 13.2. Fractionation
reduced considerably the background scatter as well as the intensities of non-clay mineral -
reflections; The specimens of the surficial mud (Sample 1~1) appear to l?e quite differ;nt
fpm the specimens of reworked ﬂlf and till (Samples 8-5 and 12-1 esp;f}vely). The

surficial mud appears fo be weathelred as indicated by ganerally/uwﬁk/er refl_ecﬂon; of

1
|
l

A

Jaj’:“
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chlorite and illite peaks (especially noticeable is the variation for the 7 & peak). The
difference befween the diffraction traces can be possibly accounted for by the parﬂcl
dlsruphon of the crysfallme structure as well as the presence of amorphous material in

the surficial mud. Furthermore, the low-angle (2 @ = £ - 6 ) traces of surficial mud |

indicate the presence of a swelling mineral and mixed=layer minerals, the abundance of

T oAb \

which was found to decrease with depth. demg is oonsldered important for the

correct interpretation of the plasticity results.

5.14,3 Ultrafine (<l ) Frochon, Untreated Specimens

The untreated ultrafine fraction of three representaﬂve samples (Nos. 1-1, 8~5and
12-1; Borehole 13163) was further studied. No significant change was observed, The

fraces showed that the material finer than one micron was predo inantly ysfollme and

of the same mineralogical composition. The peaks of the ulfrafinak fraction were bm‘ader

and lower than those of the clay=size fraction, which is in accordunce with a generally

observed relationship between particle size and peak intensities (Carver, 1971)

t

5.14.4 Effect of Chemical Pretreatment L

53

Several recommended pretreatments (Black et al., 1965 Gillof, 'I96 )were tested in
order/fo reduce. backgrcund Wter and possibly reveal some new pecks. Th eff‘ect was

studied on the three samples whose diffractometer traces for untreated sTé’clm\ens are shown LS
'n.Figo ']3020 © \ ‘ . X‘l
- ) . . ‘s . R 4, . !
° . Y

:
\\ |
L

T\
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"~ (Mudroch and Zeman, 1975). The cifrafe-dithionlfe[extrqcffon caused an effective

aluminum and iron h
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For the removal of carbonates the writer followed a method described by Brewer

(1964) using 1 N sodium acetate buffer stabilized by-acetic acid at pH 5. No
ppreciable change o‘ccurred( after this treatment except for a total destruction of the
0 o ;
alcite peak at 3.04 A, The dolomite peak at 2,88 A remained oompletely unaffected,

an alternative method (Prewer, 1964), carbonates were removed by dilute hydnochlorlc

cid, and the suspension was then filtered through uesuchner funnel and flocculated

o}

ith sodiumchloride, This|method destroyed oompletely the 3.04 A cqlcite peok lowered

<

the intensity of 2.88 A dolomite peak, and it had no effect on the peaks pertaining to

clay minerals.

Organic matter waj removed by treatment with hydrogen pem;cide (Black et al .,

acetate. No conspicuous change in diffractometer. frﬁc_es was observed, however a low-
o
sity pegk at 17.33 A | (smectite) became more distinct for Sample 1-1 after this treatment.

The removal of ambrphous or poorly crystalline tron and aluminum hydrous oxides-

‘ was not attempted. A citrate-dithionite extraction method (Mehra and Jacksoh, 1958) was

another study on/several samples from Lake Ontaﬁo, Lake Erie, and Lake St. Clair -

J

dispersal o cloy@rﬂcle , changed so;ne«chlorlfe to vermiculite and decreased the content

xides. ’ | /
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5.14,5  Effect of Air Drying

The air drying of the surficial mud specimens caused & marked collapse of the
low-angle peaks(2 0 = 3° - 6°) pertaining to smectite and interlayered minerals, In the

case of the till deposit, however, this effect was much less pronounced (Fig. 13.3). The

intensities of low-angle peaks were investigated in a series of tests run on specimens

X-rayed during different moisture conditions (Fig. 13.4). The ratios of the low-angle
peaks ( 2 8 = 42 - 8°) to the illitic peck (2 6 =8° - 11°) confirm the decreasing abundance
of swelling ar;d randomly inr\ersrrdtiﬁed minerals in the sediment column with depth, and
they further indicate only ;‘mrﬁal expansién of the swelling and interstratified minerals
after rewetting. A smilar behaviour was reported for V\;eatheg'ed clays at sarpia ' 'Ontario,
which contains 15 per cent swelling clay minerals (Quigley and Ogunbadejo, 1973).
Changes in clay mineralogy during the ﬂair-dryingb‘procesé explain the plasticity
re;ulrs obtained for moist and air dried sediment samples (Fig. 14.1 and 14.2). While
pronounced decrease in the liquid limit occurred t.;pon air drying of the surficial mud, the
plasticity of the till deposit remained unchanged. Further r;sfs (Mudroch and Zeman, 1975)

indicate that decrease in plasticity upon air drying occurs also in the case of Lake Ontario

and Loke St. Clair postglacial surficial sediments.

1

o

5.14.6  Effect of Glycolation, Potassium Saturation, and Furnace Heating

As shown In Fig. 13.3, glycolation of the surficial mud specimens caused an
o o
e xpansion of basal spacings from 14 A to about 20 A characteristic for swelling and

Interlayered minerals, and the diffractogram traces resembled generally those of the wet .

’
:)/ . e
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specimens. A distinct peak at 17.7 A was r’\o'ted on several traces (Sample 1-2,
Fig. 13.3) of the surficial mud specimens. In contrast, only inoon}spicuous éncredse in the
background at low angles of 2 8 (4° to 8 ) was observed in the case of fllw till
ls'pescimeris (Fig. 13.3) and the glacio-lacustrine specimens (Mudroch and Zlemcm, 1975).

| The 14 g«lpeak, which was found present in all specimens tested, could have been
~aftributed to the basal reflection of vermiculite (002) as well as that of chlorite (001).
was therefore tested to see whether the K™ =saturation would contract the 14 ?A peak to
“ 10 ?A peak of illite (Black et g_l..', 1965). The homoionizing procedure (Black, et al., 1965)
was followed, using 1 N solution of KC1, centrifuge decantation, and subsequent washing
with 50 p‘?r cent prnd 95 per cent methanol. The results ;hown in Fig. 13, .5 indicate.
collapse of all swelling minerals",’ with practically no change in the intensity of the 14 ?A
peak. Therefore the 14?\ reflection is most probabliy caused by chlorite.” The strong
7 Z reflection compared to the 14 A reflection suggests that the chlorite belongs to a high
fron chlorite group (@éﬁn ;/1955). The citrate-difhionite extraction &an change some
pseudochlorites info vermnculife by removing adsorbed aluminum and iron hydmxide cations
(Soderman and Quigley, 1965). Increase in 10 A reflechons relaﬂve to 14 A reflections
after the citrate~dithionite extraction cmd K -saturaﬁon, which is inc_licaﬂve of )
collapsible vermiculite, was observed in all postglacial and Pleistocene sediment samples
studied by Mudroch und Zeman.(1975).

The effect of furnace heating (Brown, 1961) also confirms the presence of hlgh

iron chlorite (Fig. 13.5). The 14 A peolq remained unaltered or slightly strengthened afre.r

heating to 500° C and 600 C while the 7 A peck decreased significantly when the

A RN e Yo A TG A S 5 ARBED A el Tor0 o <o i 2
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specimens were heated to 500° C and virtually disappeared at 600° C. A slight shift of
o , ‘
the 14 A peak to a smaller 2 8 value after heat treatment, which is characteristic of the

iron-rich chlorite, was also observed (Fig. 13.5).

®

5.14.7 Attempts at Distinction between Chlorite and Kuc;linite

~

Several methods were tried to distinguish kaolinite and chlorite, which have
) [} < o . ' Coy .
. similar basal spacings at 7 A and 3.5 A, N
o : .
The resolution of peaks at 3.5 A using low scanning speed and untreated samples

recommended by Biscaye (1964) proved to be inconclusive since in all cases only one broad

peak was obtained. The distinction on the basis of heat tréatment was considered uncertain.

The most reliable method appearsd to.be that of Vivaldi and Gallego(1961), in which the
© <. e .
presence of kaolinite is determined from the persistence of 7 A reflection after the acid

treatment. 2 N HC1 warmed to the temperature of 80°C was used, in which the samples

» were immersed for 2 hours. After the treatment the acid beg:ame distinctly pale green,
which may have been caused by the removal of interlayer iron from chl;rlte particles.

, About 70 per cent of the 14 K peak area and 90 per cent of 7 4: peak c;r-en were destroyed

: \ by thi,s treatment, in:!icuﬁng that kaolinije, if present, 1oc‘cua;s only in very small amounts.

1

: o o
J \ ‘ Persistence of the 7 A peaks of specimens heated to 550 C (not shown) gives further

1 ! ! o M N '
\ supporting evidence that the 7 A‘\?aak Is essentially a reflection of chlorite for both

Recent and ‘Pl\eisfocene sediments. \\‘ewls (1966), on the basis'of other diagnostic tests,

.k

came to a similar conclusion. i}
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5.14,8 Semiquantitive Interpretuﬁ;r;;f ’Clay Mineral Abundances

o

The particle size distribution tests, discussed in 5.6, revealed that the surficial
mud and the glacio—lachstrine deposit contain from 50 to 80 per cent clay-size fraction
‘(<2 p). These values can be misleading when the actual percentage of clay minerals

is considered. Thomas (1969) calculated the clay component for the surficial mud of

>

Lake Erie from the following equation;
% Clcy = 100% ~ (% Organic Matter + % CaCO4 ¢ % Feldspar)

The clay content reported ranged between 29.3 and 6‘7;§2 per cent for all three

basins of Lake Erie, and the maximum value was obtained in the vicinity of the 1972 bore-
hole invesfigafioni B

v \ ‘i s
Using above data (Sections 5.14.2 to 5.14.7) and dato, published by Lewis (1966)

AR DT -

and Thomas (1969), the very approximate composition of the surficial mud and the till "

deposit within the area of the 1972 borehole investigation isestimated in Table 9. Due to

>
R TV N

lack of data it is not possible to estimate the composition of the glgcio—lacustrine deposit.

Among clay minerals, illite appears to be by far the most abundant mineral,

A

followed by chlorite. The amount of smectite is in the oqder of 5 per cent at the water- -
\
sediment interface, and it decreases with depth in the wJ’ment column. The amount of

interlayered minerals likewise decreases with depth. Kaolinite and vermiculite are absent .

or occur in_trace amounts. The semiquantitative estimate of the clay faction composition
was carried out following the method described by Carver (1971) using the pdak=-height

ratios for glycolafed spectimens and for specimens heoted at 180°C fér-one hour. In

/ ) J,/,,/é ; f -
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Table 9. Estimated sediment composition in weight percentage of dry sediment .

Clay Minerals
Quartz ar;d Feldspar
Calcite

Dolomite

Oxidizable Matter

]

Surficial Mud
55-70
25-35

0-20
0-10

1~ 4

Till and Reworked Till

30 - 45 \
30 -40 .

| 10 - 20
5-8

2

Table 10. Estimated composition of clay fraction in per cent

Surficial Mud

Till and Reworked Till

Depth O Ft " Depth 10 Ft &
Nlite 75 - 80 85
Chlorite .
(including 15 ‘ 13 1
vermiculite) ~
Koolinite trace or trace or trace or
absent absent absent
/e A B
Smectite 5 3 2
T—
Interlayered 5 4 2 S
Minerals T
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addition, the estimate is based on test results described in 5.14.5 10 5.14.7. The estimate,

which should be considered as a very crude approximation, is presented in Table 10.

—

- I; - P

A

{ 5.15 Study of Particle Size and Shape bi Scanning Electron Microscopy
i

§ " The primary purpose of the electron-optical s:tuoy was to determine the shapes
| and sizes of olay and silt particles In the sediment column. For the study, sediment
specimens were ultrasonically dispersed prior to viewing, and, consequently, no information
on in situ microstructure was abtained. “
Seven speciments from Borel'tole '13‘163‘were oxom‘ined; five specimens of the
surﬁciol Recent mud (Samples 1=1, 1-2, 3-1, 4=2, and 8-1), and two specimens of the
0 Pleistocene till (Samples 8=5 and 12-1), i’he study did not reveal any conspicuous changes

in particle morphology with depth. The most noticeable vev}icol trend observed was a gradual
decrease in the amount of fine (<'| M) amorphous or poorly crysfolline material with depth .

=GR

This trend is documented by the comparison of Plate 24 (Sampfe 1- l)iund Plate 39 (Sample
s 8-5). An increase in the average size of clay flakes with depth was also observed (Plates

25 and 40). With the exception of Sample 12-1, al l samples were weal'hered, as documented

|
by the abundance of amorphous finés (Plates 25,28, 31, 36 and 39)ﬁlﬂd disturbed surfaces of

* " silt=size particles (Plates 27, 31, 32, 33 and 36). ‘x

1
Four morphologico“y different particle types were dishnguf;hod
(o) Clay Flakes. The particles were found in ' both Recent and Pleisfocene

sediments, either as individual ‘Flakes or flocs. The particle sizos range from approximately

.
.

o ' ¢
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2 p (Plate 26) to approximately 10 p .(Plates 30 and 41). Their outlines are mostly irregular,

b

however several crudely hexagonal platelets, suggesﬁng a high degree of crystallinity, wére
encountered in thé till samples (Plates 41 (;nd 42).';The clay flakes were often seen to form
discrete, closely adhering coatings on silt-size particles (Plates 34 and 38). The! X=ray
diffraction results (Section 5.14) and EDAX (Electron Dispersive Analysis ofﬁX—roys) micro-
analyses carried out on samples from Boreholes 13156 cmd 13163 (Mudroch and Ze an,
unpubhshed) indicate rhaf these are phyllosilicates predominantly of illitic composihon.

4

(b)  Amorphous Material . The amorphous material was found to be quite

ubiquitous in both sediments, occurring either in the form c;ﬁf dense masses (Plcife 25)or in

the form of coatings on clay and nqn-clf:y punicl;s (Plat,esl‘27‘ond 41). Much of this 4&5
material in samples of comparable lacustrine s;edirﬁ'ents was found to be difhiénife-soli:ble
(Mudroch and Zeman, 1975). The FDAX m?croai;alyses on srgrm‘:l‘es from Boreholes 13156 and
13163 ylelded very similar elemental compositions for bo|tthmor;(>hous riaterlal and clay

L o
crystalline particles. The formation of amorphous material is.thus most probably closely
/ ' N 5y B

associated with the weathering and degradation of the clay=mineral fraction,

. y ..
“(c) Silt=Size Particles with Basal Cleavage. ‘The micaceous silt-size particles ¥
were observed throughout both sediments (Plates 24, 27 and‘é9)°. The particles are mostly 3

weathered as evidenced by the irregular surface morphology, the contortion of cleavage sur- i

faces, and fractures along (hko) edges (Plate 24). Most likely some clay'minerals and amorphou;
material are formed by chemical weathering and physieulgii;!ntegmtfdn of these particles.

(d)  Clay-Size and Silt=5ize Accessory Minerals. Mineral particles included

. Co
in this group dre angul)ar (Plates 22 énd 36) to subangular (Plates 27, 33 and 37, with no

opparrnt bosal cleavage. The X-ray diffraction analyses (Section 5.14.1), as well as the

!

a
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preliminary EDAX data, indicate that these particles are, in the order of decreasing

0

'clbundance, quartz, calcite, dolomite, plagioclase, orthoclase, and amphibole. Rare '
occurrences of gypsum and heavy minerals were also detected by the EDAX equipment. The

' surfaces of some non-clay particles show morphologlcal features charactenstlc elther of
1

dlssolﬂ‘tfon or secondary precipitation (Plates 33 and 44). The appdrent cementatmn of

~

these partlcles was noted on several occaslons (Plates 33 and 38) The apparent cementahon, |

as.seén under the mlcrosoope, is forméd elther by mterpartlcle boncls or by flne materlal

prempltated during the preparation of the specimens. The possibility of natural cementation

¢

“in the Recent mud deposit ls discussed below ih Section 6.3.
.o |

In summary, the results of electmn-ophcal observations Hlustrate the close

:lssoctatfon of crystalline partlcles and amrphou.uatenal’l-'m‘fh’é’?dnments studled, there

seems fo exlst a continuous gradation from well-crystalllzed to poarly crystallized , ond

N

amorphou.s material, The greatest amount of amorphous materlal was observed in the '

‘ ’ \ 5

surficial zone of the Recent mud. The\pmorphous materlal was found to decrease wﬂh depth
but to-be present even in deeper parts of the sediment profile. The; apparent cementatlon of
non-clcz!y particles was noted’in the.case of two specimens coming from the lower zoneof the
Recent imud“(Samples 4-2 and 8-2). No slmllar celnentatfon of clay crystalline particles \was
observed. Due:to mostly irregular outlines of clay particles, it was not possible to ldehtify
cla;' mlneralf%n the basis of th’elrﬁmorphalogy. A syltematlc method for the lclentit'ication
of ihdlwdual clay-slze particles using the transmlsslon electron microscope and the EDAX
equipment has been developed ina later study (Mudroch, Zeman and Sandllands, 1976).

; N "
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CHAPTER 6 N

DISCUSSION OF ENGINEERING - GEOLOGY RELATIONSHIPS

4

6.1 Correlation of Geotechnical Properties

In this chapter, geotechnical properties are examined and mutually compared

for the purpose of noting whether any direct relationship dmong the properties can be

o acnion Nl e e i A

observed. Two approaches were used. In the first approach, two properties with a commonly

noted empirical relationship were correlated. An example of this type of correlation is the

PP R e T

plot of the liquid limit versus the plasticity index on the Casagrande plasticity chart discussed
abowe in 5.3 (Figs. 10.2 to 10.3). Such a correlation allows a meaningful comparison with
data obtained for similar sediments elsewhere, and reveals whether the properties follow or
depart from the expe_cfed trend. Three other correlations of l’his‘ type are Skempton's

activity (Fig. 15.1), tha undrained shear strength versus the plasticity (Figs. 15.2 and 15.3)} | i
and the ool'npressibility versus the plasticity (Fig. 15.4). The geolt;gical and engineering
significance of these correlations is evaluated in Sections 6.1.1. to 6.:1.3. In the sezond
approach, the properties that appear to possess a causative link be‘fWeen themselves are ’
compared. These are the water content versus the plasticity (Fig. 15. 5)," the oxidizable
matter versus the plasticity (Fig. 15:6), and the sensitivity versus the fotal carbon content
(i’ig. 15.7). The latter correlations are considered to be characteristic for the Lake Erie

$ediments only, They may be, however, of significance for other localities. The cor-

ﬁ .
relations are discusse_nc\i in Sections 6.1.4. t0 6.1.6.
.~
LI
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6.1.1  Activity » ‘
The term activity was coined by Skempton (1953), and it is defined as the rafio
of the plo:.ricify index to the clay fraction content. The activity ratio can l;e usually related
o the clay mineralogy and geological history of a particular sediment sfr;irum, and it often
represents a characteristic constant. For natural clays containing some coarser. particles
Skempton (13"53) gave the following values: Na-montmorillonite 7.2, Ca-montmorillonite
.5, iliite 0.‘}, and keolinite 0.33 to 0.46. On the basis of the activity ratio Skempton '
(1953) further divided clays into the inactive group (activity less than 0.75), the normal
group (activity between 0,75 and 1.25), and the active group (activity greater than 1.25).
In examining the .dct'c,presented in Figs. 15.1.1 and 15.1.2, the most conspicuous
feature is a large scatter of results obtained for the surficial Recedt mud, whose activity ’
decreases significc_mfly with depth primarily due to the decrease in the plasticity index.
As previously noted although the clay fraction becomes more abundant with depth, the
plasticity decreases. This trend suggests that the plasticity of the surficial mod is not
controlled by the clay fraction content. { ‘ 5
The glacio-lacustrihe deposit forms a well-defined cluster with an average value

of about 0.4. The till deposik forms another cluster characterized by the low er plosticity

index and the lower clay fraction content with the activity ratio of about 0.3.

6.1.2 Undrained Shear Strength versus Plasticity

3

Skempton (1957) suggested that the rate of increase in shear strength compared to

the effective overburden pressure, expressed by the ratio 5 /p', is a function of a clay type

ALY

b

B,




-76- .

and of the clay plasticity, He proposed the following empirical relationship for normally

A
oonsg%’dafed cloys:
s/P" =0.11,+0.0037 L . ()

where S is the undrained shear strength, p' is the effective overburden pressure, and lp is

-

the plasticity index.

A very similar relationship, referred to'as the Skempton-Bjerrum correlation, was
presented in the form of o mathematically undefined curve by Bjerrum and Simmons (1960).
These‘ authors pointed out that the Skempton-Bjerrum correlation represents a lower limit
for the sL/p' ratio, and in the case of a fresh-water environment the ratio. can be signifi-
cantly higher. ’

The empirical relationship given by Eq (2) has been used solely for the evaluation
of the surficial mud, since the other two sediment types are most likely not norm;:lly con-
solidated. Plotted results for Boreholes 13163 and 13156 reveal generally higher values of
s/P' with regard to Sl;empfon's correlation, and furthermore,' the results are not in any
obvious agreement with the correlation. The "greoresr departures from this correlation occur

for samples taken close to the lake bottom interface and those taken immedidtely above the

Pleistocene contact. The first anomalous group represents high plasticity clays, and the high
N M
s,/p" values can be possibly attributed\to the causes of very high plasticity. The second group

represents zones with higher shear strength values which may be caused by the natural

-, N .
* mentation of sediment particles (such a possibility is discussed below in Section 6.3).

The results that fall below Skempton’s correlation represent for the most part fests on partially -,

disturbed samples. The data from other boreholes were not plotted, however they reveal
. . .

o™
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similar trend as the data shown in Figs. 15.2.1. and 15.2.2. It is conclm.ied that

§kémpwn's correlation is not applicable to fhe- surficiol mud, and due fo the large

scattering of data no other positive correlation between s:/p' and Ip can be proposed.
Bjerrum and Simmons (1960) suggested an empirical correlation between su/p'

and the liquidity index based on the tests of normally consolidated clays with a wide range

z :
in plasticity (W} from 26 to 127 per cefit, | from 0.28 to 3.43). It can be seen in Figs.
15.3.1. and 15.3.2 that the data for the surficial mud bear no resemblance to this cor-

relation. Once again, the s/p' values fall mo%obnve the suggested correlation, and

the random:dispersion of data precludes any other positive correlation.
Iy

6.1.3 Compressibility versus Plasticity

Terzaghi and Peck (1967) proposed for "an ordinary clay of mediqm.fo low
sensitivity" an empirical ’relafionship between the compression index and the liquid limit
represented by the equation -

C. = 0.009 (W] - 10%) o 3

McCleqund (1967) suggésted a somewhat sirﬁilar\ relationship for the ;ielfu and

‘4 /’
'cc = 0,0011 (Y - 16%) , “)

|
prodelta clays of the Mississippi. River, expressed by the equation

These two relationships are compared to the results of consolidation tests
} .

(Section 5.7) on the surficial mud samples of Lake Erie in FiZ. 15.4. Based on the limited

data available, N\ appears that for a given magnitude of the Hquid limit the surficial mud is
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appreclably more compresslble than typlcol mh@\; cofsolidated clays, Unusually high ° |
oompresslblllty of the surficial mud is likely caused by an open structure of clay and silt
particles at a very high water content. Furthermore, fhe presence of a swellmg mineral
within the mud would augment its compressibility. As pointed out by Grim (1962), the
inactive clays, i.e, those coni:aining illite chlorite and keolinite, are considerably less
compressible than active montmorillonite clays. Laboratory data by Samuels, quoted in
Grim (1962), can be used as an expgrimentol evidence for the difference in compressibility
attributable to clay mineral composition.

A paucity of oonbsolidaﬁon data for the Lake Erie sediments precludes ﬂ"ne prop-
osition of an empirical relationship, however the few dato available indicate the likelihood

of a considerably steeper slope of a correlation line, compared to the correlations shown in
<

Fig. 15.4.

6.1.4. Water Content versus Plusticiix'

1

A consistent relationship between the natural water content ‘onc!,fhe liquid limit
of the surficial-mud h'as been noted in six !aorehores for which the liquid limit values were

] de}terminved. This relationship, illustrated inFig. 15.5, indicates @ conspicuous increase in
the liquid limit with the increasing water content. * It has been oommoniy observed that
freshly sedimented clays have the liquidity index close to 1 (Grim, 1962). The proposed

correlation is shown to fie above the line I} =1, which represents the equality between the

water content and the liquid limit, for the li(;uid limit in excess of 70 per cent, The

3

a
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relationship also teflects the influér/ce of the depth of burial sihce the samples with the

liquidity index above unity are, for the miost part, those taken within the uppermost 20 ft

(6.1 m) of the lacustrine sediment column,

v

6.1.5 Oxidizable Matter versus Plasticity o y

’ On the basis of Iimitec! amount of data available (Section 5;10), a positive
relationship appears to exist, for;he surficial mud, between the liquﬁ;l limit ar;d the. amount
of oxidizable matter (Fig. 15.6) ..,No‘such relationship could have been establish‘ed for the
till deposit, which has approxi;n;:fely constant values of the two properties discussed. The
relationship for the surficial mud is in accordance with the general obselu'vurion that an
increase in organic matter content causes an increase in the liquid limit (Seed et al., 1964 b;

Schmidt, 1965; and Yong and Warkentin, 1966). Seed et g_!;._ (1964 b) ascribed this effect

to the two following causes:

N a) presence of organic matter increases water absorption capacity of a sediment;

b) anorganic se:.iimenf has greater capability to adopt a loose structure having

high void ratio . '

Thus it is quite likely that the decrease in plasticity with depth in the surficial
mud is controlled not only by the desiccation of the sediment, but it is also_ irreversibly
gffecfed by the oxidation phase of the organic matter and ferrous and manganous compounds.

The influence of natural organic compounds-upan geotechnical properties of

lacustrine sediments warrants further research. Grim (1962) pointed out that high plastic

/




e RN AL ARTTRTR

R R TR T I ST W T e e T O T N R T Y

|

y -0

properties of some clays can be in part attributed to a minor presence of organic compounds.

3

He further mentioned that certain polar or ionic organic compounds can have the reverse
effect, since they lower the affinity for water of clay minerals and thus decrease plasticity.

Jerbo (1967) described interesting laboratory tests with glutamic acid, one of the

\gm acids present in marine sediments. On the basis of the tests he was able o show that

infiltration of a clay sample with a low concentration glutamic acid solution resulted in
an appreciable reduction of the remolded shear strength and an increase in the cation

exchange capacity. The effect on plasticity was not studied, however it seems reasonable

to expect that such treatment would tend to increase the plastic properties of clay minerals.

3

.

6.1.6  Sensitivity versus Total Carbon Content

—

:6«5 described above (Section 5.5), the sensit'ivity of the surficial Recent mud was,
generally found to increase with depth. A plausible explanation for this phenomenon seems
to be H'ie presence of cementing compounds which may precipitate at the contactyof clay
particles, Carbonates and amorphous hydrous oxides can-act as cementing agents, in
particular in Recent clays (Mitchell and Houston, ]§69; Sangrey, 1972 ). The apparent
correlation shown in Fig. 15.7 between the sensitivity and the amount of total carbon may
be compatible with the hypothesis that natural carbonate c;emeni'aﬁon is at least partially

responsible.for the ¢clay medium sensitivity in the lower zone of the surficial mud. The

possible occurrence of natural cementation zones in the surficial mud is discussed below in

M o

Section6.3.
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The sensitivity values of the surficial Recentgmud and the Pleistocene é{eposits

are not strictly comparable. In the Recent mud with a relatively high water content the

s

initial failure of the sediment is caused primarily by the disruption of cohesion at small

. strains and the disturbance of metastable fabric. Upon remolding, interparticle water acts

1)

as a lubricating agent and consequently the remolded shear strength is low. The high

sensitivity values in the Pleistocene deposits were recorded for overconsolidated sediments

with the water content close to the plastic limit. The undisturbed shear strength is primarily

due to the sediment resistance to dilatancy and interparticle friction. The initial failure
occurs typieally at larger strains through the formation of macroscopic or microscopic fissures.

The behaviour of the remolded sediment is that of a fissured stiff clay.

s

6.2 Research info the Causes of ligh Plasticity i

One of the most significant findings of the laboratory geotechnical testing was the *

unusualiy high plasticity of the surficial mud, and its very good correlation with the natural
water content and the depth of burial. It was felt that an understanding of this phenomenon
would be of importance for any attempt to exfmpolay geotechnical properties to other portio.ns
of Lake Erie. Plasticity results were found to be well suited for Wassification purposes since,
as shown in Fig. 10.3, the three lacustrine sediments can he easily distinguished ::m the basis
of the Atterberg limits. Furthermore, the importance of plqslicify is underscored by the fact.

that the plasticity can be empirically correlated with the clay mineralogy, the undrained

&
shear strength and the compressibility of clay Sediments (Section6.1.1. to 6.1.3). In this
! ) ’
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connection it was found-that the surficial Recent mud displays a rather anomalous behaviour

{

&

~

in comparison with typical normally consolidated clays described by others. The research of
pertinent literature revealed that the high plasticity may be a distinguishing feature of the

-

Lake Erie clays. ) -

.

6.2.1 Theoretical Aspects of the Atterberg Limits

Variations in measured values of the Atterberg limits are principally influenced
by the abundance and the properties of the clay fraction in sediments. The liquid and plastic

!
limits generally tend to increase with a decrease in particle size, an increase in the organic

matter content and a decrease in the order of crysfalli'nity. Interpm}i.glj forces of attraction
and repulsion are believed to play a dominant part in the mechanistic portrait of clay -
plasticity. The net magn'itude of int—erpcrﬁcle forces is essentially influ;nch by clay
mineralogy, particle shape and size, the chemistry of interstitial fluid, and the type o%
adsorbed -exchangeable cations. Active clay minerals, “such, as montmorillonite, have a
ldrge negative charge, and therefore the net interparticle force is that of repulsion. The
liquid and plastic limits of montmorillonites vary oonsi;ierably; the variation being primarily
cquj'sey&-'ﬁyzthe type of exchangeable cation but also by the variation in the structure and
com;aésf,fion of the clay mineral itself (Grim 1962). Maqntmorillonites saturated with mono-
valent c&ﬁons, such as Hhibm or sodium, have particularly high Atterberg limits. Increase

N

in ﬂf'é\sau concentration of the interstitial fluid or the substitution of @ divalent for a g%wlent
cation tend 'to decrease the net repulsive force and therefore also the interparticle distdnce,

~
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which results in the lowering of the Atterberg limits. On the other hand, inabl'iye clays,
such as kaolinite, shogv a reverse effect. The sodium and lithium saturdted kaolinites tend
to have slightly lower Atterberg limits than those saturated with divalent cations. This
behaviour can be accounted for by the smaller attractive force of a monovalent cation and
a subsequent change of the particle orranéemenf from an edge-to-face fh(:cculafed structure
to a more parallel one (Yong and Warkentin, 1966).  In general, the values of the liquid
limit are found to vary qver a considerably larger range than those of the plastic limit, and
the effect of the type of exchangeable cation is likewise more pronounced in the case of
the liquid limit,

Grim (1962), in his penetrating analysis of the physical significanceZhe

Atterberg limits, suggested that the adsorbed water in additionto the net charge of a clay

particle plays an active role in the plasticity behaviour of clays. He assigned importance to

* ~~

the different physical state of adsorbed water on clay particles. As he pointed out, molecular
layers of:dsorbed water close to the particle surface consist of oriented molecules, which

are rigidly held forthe particle. The orier;fe‘d water has greater viscosity and greater density
.compared to the ordinary water. The rigidity of water decreases in the direction from the

’

particle, and the-water}mdually becomes mobile and unoriented at some distance from the
particle. According to this concept, the plastic Ii‘mi‘t represents the adsorptipn capacity of a
sediment to such degree that sediment particles hold all fixed water plus some mobile or
semi-mobile water in the outermost layer, whicﬁf allows slight lubrication ac;tion beM9g;

_particles. The attractive force between particles is still quite stong. When more water is

added, the outermost layers become less and less riéid. The liquid limt then ré%resents the

¢ - ) ]
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adsorption capacity of a sediment in which semi-mobile water is still adsorbed to the particle
surface with a sufficient force fo prevent the separation of parﬂcles./Wifhin the plastic
range, fh_e magnitude of which is expressed by the pl?sticity index, the outermost layers .
of water possess the lubrication properties, and hence the sediment yields to a slight applied

X

force as demonstrated in the standard feg. N j
Seed et al, (1964 ) studied the Atterberg limits for artifical ‘mixtures’ containing _
bentonite, illite, kaclinite and sand. The duthors showed that a mixture of 5% bentonite and
95% illite has lower plasticity (Ip = 25.1), and thetefore lower activity and swelling capacity,
than a similor mixture of bentonite and kcnolinif)e‘r (lp= 40.9), even although for the "pure"
clays used kaolinite had Ip of 10.2 and illite one ¢;f 23.1. The difference was accounted for
by possible interstratification of bentonite and i;lii:e particles. Grir;l (1 962) pointed out that
the presence of 5 to 10 per cent montmorillonite® associated with inactive clay minerals may
greatly increase the limit values., .

. Other factors that may significantly influence the plasticity resultsare air drying

(disﬁmd below in 6.2.2), which generally decreases the Atterberg limits (Lambe, 1951;

Grim, 1962; Warkentin, 1972)"anci the presence of organic matter as mentioned in 6.1.5¢ ‘
Several invesfiéuiors (Casagrande, 1932; Norman, 1958; Seed et al., 1964b) \
bave pointed out té\af the determination of liquid limit represents a dynamic shear strength
test, and that the number of‘blows required to close the*stt;ndurd groove, fnom' which the |
Iisyid limit is computed, can be correlated with the remolded shéar strength. This shear
strength was esfimated to.be in the order of 40 psfor 1.9 kN/;nz. (Norman, 1958).

.The measurement of fhe Atterberg limits suffers from several shortcomings that are

!
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.‘\‘6.2.2 Interpretation of the Plasticity Results

-85 | L
inherent in the testing methods. The liquid limit value can be appreciably influ;nced |
by the hatdness of the base of the liquid limit device.. Thus it was found by Norman (1958) that
the bases of different hardness caused variation in the 'quld limit values between 63 and 70 1
per cent. Further disadvantages are encountered durmg testing of sediments wnh low plosf—
icity, in which it is difficulf to cut a groove or roll them into ’threads, and which exhibit a v
tendency to slide in the cup rather than to flow as a plastic. The very sepsiﬁve or quick clays
are difficult to test sincerthey liquefy after slight disturbance. Clays with c:morphous codting,
e.g. formed by a silica gel, can have much higher plasticity after extensive remolding in

—~ ‘ .

comparison with their plasticity behaviour in situ (Mencl, 1966). There have been several
attempts to substitute the Casagrande liquid limit test by various cone=penetrometer methods
(Vasilev, 1949; Sherwooci and Ryléy 7 1970). These methods appear to be more repr&ducible
than the Casagrande method, however fo date they have not achieved wide;pread application.

\'

of

~

As the first attempt to explain high plasticity, a relationship between grain size

distribution and plasticity was examined. While interdependence of the two properties would

require higher plasticity for finer sediments, no such relationship was found. As sh§Wn by §
the grain s'i;e curves in Figs. 11.1, 11.3 and 11.4; as well as by the activity charts in ‘
Figs. 15.1.1 and 15.1.2, the surficial Recent mud appears to become finer with depth and

the glaclo-lacustrme deposit of medi um plasticity on the uverage has higher clay—slze content

(=2 p) than the surficial Recent mud. Consequently it is concluded that the plasticity is not -

t
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controlled by the clay content present in fhe l'wo sediment types. The glyco! retention

~

results (Flgs. 9.1.1 and 9.1.3) likewise do not furmsh sahsfaclory explonahon for tbe hlgh
e

°

plashcnty values obtained..

As mentioned in 6.1.5, a good correlation exists between the plasficify and the

amount of organlc mattgr in cohesive sediments. Fowever, Tt is believed that the plasticity

data cannot be adequately explained solely on this basis since thé organic carban-values
(Table 2) do not appear to be sufficiently high to cause measured plasticity values.

’ , | .
Furthermore, orgahic clays'should fali on the Casagrande chart below the "A" line, which,

however, was not the case for the deposits sfudied. On the basis'of.limited experimental

data it is bel ieved that the presence of the organic matter in the lacustrine deposits causes

o~

a slight increase in plasticity buf, on the’6ther hcmd the organic matter does. not oppear to

acf as the principal contributing factor. This asserhon is further suppor,ted by the resull's of
'
plasticity tests on samples before and after the removal of organic matter by hydmgen '

4

peroxide (Fig. 14.1 and 14.2). o \)Q ’
"' The efféct of air drying in the laboratory ras studied using five samples from

-

.Bo;'ehole 13163. The results shown in Figs. 14.1 and 14.2 indicate a pronounced decrease

' . ‘¢, ,
in the liquid limit and a moderaté decrease in the plastic limit for the surficial Recent mud

ofter air drying (Samples 1-1, 1-2 and 3-1). In contrast, the plasticity of the till deposit

. (Samples 12Jl and 13) is unaffected by air drying. The trends and changes in the ,Af.l"erberg

. \
limits on air drying are primarily attributed fo the different depositional history, and there-

“ fore different degree of chemical weathering in the Pleistocene and Holocene sediments ¢

The strong drying effect in the case of the surficial Recent mud is in agreement

5
t <9 -
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i with the relationship between w and W) Jemonstrated in Fig. 15.5, the Penfield test
results (Table 8), and the X-ray diffraction results (Section 5.14.5, Figs. 13.3 and 13.4).
Drying accompanied with the partial oxidation of organic matter and other oxidizable

compounds in the sediment probably causes a non-reversible collapse of clay structure and

R i e R e .

a substantial decrease in the water adsorption capacity after re-wetting. Tie X-ray dif-

fraction analyses (Section 5.14) and the electron-optical observations indicate that the

Ty, wr, e

surficial Recent mud is a weathered clay with relatively high content of amorphous

. LT e,

aluminosilicates. The sediment has a similar mineralogical composition, and it shows

/ . .
similar sensitivity to air drying as the weathered clay till at Sarnia, Ontario, described by

P

Quigley and Ogunbadejo (1973).

TR TR

In the case of the till deposit, no change in plasticity after air drying indicates

1 . a possibility that this sediment was subaerially exposed and therefore dehydrated and

oxidized during its deposition or during subsequent low~level loke stages (Chapter 2).
Plasticity tests and cation exchange tests carried out on the samples of glacio-~lacustrine

deposit (Mudroch and Zeman, 1975) showed likewise no appreciable changes on air drying.

!
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[ 6.3 Research into Suspected Interparticle Cementation of the

Loke Erie Postglacial Sediment

-

3 ‘ Several unusually high shear strength measurements (Section 5.5), as well as
144 4
j - several electron-optical observations (Section 5.15), indicated a possible occurrence of

naturally<cemented zones within the surficial mud. As an introduction to this topic, main

!
L;: 6 types of cementing agents are briefly reviewed in Section 6.3.1. A presentation of available
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supporting evidence for the cementation of the surficial mud follows in Section 6.3.2.

6.3.1 Nature of Cementation Bonds in Clayey Sediments

Interparticle cementation has been attributed in the literature to at least three
mineralogically different precipitates.

Carbonates are probably the most frequently mentioned sources of naturdl
cementation. Muller (1967) considers calcium carbonate to be the most important pore
cement in argillaceous sediments, which can precipitate even at the beginning of the
shallow burial stage. Einsele (1967) found an increase in shear strength values in a
marine sediment when the carbonate content exceeded 40 per cent. Cementation due to the

L
presence of 20 to 40 per cent carbonates has been postulated for a marine clay from the
Labrador Basin (Kelly et al, 1974). The interparticle bonding of this type has been pro-
posed by the latter authors since shear strength values were found to increase with increasing
carbonate content, and the lack of agreement was found between predicted and observed
s/P' values.

Another possible cementing agent is silica, occurring either in an amorphous form
or in very fine crystalline quartz particles. Interparticle quartz cementation has received

an increasing attention in connection with research on the extrasensitive behaviour of quick

clays (Cabrera and Smalley, 1973; Krinsley and Smalley, 1973). These authors postulated

\
a new approach fo the failure mechanism of quick clays, according to which fine quartz

particles, reduced to clay-size dimensions during abrasion and crushing, fomm inactive short-
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S
range bonds. The bonds are basically Van derWaals bonds augmented by cementation *> ~
ZCabrera and Smalley, 1973). The short-range bonds permit elastic deformation followed
by a brittle failure resulting in a complete and irreversible breakdown of the sediment
skeleton. This is essentially a behaviour well dacumented for sensitive clays. Whalley
(1974) proposed that quartz-quartz bonds cc;n develop und er low stresses due to a localized
formation of high pH in interstitial water. As he pointed out, amorphous quartz has much
higher solubility at the same temperature in comparison with crystalline quartz, and at
values higher than pH 9 amorphous quartz goes readily into solution.

Apart from crystalline particles, glacially derived clays are known to contain
amorphous hydrous and anhydrous oxides of iron, aluminum and manganese. These compounds
may also act as cementing agents. Thus Kenney et al. (1967) found that the removal of
soluble iron by EDTA (disodium salt of ethylene diamine tetraacetic acid) cause; a 60
per cent aecrease of the apparent pregonsolidotion pressure of a sensitive marine clay from
thereast coast of Labrador. Sangrey (1972) concluded that amorphous hydrous and anhydrous
oxides are frequently respotisible for the natural cementation of glacially derived normally-~
consolidated clays. The removal of poorly-ordered sediment material by chemical dis-
solution techniques (e.g. Follett et al., 1965) generally results in fhe dispersion of
individual particles, suggesting that these compounds bind primary particles into larger
aggregates. McKyes et al. (1973) exomi‘ned Champlain Sea sediments from two locations
in Quebec containing up to 12 per cent of amorphous silicon=-iron hydroxides, and concluded
that the presence of amorphous material may be a major factor in the extreme sensitivity of

these sediments.
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6.3.2 Supporting Evidence for the Intérporﬁcle Cementation of the

Lake Eri; Posi;&laciol Sediment

The examination of f,he undrained shear™Mrength profiles of the surficial mud
(Figs. 9.1, 9.2.1, 9.3.1, 9.4, 9.5.1, 9.6.1, and 9.7.1) reveals that in all boreholes
there exist one or two zones of unexpecfedlqy high shear strength values, A similar
conclusion has been reached by Davis and Kim (1973). The difference between observed
shear strength values and those predicted for a normally consolidqteci deposit using
Skempton's correlationis shown in Fig. 15.2.1 for Borehole 13163 and in 15.2.2 for
Borehole 13156‘. The location of the zones (Table 11) can be determined only approximately
due to the interfering effect of core disturbance, and gradual, rather than sharply defined, !
boundaries. In nearshore boreholes (13160, 13161, 13163, and 13189), only one zone was
found occurring from 10 to 25 ft (3 to 7.6 m) below lake bottom. In offshore boreholes
(13156, 13193, and 13194) two zones se'em ;o exi;t; the upper one occurring between 13
and 25 ft (4 and 7.6 m) below lakg bottom, and the lower one at 30 to 45 ft (9.2 to 13.7 m).
In general, all zones occur in fheﬁlower ;?rﬁonof the postglacial sedimentary column . {

The possibility of natural cementation is also supported by the results of electron-

optical observations described above in Section 5.15. Several electron micrographs(e.g. :

Plates 33 and 35) of the sediment coming from the zone of the relatively high shear strength
in Borehole 13163 show apparent cementation bondsof silt-size particles. It is however -
possible that these bonds may have been also produced by the sedimentation of very fine

amorphous. material during specimen preparation.
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Table Il. Zones of apparent cementation in the postglacial sediment

Borehole Elevation " Depth

from to from fo from to from to

ft ft m m ft ft m m
13156 475.0  466.5 1447 142.2° 15.0 23.5 4.6 7.2
13156 451.0 444.5 137.5 1355 39.0 45.5 11.9 13.9
13160 481.0  473.1 1466 1442 10.0 179 3.0 55
13161 476.5 474.0  145.2 144.5 155 18.0 4.7 5/".5
13163 485.5 477.1 148.0 1454 12.5 19.9 3.8 6.1
13189 481.0  466.7  146.6 . 142.3  10.0 24.3 3.0 7.4
13193 479.0  472.0 146.0  143.9 13.0 20.0 4.0 6.1
13193 4.5  448.0 139.1  13%6.6  35.5 44.0 10.8 13.4
13194 474.0  464.0 144.5 1414 150 250 4.6 7.6
13194 456.5 , 449.0 139.1  136.9 “32.5 40.0 9.9  12.2

In comparison with the overlying surficial layer, the zones of apparent cementation
occur within a sediment with a higher shear strength, a higher specific gravity, and a higher
unit weight. The limited amount of grain s}ze analyses available for the surficial mud (Figs.
11.1 and 11.3) éwdicates that the "cemented” zones have o higher con'fent of clay-size
particles. This trend was confimed by o detailed examination of samples from Borehole 13194,
for which a gradual decrease in the mean particle size with depth was obtained (Anderson
1975). A conspicuous increase in the total é:rbon content with depth has been determined

for Borehole 13163 (Section 5.11). Quantitative analyses of calcium carbonate in Borehole

13194 (Anderson, 1975) indicate that the sediment near the Pleistocene unconformity, which
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falls within the "cemented" zones shown in Table Il, oont‘ains 15 to 25 per cent calcium
carbonate. Similar calcium carbonate values have been established for the'cemented"
zones in Borehole 13156 (Mudroch un%‘Zeman, unpublished). In all borehole(sd the
"cemented" zones are further charac;erized by a lower liquid limit, a lower plastic limit,
a lower moisture content, and probably also a lower oxidizable matter content. Typical
shear strength, water content, plasticity, and carbonate content values from "cemented"”
and "uncemented” zones are compared in Table 12,

1ndependent evidence that appears fo support the possibility of the diagenetic
cementation within the lower portion\of'fhe postglacial sediment comes from results of a

sub-bottom reflection survey in the céntral basin of Lake Erie (Wall, 1968). The geo-

physical records indicated an occurrence of a distinct reflecting horizon referred to as the

reflecting horizon "a" (Wall, 1968, p. 96). The horizon was found to cover an approximate

area of 120 sq miles (310 km2) in the offshore central portion of the basin (Wall, 1968,
Fig. 3). The boundaries of the area roughly coincide with a 10-m isopa:':h contour shown
in Fig. 6. The horizon "a" was found at elevations from 475 to 490 ft (145 to 149 m), which
corresponds to depths from 10 to 20 ft (3 to 6.1 ‘m) below the lake bottom. The reflections
from this horizon are described as without sharp beginning and extending further down to the
Holocene-Pleistocene unconformity. Wall (1968, p.100) interpreted the reflecting horizon
and tl:|e underlying layer as "a buried shallow-water deposit probably containing sand and

T

silt lenses with shells, shell fragments and peat and plant-rich clay |oyer§ within which

entrapped gas may be present”. This conclusion is, however, in conflict with the character
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Table 12, Comparison of representative physical and compositional properties in "cemented" and "uncemented" zones

of the surficial Recent mud

Borehole Depth 5 s s w W <4y Total Calcium
y 2 | Carbon Carbonate
ft m psf kN/m > % % % % %
Surficial "Uncemented" Zone
13156 3.5 1.1 40 1.9 0.8 152 120 - 1.40%* ‘
13160 3.0 0.9 50 2.4 1.4 160 108 - -
13161 3.0 0.9 40 1.9 0.8 160 - - - -
13163 0.0 0.0 20 1.0 - 289 123 67 2.00 -
13163 2.0 0.6 25 1.2 0.6 150 94 - 1.66 -
13163 9.4 1.6 30 1.4 0.4 120 86 67 1 -
13189 3.0 0.9 20 1.0 0.4 120 %0 - -
13193 4.0 1.2 30 1.4 0.5 135 85 - - -
13194 0.0 0.0 - - - 219 2 75* - 4.1
13194 4.4 1.3 - - - - - 73* - 1.0*
13194 . 9.0 2.7 - - - 130 105 69* - 2.5*
{
Upper "Cemented" Zone
13156 20.0 6.1 80 3.8 0.4 95 85 - 2, 15% -
13160 15.0 4.6 140 6.7, 0.5 80 70 - - -
13161 17.5 5.3 105 5.0 0.5 "80 - - - -
13163 13.4 4.1 80 3.8 0.2 115 87 47 1.62 -
13163 16.0 4.9 65 3.1 0.2 70 - 50 68 3.75 -
13189 21.0 6.4 120 5.7 0.2 65 - - - -
13193 16.0 49 110 5.3 0.3 85 80 - - -
13194 17.4 5.3 95 4.5 0.2 .95 %0 72* - 9.5*
13194 23.9 7.3 110 5.3 0.2 .85 - 81+ - 22.0* J
Lower "Cemented" Zone
13156 39.0 11.9 125 6.0 0.2 72 g 70 - 3.87* -
13156 42.5 13.0 180 8.6 0.3 70 68 90 - -
13193 39.0 11.9 350 6.8 0.3 40 50 68 - -
13194 32.6 9.9 115 5.5 0.2 75 - 87* - 25,6*
13194 36.3 1.1 125 6.0 0.1 70 75 93* - 22,0*
*  Unpublished data, Anderson, 1975
** Unpublished data, Mudroch and Zeman,
."'”"""M". el ) IR Ah
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of sediments in cores 13156, 13193, and 13194 (Figs. 9.21, 9.6.1, and 9.7.1 respectively).
These three boreholes all lie within the area in which the "a" reflections were found. The

depth of "a" horizon in these boreholes,corresponds to the occurrence of the upper zone of

apparent cementation (Table I1).

Future research should determine whether carbonates occurring in apparently
cemented zones are predominantly of autochtonic or allochtonic origin. Recent EDAX
microanalyses on samples from Borehole 13156 indicate that carbonates are present in the
<< 1 p fraction of the sediment, and that Ca also occurs as an enrichment of illites and
and chlorites, indicating either adsorbed Ca cations or carbonate coatings (Mudrech and
Zeman, uhpublished). The study of original microstructure on freeze-dried specimens or
ultra-thin sections combined with electron-optical chemical microanalyses may furnish

more conclusive results and shed new light on diagenetic changes occurring in recently

deposited lacustrine clays. ‘ -

6.4 Application of Geotechnical Results

While much detailedigeotechnical information on lacustrine clay-size sediments

exists where they are found bn land, the amount of such information available for the off-
1

shore parts of the Great Lakef region is still relatively scarce. This is primarily due to high

L4
cost of offshore borehole investigations.and little, economic justification for such projects

in the past.

[

In recent years, however, there has been a steadily increasing demand for geo-
i
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] technical investiga tions in shallow and dee;} waters. The information derived from the 1972

f . investigation and the subsequent thesis research may be therefore of interest to those who
design offshore facilities, such as drilling platforms for extraction of oil and natural gas,
water intake tunnels, si:baqueoUs pipelines, breakwaters, dock structures, and offshore towers.

"In general, the geotechnical data contained herein ma>; be applied to estimates of bottom

hardness and to predictions of penetration of various objects into sediment strata within the

3 study area. The extrapolation of resulti to other areas of the lake should be carried out with

caution using geology as o guide. .
E A better understanding of geotechnical properties and behaviour is also required
for studies of erosion and deposition of offshore clay-=size sediments. The physical behaviour *

of very soft muds near the water sediment interface does not obey commonly used theories of

0 soil mechanics and therefore it is not very well understood at present (Einsele et al., 1974).

%

Poor correlations of the plasticity and the shear strength with the clay-size content of the

surficial Recent mud, discussed in Sections 6.1.1. and 6.1.2, suggest that the erosion of

G

offshore clay-size sediments is not principally controlled by the sediment particle size, as

rather widely believed. The knowledge of geotechnical parameters, such as the shear

strength, the plasticity, and the compressibility, is obviously very important, but does not

\

describe the sediment physical behaviour completely. The effects of sediment depositional

history, clay mineralogy, organic and amorphous matter coﬁ‘ent , and other environméefital

factors must be also considered.
Another need for the knowledge of sediment geotechnical properties has emerged

during manifold problems ussociafe1 with open water and land disposal of polluted dredged
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materials from the Great Lakes region. The dredged material is predominaptly fine-grained
and the contaminants may significantly influence sediment physical ’Eejhaviour (Mud}och and
Zeman, 1975). In order to minimize the deleterious effect of contaminants on Iu‘ke water
qllxality, it is necessary to study the dispersion of dredged material during open water disposal
as well as to predict physical and chemical changes that }Ni” occur in dredged slurries confined
in disposal areas. A comprehensive pphysicochemical characterization of the lake bottom
sediment appears to be a prerequisite for further research ir;to optimum disposal methods of

polluted dredged materials. ;

6.5 Application Examples

6.5.1 Penetration of Gravity Corers into Overconsolidated Sediments

The undrained shear strength of nearshore cohesive sediments may occasionally
reach very stiff to hard values, 2000 to 4000 psf (96 to 192 kN/mz), as a result of previous
. subaerial exposure and desiccation.

5 ¢ The penetration of the corer due to its static weight can be estimated from the

bearing capacity equation for a cylindrical pile (Terzaghi and Peck, 1967, Eq. 34.1,

p. 225) but taking into account both the inside and outside skin friction, i.e.:

QH= qp Ac + 41;' fs‘DF )
:/? where Qd, = required load (tons or kg)

+
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qp = bearing capacity per unit arec; of the sediment beneath the base of
the corer (psf or kN/mz)
Ac= cutting shoe area (sq in. or cm2)
f = skin friction (psf or kN/mz)
t = radius of corer (in. or cm)
Df = penetration depth (ft or m)
Assume r = 3 in. (7.62 cm) and A= 2,82 sq in. (18.2 cm2-). The cutting
shoe area complies with a recommended cross—sectional area for offshore.
corers (Rosfelder and Marshall, 1967). Assume further f_ = 2000 psf (96 kN/m2),
which is the maximum value for dense gravel and intermediate value for very
stiff clays (Terzaghi and Peck, 1967, p. 563). ~
For computation of A Eq. 33. 13, Terzaghi and Peck, 1967, p. 223, may be
used, i.e.:
9,7 1.2 N, +p'Dp N * 0.6 "N *(6)
where ¢ (cohesion) = s, (undrained shear strength) for an undrained (g = O)
condition. Assume 5, = 4000 psf (192 kN/m2).
X" = submerged unit weight of the sediment, e.g. 67.6 pcf (1.08 g/cm3)
- and N J Nq and N X, are bearing capacity factors, which are dimensionless
quantities depending only on g.
Substituting into Eq. ©y yields:
N, =514 Nq=1.0 Nb;o
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and |
- q, = 24740 psf (1188 kN/m2)
Then, substituting into Eq. (5), the |2.<;:a required for I=ft (0.3 ~m)

penetration is: . ¢

Qg = 3.38 tons or 3066 kg

The result demonstrates why attempts to sample overconsol idated Pleistocene
N ) N '
sediments with gravity corers are rarely successful. The amount of penetration is almost
y . f -
completely controlled by the skin friction.

¥

6.5.2 Consolidation of the Surficial Recent Mud in a Co'nfined Disposal Area

Assume a 20 ft (6.1.-m) thick layer of the Recent mud stored in a diked disposal
area.. The consolidation behaviour of this material is as established by the consolidation
test carried ouﬂt on Sample 2-2, Borehole 13193, Fig. 12.1.

« Then the amount of consolidation S can be estimated from the following equation

(Terzaghi and Peck, 1967, Eq. 13.8, p. 72):

S=H =-mmmmmm=ie  log ==m=mmmemeeee 7)

where H is the initial thickness of the-sediment, i.e. 20 ft (6.1 m)
Cc = compressionv index, i.e. 1.55 (Fig. 12.1)

e, = void ratio at surface pressure, say, 0.1 tsf, i.e. 3.17 (Fig. 12.1)
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p = surface pressure, in this case 0.1 tsf (9.6 kN/m2 )
A p= pressure surcharge; e:g. 0.3 tsf (28.8 kN/m2)

Substituting the above parameters into Eq. (7) yields:

$=-7.43 log 4.0 *

S=447ftor1.36m

Time to reach 60 per cent consolidation can be estimated from the following

equation (Terzaghi and Peck, 1967, Eq. 25.10, p. 180):

H2

V2028 e ®
[

v

where the coefficient of consolidation ¢, =2 x 10-4 cmz/sec (Fig. 12.1)

¢ Substituting into Eq.(8) yields:

-

i ]

t = 6029 days = 16.5 years  (for single drainage)

The results for § and t demonstrate why diked disposal areas fil led with finé-grained

dredge spoil (e.g. those built around Detroit and Toledo) cannot be used for construction
©

purposes.

6.5.3 Penetration of Jack=-Up Drilling Platform into the Recent Mud '

The following analysis foll ows a method proposed by Gemerihardt and Focht (1970)

4

who obtained close afireement between theoretical predictions-and observed performance of

t
large marine platforms. The method disregards the effect of skin friction along embedded -
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legs since it is assumed that the diameter of the |eg’s s appreciably smaller than the
diometer of footings. On the other hand, no reduction of shear streng't’h‘v;llues is
considered to account for the effect of local dfsturbmcg‘uround " the legs and the footings <
(Terz'aghi ari Pecl;,/l967). ) .

Assume a cirt;.'llar 6~ft (1.83-m) dig. footing and the shear strength profile as ‘
established by laboratory vane measurem;nt§ on"samples from quehole 13156 (Fig. 9.2.1).

A bearing capacity equation for round footing (Gemenhardt and Focht, 1970) is

used, ' \ ;

]
q,=¢N, +y'D . ®

where ¢ = 5o (psf or kN/m2) for an undrained (8 =0) condition

D = footing penetration {ft or m)

N ' = dimensionless bearifhg capacity factor computed according to the
c - .
following equation (Skempton, 1951): ' o
D t
N =6.0(1+0.2-F )" ) ~(Yoy
c \
On the basis of the empirical evidence, N . s limited to a maximum value of /J
, 5 -
9.0atd 3 ratio of 2.5 (Skempton, 1951). : =

\s " ] . o

# B = footing diameter, i.e. 6 ftor.1.83 m
-First, the ultimate bealiing capacity vs. depth relationship has to be established. 1.
This is done by arbitrarily selecting D and then calculating q, from Eq. (9). The Sy value*

us;d is the one determined one diometer (B) below the depth D; e.g. for D= 10.ft, Su

measured at 16 ft is ﬁsed. . . .
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Table 13. Theoretical bearing capacities9u for different penetrations D

The qU values are computed and tabulated below for values &f D = 10, 30 and 50 ft.

- '
D 5, (D+6) o N Y a
from Fig. B from Fig. v
9.2.1 9.2.1
ft m psf kN/m2 pcf gcm'3 psf l)<N/m2
10 3.0 60 2.88 1.67 8.0 23.6 0.38 716 34.4
30 9.1 90 4.32 5.0 9.0 29.6 0.47 1498 83.3

50 15.2 200* 9.60* 8.3 9.0 32.6 0.52 3430 164.7

* Disregarding the obvious effect of core disturbance during sampling (see Fig. 9.2.1)

A@re q, values can be found, if required, using the same procedure. The relationship
can be approximated by a logarithmic curve fit of the form:

D=c|+blogqU an

Using the selected values of D and computed values of q, the best fitting curve

L]
has the following coefficients:

D=-157.9+ 58.6log q, ; @ (coefficient of determination) = 0.997

The footing penetration can be estimated from a footing load, which-depends on the
total weight of the drilling platform. For example, if the footing load is 100 tons (90720 kg),
the value of q, is obtained by dividing this load by the footing area. Using the footing load

of 100 tons, the footing penetration is obtained from Eq.(11): Y

D= 67.7ftor20.6 m

N
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The result demonstrates why the Consumers’ Gas Company experienced problems with
their jack-up drilling platforms operating on the central portion of the Lake Erie basin.
The above computation should be considered only as a general example of how geotechnical

data may be applied. As mentioned in Section 1.1, the intricacy of similar problems requires

a thorough foundation analysis, which has not been attempted within the scope of this thesis.

6.6 . Recommendations for Future Research

There is a need for more frequent application of physicochemical and mineralogical
methods to the problems of soil mechanics, especially to those that deal with clay-size
sediments. /

The limitation of soil mgchonics tests has become particularly apparent during
investigations that have aimed to determine the causes of "quick" behaviour of the Norwegian
and Canadian sensitive clays. Recent discussions (Mitchell and Houston, 1969; Gillot

1971 ; Sangrey, 1972; McKyes e_l'g‘l_.,.1973; Cabrera and Smalley, 1973) have revealed an
unexpected complexity of the quickclay problem, as well as the existence of sevef'gl plausible
explanations for the ver)‘l high sensitivity of natural quickclays. )

The influence of organic matter upon geotechnical properties of clays hase been
studied e.g. by Schmidt (1965) and Fronklin_e_t_gl_.,(l973), however more research is needed*
to determine whether organic moi:ter acts as a mechanical admixture or is chemically complexed

with crystalline and amorphous constituents in clay sediments.

The effect of amorphous material upon the physical behaviour of clay sediments has not

R el 255

ik A




AN ——— P e e p—— ———

-103 -

been satisfactorily explained and, as Jones and Uehara (1973) pointed out, the explanations

proposed are largely speculative.

Many offshore engineering problems require in situ and laboratory testing of stress-
strain behaviour , This is often very difficult because samples are frequently too soft to be
tested in a consolidation or a triaxial cell. Thus a need arises to study mechanics of very
soft clay-water mixtures for which the knowledge of mineralogical and chemical composition

is essential . In addition, new testing methods and instruments have to be developed

(Migniot, 1968; Salem and Krizek, 1973; Einsele ef al., 1974).
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CHAPTER 7

CONCLUSION

The principal findings resulting from the field and laboratory investigation of Recent
and Pleistocene sediments encountered in the central basin of Lake Erie are:

1. Among five different sampling ‘methods employed during the offshore
borehole investigation, coring with the Christensen samplet was found to give the most
satisfactory results.

2. The surficial Recent mud, the Pleistocene glacio-lacustrine clay, and the

P leistocene clayey till have geotechnical properties that closely reflect their depositional

history. The sediments can be best distinguished by their different plasticity. The undrained

shear strength correlates well with the natural water content but.o3t with the plasticity of the

sediments. The Pleistacene sediments encountered in the nearshore area above elevation
440 ft (134 m) have been preconsolidated, most probably by suboeri;:I desiccation during
low-wlake stages of Early Lake Erie. The till qe&osit of the Erieau moraine is also over-
consolidated, possibly due to the weight of a glacier she?t. The surficial Recent mud hc?s
f‘he characteristics of @ normally consol i;'!afed sediment, however in the upper portion it is
more compressible than average normally co;rsolidoted clays. This phenomenon is at-
tributed to the high plasticity of the deposii'.A Grain size analyses revealed that the glacio-
lacustrine deposit generally contains a P;igher percentage uof clay-size fractidn than the

surficial mud, indicating that the plasticity is not pri‘marﬂy inf/luenced by the content of

clay-size particles. A grc;dual decrease in mean particle size with depth within the
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surficial mud was also noted. o 'y

3. Complementary analyses of tolal carbon content showed that carbonates are
leached from the upper portior; of the Recent mud deposit. The carbonate content within
the Recent mud was Foupd to increase gradually with depth of burial. The total carbon
and oxidizable matter values determined for tine lower zone of the Recent mud in Borehole
13163 correspond to 15 to 25 per cent calcium carbonate. The total carbon and calcium
carbonate values for Recent and Pleistocene sediments have been confirmed by subsequent
quantitative analyses carried out at CCIW on samples from Boreholes 13156 and 13194,
Values of oxidizable matter content were found to ::Iecrease gradually with depth within the
Recent mud column, while constant values were obtained for the Pleistocene deposits.
Determinations of sécific surface area by ethylene glycol retention indicated inconspicuous
decrease of amorphoc;; material content with depth, and the results were found to be in
agreement with electron-optical observations.

4y The predéminant clay mineral in both Recent and Pleistocene sediments is

illite which appears to be little affected by weathering, as evidenced by distinct X-ray

diffraction peaks obtained for all specimens. On the contrary, chlorite, which is present

as the second most abundant clay minergxll, is poorly crystallized in the weathered horizon

v

of the surficial mud. The oxidation of chlerite is believed to be responsible for the presence
of smectite, the occurrence of which was proven by glycolation, and’interlayered minerals
in the weathered horizon. A series of X-ray diffraction analyses on wet, air-dried, and

* "~

rewetted specimens yielded results that agree with the interpretation of the measured

plasticity. For the Recent mud these tests indicated significant collapse of peaks with

Ll
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high d-spacings upon air drying with only partial expansion of these spacings after rewetting.
The diffraction traces of the low-plasticity till showed no significant change after air drying

oad glycolation. A similar insensitivity to air drying and glycolation was later established
for the glacio~lacustrine deposit. Potassium saturation and heating of specimens fo\gOO and
600°C indicated that the mineral w_ifh the first-order basgl reflection at 14 z is essentially
an iron-rich chlorite. Minor amoun;; of vermitl:ulite were detected in the weatherell horizon
of the Recent mud. Diffraction analyses of specimens treated with hydrochloric acid revealed
that kaolinite, if present, occurs only in negligible amounts.

5. The scanning electron micrographs ;howed that the Pleistocene sediments
have lower amorphous material content than the surficial mud. Silt size particles with
apparent cementation bonds were found within the lower zone of the Recent mud, which is
characterized by relatively high shear strength, sensitivity, and carbonate content values.
Subsequent electron-optical studies carried out at CCIW have revealed that carbonates
at this level are abundant in the clay-size fraction of the sediment.

6. _ The geotechnicdl data can be used to estimate lake bottom hardness and its

penetration - resistance due to static weight. The physicochemical tests of bottom sediments

_may be applied to studies of cohesive sediment transport and to predictions of dredged

material behaviour.
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APPENDICES

A. Description of Samplers Uied during the 1972 Borehole 1hvesfigation

A.1 The Alpine Free-Falling Piston Sampler (1200 Ib)

The free-falling piston coring apparatus, manufactured by the Alpine Geophysical
Associates Inc. of Norwood, N.J., was used on all boreholes for sampling of the uppermost
soft bottom sediments. The sampler and the basic operating principles are shown in Fig. 8.1,
and in Plates 5 to 12, The sampler was borrowed from the CCIW and was slightly modified
by HQGA in order to improve the quality of recovered cores. The modification consisted in
replacing the existing cutter with a thin-wall cutter. The sampler consists of a 1200-1b
(544-kg) head weight with guide fins, a triggering mechanism, and 10-ft (3-m) long coring\_
tubes, which are connected by steel couplings (Plate 7). Up to 60 ft (18 m) of tubing was
used at sites where thick deposits of soft Recent sediments were expected. A 2.25-in (57mm)
I.D. plastic liner fits snugly into the coring tubes (Plate 6). Prior to corifg, the piston is

&
installed at the bottom of the coring tube just above the core retainer. The piston is then

. fastened to a wire leading through the coring tubes and the h ead weight to a come-a-long,

[

which is a part of the triggering mechanism. o
A typical coring operationl was carried gut as' follows:
1. A required lengflh of coring tuble was estimated based on the expected
thickness of soft sediments. The previous experience of the CCIW personnel with the
sampler indicated that the sampler usually stops its penetration within the uppermost foot

of the Pleistocene glacio<lacustrine sediments.

bt
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2, Following the assembly of the coring tubes, thepiston, and the cutting
edge, a triggering mechanism was fastened to the piston wire leaving a 10~ft (3=m) slack
(scope) wire as shown in Fig. 8. la. The installation of a safety pin prevented accidental
triggering. The trigger weight was then attached to the triggering mechanism, and the
sampler was prepared for lowering.

3. By meon;}pf the stationary crane and two hand winches, the sampler was
brought to a verficaIfF:;siﬁon. The sofety pin was removed and the sarﬁpler slowly lowered
into the water. As shown on Fig. 8.1c, the length of the trigger weight wire was pre-
calculated to keep the trigger weight 10 ft (3 m) below the cutting edge of the sampler.

4. The impact of the trigger weight on the lake bottom released the sampler,
which was allowed to fall freely through 10 ft (3 m) to gain suffit;ienf impact force. (The .
triggering was occasionally accomplished by another method, which was found generally more
reliable than self-triggering. In this method, another wire was attached to the triggering
arm. This wire was then abruptly pulled from the deck when the cutting edge was 10 ft
(3 m) above lake bottom, thus releasing the samgler).

5. After the 10-ft (3~m) free-fall, the sampler, driven by its weight and the
impact force, penetrated through the sediment while the piston stayed put at the lake bottom.
The sampler was then hoisted slowly by the crane. The penetration depth was estimated from
two independent measurements. The first one was based on thé distance travelled by the
piston inside the tubing before it reached the piston stop, located immediately below the
head weight. This di\sfcmce was quite difficult to m;osurel since the sampler and the wire

were usually quite far from the side of the ship. The end of the piston travel ‘was noticed as
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a sudden pull to the wire, which during further hauling carried the full v(reigimf of the sampler.
The second measurement was the length of mud covering the outside of the coring tuge ;
which was measured after the sampler was brought up on deck. Thc; second measurement
was considered to be more reliable and therefore recorded, with the first one used as a
check. After several trials, it was concluded that the use of the core retainer (Plate 9) was
necessary in order to prevent partial or total Ic;ss of a core durin; hoisting.

6. Finally, the sampler was \hoisted to the deck level, and turned to horizontal
position, again using the hand winches. The sections of the sampler were then dismantled,

Q

1) N
and the liner extruded from the corir@'}ube. The cores were cut with a hack saw to 3-ft /

(0.9-m) long sections, sealed with plastic caps and friction tape, labelled, and stored in a

large refrigerator to keep the samples at an approximate lake bottom temperature of 4°C.

¥ bl

A.2 The Benthos Gravir); Sampler

The sampler was used for sampling of the top sedin:ent, and core up fc; 6 ft (1.8m)
long were recovered. The cores were collected for sedimentological and palynological studies
carried out by the CCIW and consequently the cores were not used for geotechnical fests.
The é:l:mpler' sﬁown in Fig. 8.2 consists basically of a head weight and & 2.5in (64-mm) 1.D.
i plastic I?ner equipped at the lower end with a stainless steel cutter. The sampler has a disg
valve wfg\;}é:h is left open jn a vertical pesition during lowering. Prior to hoisting, the valve
is closed 'by relepsing a locking pin, which is attached to a thin line operated from the deck.

The Benthos cores were logged and stored in a similar manner as the Alpine cores.
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A.3  The Thin-Wall Open Drive Sampler (Shetby)

The sampler consits of a 5~in,(127-mm) O.D. open steel tube with a tapered cutting
edge, os shown in Fig. 8.3. The sampler is mounted to the sampler head with four Allan
screws. The sampler head is equipped with two vent holes and a check valve.

The sampling was accomplished by mechanically driving the sampler downward in. one
continuous move. After the sampler had been driven to the required depth, the drill rods
and the sampler were rotated in order to shear off the bottom of the sample. The samples
were then brought to the deck, and ‘immediafely sealed with beeswox. |

The-sompler was used on the first borehole (No. 13156) only, since it was felt that
coring with other samples, particularly with the Alpine sampler, was less time-consuming,

and much longer cores were regovered. The 18-in.(46-cm) long sampling tubes were used in

‘ Borehole No. 13156, Later in the project, 5 -ft (153-cm) long tubes became available but

these were not tried out since, as mentioned darlier, preference was given to other sampling

o
methods . c

A.4 The Christensen Thin-Wall Sleeve Sampler

The sampler designed by HQGA especially for the project, was manufactured for

Consumers' Gas Company by Christensen Dianiond Products Ltd. of Edmonton, Alberta. The

principal features of 'the sampler are shown in Fig. 8.4.. The sampler head contains four vent -

holes and a tapered valve seating. Th% check valve is a 7.2-in. (18.3-cm) long,1-in. (2,.54-cm) 3

diameter steel rod, which is dropped from the surface prior to recovery. The valve ensures
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that during hoisting hydrostatic pressure does not push the sample out of the coring tube.
) The coréng tube consists of a 4.75-in. (121-;nm) O.D. outer barrel which contains 6 3.75~
in (95-mm) 1.D. plastic liner. 5 - ft (1.52-m) long and 30=ft (9.14~m) long barrels were
available; the latter was generally used more frequently than the former. The cutter of the
sampler contains the core basket of a similar type os the one used in the Alpine sampler.
At the beginning of the investigation program, the Christensen sampler was not available,

and in the meantime the performance of other samplers was tested. On the second borehole ]

(No. 13161), the use of the Christensen sampler was found to result in a simple and rapid
coring method . Furthermore, it was noted that the quality of samples was ot least as good as
“of those obtained by means of other samplers, and hence the Christensen sampler was employed
exclusively on all following boreholes for deeper coring using the National T 20 drilling rig, E «

while the coring with the Shelby sampler and the Osterberg sampler was discontinued.

In soft sediments continuous3.75~in. (95—mn~iamefer cores up to 20 ft (6.1m) in length
were recovered. Difficulties were encountered during the coring of stiff and very SHFF till
deposits owing to lack of r:rgchanical or hydraulic equipment that could exert an additional
3 force in the excess of the weight of the sampler, drill rods, and drilling rig block weight.
Thus coring was usually terminated when the bearing capacity of the soil exceeded the gra-
vitational force of the sampler. The céres,confained in the plastic liner, were cut to 5-ft
(1.52-m) long sample secﬂon:sealed with improvised plastic caps and friction tapes and

stored in the refrigerator on the drillship.
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a

A.5 The Osterberg Fixed-Piston Sampler

The sampler was used only on the first borehole. The design of the sampler and the
sampling procedure is shown in Fig. 8.‘5. The principal features of the sampler are a fixed
piston attached to a hollow piston rod, an outer barrel, an inner sampling tube, and amovable
piston sliding inside the outer barrel. Initially, the sampler was lowered to the bottom of the
8 5/8-in. (21.9-cm) dia. casing. The piston at the lower end of the sampler prevented any
sediment entering the sampling tube during lowering. The sar.npling tube was then forced
into sediment by water pumped through the drill rods (Fig. 8.5b). When the movable piston
descended to the fixed piston , i.e. when the sampling tube was fully extruded (Fig. 8.5c¢),
water began to escape out of the sampler through the hole in the piston rod and the vent.

The sampler was then rotated through 360 degrees to shear off the sample from sediment
underneath, and lifted from the borehole. The sampling tubes were sealed with beeswax and -
stored in the refrigerator. For |aboratory testing, 2-ft (61-cm) long steel sampling tubes were

cut to short sections since it was felt that the extraction of the whole sample from the tube

would result in considerable disturbance of the clayey sediment.

oy
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B. General Features of Modern Offshore Samplers

<

Recent research in marine sedimentology and marine geotechnique has resulted
in some new designs of offshore samplers that give favourable promises with respect to
improved offshore undisturbed coring.

Offshore equipment of potential use for geotechnical investigations can be divided
into four principal categories:

m Single~entry samplers, usually attached to cables and raised and lowered
by means of cranes and winches located aboard a supporting vessel .

(2) Multiple-entry samplers, requiring o fixed platform which enables the
use of onshore drilling or coring techniques.

(3) Bottom—rest remotely controlled platforms.

(4) Equipment for underwater in situ testing.

As

B.1 Single=Entry Samplers

The single-entry samplers are widely employed in shallow and deep oceanographical
and limnological investigations. The main types include gravity samplers, piston-gravity
samplers, propelled samplers, and vibration samplers. Research trend aims at the design of
large-diameter samplers, the reduction of wall friction, the experimentation wikh varioys
driving methods, and the developn\'sent' of more efficient core catchers, release systems,
pistons, and check valves. Comiprehensive summaries of these trends were presented by

Rosfelder and Marshall (1967), Noorany (1972), and Ling (1972).

€]
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Modern gré?/itx samplers are usually equipped with noncorrosive inside liners \f
and cutters meeting requirements for thin-wall samplers (Table 4). Rectangular core barrels
have a higher flexural strength than the circular barrels made of the same amount of material,
/i.e. they are more economical (Rosfelder and Marshall, 1967). The rectangular cross
section also inhibits rotation of the sampler during penetration. Several new designs of
core catchers ;\:Jve been de}/eloped. A swinging spade is used in the Reiseneck sampler
(Noorany, 1972), closing flaps in the Kastenlot sampler (Kogler, 1963), and the SIO-USNEL
long box sampler (Rosfelder and Marshall, 1967). An improved core catcher for the Kastenlot
sampler, consisting of a nylon sleeve curtain which seals the lower end of the barrel priyr
to lreoovery, was developed by Wemer (1973).

Piston gravity samplers on the average uchievefdeeper penetration than gravity
samplers,of comparable weight or diameter, and the suction of a piston decreases the pos-
sibility of core loss during retrieval. On the other hand, piston movements during pene~
tration and retrieval can produce serious disturbance of core samples. A promising design
is the "Sphincter” corer developed by Kermabon et al. (1966). The sampler is equipped with

a watertight nylon core catcher, a split piston, which prevents the upward pull of the piston

during the raising operation, and a relatively light electrical triggering system. An

improved version of the "Sphincter" corer includes a recoiless pi;hn which is completely
independent of the : main cable (Kermabon ané Cortis, '1969). A piston immobilizer based
on a different design was developed by Benthos, Inc. (Ling, 1972). Internal wall friction
can be significantly reduced when core conveyors are‘used. The core conveyors unreel

inside the sampler at a rate equal to the penetration of the sampler; The conveyors can
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consist of steel foil strips as inf the Swedish foil sampler (Kjellman and Kallstenius, 1950)
or of a flexible high tensile strength liner (Rosfelder and Marshall, 1967).

The.- Norwegian Geotechnical Institute developed-a:gas~propelled piston sampler

(Andresen et al., 1967) which is designed to penetrate sofi:“,boﬂ?m sediments due to its
~

own weight. A maximum penetration depthof32 ft (9.7 m) wos reported. After the sampler

comes to rest, a 2.1-in. (54-mm)thin-wall sanpling tube 5.5 ft (1.65 m) in length is driven

into the sediment by gas pressure gene y the ignition of a solid rocket propellant,
) ~

The piston system closely resembles that of the Osterberg sampler (Appendix A.5, Fig. 8.5).

B.2 Multiple-Entry Samplers .

. The multiple~entry samplers are commonly used with onshore drilling rigs mounted
on fixed platforms, e.g. spudded barges, jack-up elevated platforms, and sunken barges.
Thin-wall piston samplers of largér diameters (approximately 3 in, =76 mm) appear to be
best su’ired for undisturbedisompling. Long open=drive samplers, e.g. similar o the
Christensen design (Appendix A.4, Fig. 8.4), can be.wused at sites where rap%d sampling is
required and the high quality of cores is not absolutely necessary. The coring with multiple-
entry samplers is usually expensive and time-consuming. On the other hand, repeated
sampling allows the penetration of sediment strata to predetermined depths and the recovery

}

of samples with minimum disturbance. The system appears therefore suitable for detailed

foundation investigation in shallow waters.
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The sampling operation nomally requires a string of casing//owered through ‘the
water column and the soft bot{gm sediments. Since the casing has fo withsf9nd dynm;xic
loads due to waves and currents, the-maximum recommended length of a bottom-embedded
casing (Ling, 1972) is in fh; order of 150 ft (45m). The use of drilling mud is recommended
for sampling in cohesionless sediments, otherwise cores are frequently lost by washout during
refrieval. The drilling mud also inhibits core disturbance by preventing water seepage

through cohesionless sediments.

B.3 Bottom-Rest Platforms

g
3,

Several remotely controlled submersible platforms which appear suitable for
geotechnical sampling were discussed by Rosfelder and Marshall (1967), Noorany (1972),
Tirey (1972), and Ling (1972). The platforms are principally used in waters deeper than
100 ft (30 m). Power is transmitted to the p‘lafforms hydraulically, pn?aumol'ically, or
electrically. A remote control eliminates !he necessity of a stabilized platform and
> consequently coring is less limited by adverse weather conditions. The platforms can be

operated in wave heights of',B to 10 ft (2.5 to 3 m) fégm vessels as small as 70/:(21m) in
length (Tirey, 1972). °

An example of a submersible vibration F;I;ffom is the Alpine Vibracore (Babc;ck
and M‘iller, 1972) which is suitable for penetration of %ense cohesionless or hard cohesive
sediments. The air-powered Vi&moore operates in the maximum depth of 209 ft (61 m) and
takes 3.5 ~in. (87.5-mm) dia. samples contained in plastic liners. The maximum samspling

i

i N




-
ORI, AVNIS N, e e e b b i et

( -128-

length is 40 ft (12.2 m). During coring, a vibratory hammer, powered by.an on~board

compressor, slides down along a supporting H-beam without rotation; consequently It is

possible to recover oriented cores. Penetration rates, indicative of in situ shear strength or

" relative density, are electronically recorded by an on-deck recorder.

Another type of a bottom~rest platform is the Geodoff Il (ling, 1972)developed

by Conrad-Stork, Haarlem, Holland, and the Dutch Geological Survey Depa;rment. The
plaHBm contains a rotary drilling device and a r;:taring suppl)" disc with twelve 13-ft (4-m)
long barrels. The Geodoff 11 combines two pen;fraﬁon methods; in soft sediments the
barrel is advanced by pushing, in hgrd sediments coring is achieved b); rotary drilling.
The maximum penetration is 157 ft (48 m) info the sediment. A similar automatic sampler
I;as been designed by Texas A & M Uniyersify (Noorany, 1972) which is capable of faki‘ng
a 3=-in. (76-mtr;) dia. sample 49,5 ft (15.1 m) in length.

Tirey (1972) described several bottom-rest ﬁlafforms which Use rotary drilling

\f%r penetration of hard éedimentJ strata. These include the Wimpey drill (England), the

Institute Francois du Petrole drill (France), the Wirth drill (Germany), and the Koken drill

(Japan).

. B.4  Underwater In Sitg'l'éétijg Equipment

]
L

The underwater in sity testing of geotechnical properties closely resembles

methods used in onshore investigations. In situ shear strength of cohesive sediments it
v 2 ¥ —— m—

" usually measured by vane shear devices (Richards et al., 1972) or cone penetrometers

ﬂvhvm ar

~
-

_’__,_,—JP"‘




- 129 -

(Hirst et al., 1972).

A e

In general, in situ test results are not influenced by sediment disturbance caused
by sampling, and consequently measured values are often significantly higher than those

measured in the laboratory on core samples. The vane results are readily convertible to

IS

A

undrained shear strength values. The cone results cannot be directly related to undrained
3

shear strength but they provide o continuous profile of sediment resistance with depth.

The ultimate bearing capacity of bottom sediments can be measured with an

— i 2 e

uiderwater plate bearing device (Noorany, 1972) with which applied loads and measured

(SRR

deformations are monitored from a surface vessel. Stress-strain properties of offshore
sediments have been measured with Menard's pressure meter in underwater borings in water }
up to 2600 ft (7‘92 m) deep (Noorany, 1 972). Of particular interest for in situ testing of
soft bottom s;di'menfs is the development of the Cambridge In Situ Measuring Device which
monifors stress-strain behaviour of sensitive clays. The measuring probe is essentially a

p.ressure ;;;zfer combined with a miniature tunnelling machine, wh;ch drills its way through

the sediment and removes the material upward$ through the probe. As of November, 1973,

the prototype was under further development to enable the use of the device with a standard

drilling rig (Wykeham Farrance Engineering Ltd., 1973).
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C. X-radiography

C.1  Use of X-radiography in Geotechnical Investigations

v

The use of X-radiographs in geotechnigal investigations is an excellent aid for

R 2 S

detailed logging éf'boreholes, scheduling of laboratory testing programs and sUbsequent
&

. N ) ‘ . L4 . ’
interpretations of measured geotechnical properties. In the laboratory geotechnical work,

e~ o s

the X-radiography has been further used for such purposes as localization of shear planes in
unconfined compression, trioxial, vane, and direct shear tests (Sopp, 1964), study of stress-

strain behaviour of soils, determination of degree of oonsglidaﬁon of compressible sediment

SLC i

layers, detection of sample damage, and correlation of varve stratigraphy (Kenney andChan,

1972). Thus it is evident that X-radiography represents a valuable tool for a geotechnical

L PR ¥

engineer, and thot much useful information can be derived from this nondestructive method

of sediment testing. ‘
All cores recovered during the borehole investigation described in this text were
X=rayed prior to laboratory subsampling and testing in order to obtain information on

stratigraphy, sedimentary structures, and the amount of sample disturbance. The cores wére

X-rayed within several days after their arrival from the field. Sirice cores were X-rayed

LM - Geaes

prior to- extrusion, the quality of radiographs was considerably influenced by the type of

sample confinement. Good quality radiographs were obtained in the case of the Alpi ne
cores and the Benthos cores. On the other hand, the radiographs of cores enclosed in
thick plastic liners (the Christensen cores) and steel tubes (the Shelby cores and the

Osterberg cores) were barely sufficient for the study of sediment stratigraphy and s;rucwre.

- ; S
TN i e s P T TR,



- 131 -

Four representative radiographs (Plates 17 to 20) from two boreholes were
selected to indicate the type of information that has been obtained from radi&graph
examination. In order to prepare radiograph prints from radiograph films, it was first
necessary fo make contact prints, which were then scaled down to small-size prints. In
general, the direct observation of films yielded more detailed information on sample material

than the amount which can be derived from an examination of the small-size prints.

C.2 Instrumental Seﬂing_s

The radiographs were obtained by means of the X=-ray equipment developed by

C.H.F. Muller, Hamburg West Gemany (tube PV 7102/00, tripod tubestand PV 7080/00,

O and control console PG 200). The radiographic fitm used was Kodak Industrex AA, 14 in.
) x 17 in. /
The following procedure was used:
Type of Sampler mA kv Exposuré
Time, Minutes '

Christensen 4 160" 4

Shelby 4 180 20

Alpine 4 106 21/4

Osterberg 4 150 6 |

Benthos 4 100 L 21/2

All films were processed for 5 minutes in a deveioper, 4 minutes in a fixer, and
‘ 50 minutes in a drier, The temperature of the c!pveloper}and the fixer was held constant at

68° F (20° ).
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D. X=ray Powder Diffraction ’

D.1 Specimen Preparation

Specimen for X-ray powder diffraction analyses were prepared b); a sedimentation=-
on-glass slide technique, in which a clay suspension is placed into an evaporating dish and
then is.allowed to dry at room temperature. T‘his technique, which is rapicll and does nof\
requireAspecial equipment, is commonly used for routine X~ray analysis work (Royse, 1970).
The technique was criticized by Gibbs (1965) who pointed out that the sedimentation of
particles results in segregation due to different particle sizes, and therefore, in a quantitative
analysis, the technique yields higher values for montmorillonite relative to illite and kaolinite.
According to Gibbs (1965), centrifuge-o#[ienfed specimens give even higher values for mont~ .
morillonite, relative to.a smear-on=slide technique which was recommended by Gibbs for
quantitative analyses. *

The writer is in full agreement with the above criticism of the sedimentation
technique, nevertheless this technique was used for the following reasons:

1.  The previous mineralogical work (Lewis, 1966) indicated that
montmorillonite in Lake Erie clays is absent or present onl); in small amounts,

2. \ The smear technique, which was tested in several initial trials ‘gave
no significant information with regard to low 20 values so that diffracﬁon.traces showed
no difference between high plasticity and low-plasticity clays.

3.  The smear technique produced generally higher background scatter in

comparison with the sedimentation technique, and tended to mask some low=intensity peaks.
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After some experimentation with the operation of the Philips X-ray

diffractometer, it was found that the following settings yield required information

within a reasonable length of time:
Type of Radiation
kv

mA

Divergence and
Scattering Slits

Receiving Slit

Scanning Rate

cu Koc , Ni filter, 4=1,5418
¥4
35

20

]O

0.1 mm l'
L Y

2%/ min. (foutine scanning)

I/8°/min. (slow scanning) N

Scanning Range

0 : )
2° - 48° (untreated bulk and -2 micron specimens)

P - 24° (moist-never dried, glycolated,
potassium saturated, and furnace heated
specimens)

12°- 13° slow scanning
24° - 25° slow scanning

Counter Frequency
Time Constant

Chart Speed

100 counts/second
10 seconds

0.5 in./min.

h
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BOREHOLE LOCATION: 81° -47'- 40'W 42 -09'—-00" N ]

. Soil . Water Content , %/ Total Unit Undrained 1
Feet {Feet |Stratigraphy No. - Weight, P C F Shear Strength, P S F i
. . l5() ‘Kl)O , 150 70 80 90 100 nO 100 300 500 700 900 1100 1300 §
4 H
497/ 7 0.0 1 . - mi _l] :
K- A | ) ~ { q B - %
495 / ’ : 2 ’/ cr s H
- 5—/ Very soft 1—3 il o . <+ - ;
490— _/ grey silty clay {2 —1 o :
. / (surficial Recent{ 2 —2 o N !
4 10 / mud ) . 5 —3 4o ‘ L L ¢ ’
#s— I 31 P [ z
- / vt ¥ o »
l > / Firm t%h stiff 3 -2 ° | ’
-1 154 / brownish grey 3.3 . :
sit 13y, some —40 o
480—1 - -é ﬁntg gs'av);l C 4= ' _ :
413.3 (rewarked till)] 4 —2 9 '
' I 20— 5 w_ © :
- 4743 221 o N - |
‘- - Ei of recovered ' '
r I : co l
l Bedrock Elcvition: 398.0 L, '____Wﬁil:vum! w'a*lelr C?ontcnt
- Plastic Limit Wy I LiquidLimit
Elev. |Depth - Specific Gravity Percent Oxidizable Percent Total Total Surface Arca.
Feet [Feet . Matter . JCarbon $q.m./ gm .
A 2.60G 270 28 1 2 3#4 5 1 23 4 5 40 50 60 70 80 .
4977 - g 2
ACHED: aid O
495 J 3 4", 27,
) _ ' {! 3
; - e |
:; 4£90 — '- o ‘ J/ \\ { . ;
' B R 10— 1 ’ \ !
/ ® f ()
488 — i 172
4 5 | 4 \\
%
] , ®| ¥ .
N o
2042 : ! - 19.3 ‘
End of recovered  Pycnometer - Scholienberger Leco Induction Equilibrium Ethylene © 204
core ’ Method Furnace Glycol Method Giyeol retantion
R
* Fig. 9.1.1 Summary plot of geotechnical properties, Borehole No. 13163, Alpine Sampler
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Feet |Feet |Stratigraphy No. weight, P.C.F Strength , P.S.F.
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497 7 2]0.0 g
435 — .J/
-4 5]
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1 10+ clay — } o B 1 +
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®s— - P bl B8 (| ° i B
-J R -l " i ﬂ- N
15 , e J o ‘E 8 g 3
480— ’-/ = % ‘ i § + i
- 2\0 A‘ls-s — e | 0
N — 1- D + +
Firm !0 stiff i » E, o) +
475 — brownish grey rt o © +
X silty clay, some o + ]
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470— (reworked till) ’ .
— 3 .
32.2 ] J 8L
465—4. . - e e —— — -_ : & = T e e e e os—— — -' L SRR R WY SN N DU PR
= = i F % o] +
7] 35—F=Soft o firm =4 , p o +| H
460 — brownish grey =] / 'j_f: % + +
. siity clay with = ) +
of - Jn B 1i I (1]e] -+
4 4 fine to coarse ] (o) +
gravel . o 1 4
455 i ==R1 =1 o +
. = T Hs: p° + A
- 4 = pped 1 -
A4 45.6 ~ 13—t : &L 4 :
C &
End of recovered .
R Natural Water Content + Undisturbed
- Bedrock Elevation:3980 w
) R | - O Remolded
- “b wi
Plastic Limit Liquid Limit ) -

L
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Fig. 9.1.2

> — e ———————
Summary plot of geotechnical properties, Borehole No. 13163 , Christensen Sampler
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' BOREHOLE LOCATION: 81° 47- 40'w
Elev. |Depth | sox

42%09"- 00'N
Sa. "|Specific Gravity

m“
Percent Oxidizable

Percent Total

. Total Surface
Feet |Feet Stratigraphy No. Matter Carbon Area. s
: . Sq.m./gm.
200 270 280| 1 2 3 4 5 |1 2 3 4 5 a0 TS oo 5
437 7 p
495 -é 0.0 t
.} 54 / ;
40— . gé, .
10"/ Very soft =
485 — __/ grey silty ;\%
) / clay 7 ~ 3 D ‘ﬂk
] 15—-% (surticial —3 ,
e —] / Recent mud) =4 . N
480 . '/ . = . Il S \45 206
-1 20-¥4n.9 - B3 D 3 : i o
475 — Firm tostiff. [HD & +
| =] brownish grey B i 14.0
] 2 Silty clay, some |
1 can i
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_] graved. i | ]
30 {reworked till ) | i 160
465-_1 - _22_'.2..____——-1 I e Jomm. ROU R - e — r-—-’-—}—--i-—-+i——-h—»|—-:- ‘_"—O_‘—'—“—"
N Soft to firm = ;i i
35 brownish grey = i ]
460 —] silly clay with =5 | I
- fine locoarse |1 il
40 ~= . i ]
gravel (tifl) 15
a55— - =% # 0o
_ _— 18=31
4514l 5 +FHase ki | il I
End of recovered Pycnometer Schollenberger Leco Induction Equilibrium Ethylenc
. ¢core Method Furnace Glycol Method |
@ O 206
Bedrock Elevation: 398.0 Giyeol retention, mg./gm.
. -
Fig. 9.1.3 Summary plot of geotechnical properties, Borehole No. 13163, Christensen Sampler
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BOREHOLE -LOCATION: 81°- 30'- 25hy

=

. 42%-10'-05"y

Sa, Water Content . %/

)

’

Elev. [Depth |Soil _ Total Unit Undrained Shear
Feet [Feet |Stratigraphy No. S Weight, P.CF, Strength , P.S .F.
50 100 150 70 80 90 10010 | | 200
490 0.0 127 ) -L]»
© ] ' - o 3
B 485_ = 3
5 =7 L [
— ....%”3 [ - D I [o]
12 ‘ 1
480— 10 3= o -
=4 | |o o
4-2 ~ 4?
15 Very soft _‘%: @ ' o H
ery so = C 19 | Ao - - - -
grey silty = 5 ;% g,o.'g!' L 80 -f-:
20 clay | & =2 o 5 o +
{surficial 7-1 . ol - 1 | ol +
Recent mud) |7 -7 ' o 2 ﬁ: I ol +
25 wExE [« 1] I 8 M-
- S [ N 2 2 S i 3 A -
Ho = 0 | ' ?[ o |+
' - 31 ._1‘ - T le) +
30 =] o 1 o +
=L o L_[ o| +
3-=3 —+o : of #
2= % ) ] ol 3
35 -2 | L) O]
r 3 o 3 o +
5= 9 . ol |+
40 =31 | T8 , % 1M *
41 r:S 1 + ¢
V. _2 o +
14 _3 — +|
a5 5-1 .
5 -3 ' ] *l
. o9 ) T o
50 % -2 oo &Y % EJ ]i t
c
711 |—i-o B +
55 547 — v-2 L A L —
End of recovere
core ! WE_O_—‘WI T Undisturbed
Bedrock Elevation: 362.0 - Plastic Limit Liquid _Limit O Remolded
Fig.”9.2.1 Summary plot of geotechnical properties, Borehole No 13156, Alpine Sampler.
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' BOREHOLE LOCATION: B1° 30'25°W  42°10' 05" N

Elev. {Depth |Soil Sa. Water Content . */ Total Unit Undramned Shear
Feet- |Feet [Stratigraphy No. ) Weight, P.C.F. Strength, P S.F.
. 50 100 150 80 S0 100 110 120 V0 300 500 700
455 ’
-1 40 18
450 Very soft to ' 38= Ei I g “:d;
— soft grey silty _é; 4+ [« VAN
clay
445 —§ 45 {surficial
] Recent mud) 20 '__’m I o +
. 21
440 4 5
vl .
E52
435 55— KL= — — —
- ) 22 L
430 60
7 Soft brownish il
- grey.smy clay. -
= (glacio-lacustri~
428 — €5 ne deposit) 33 . o I a
- 4-—; H- ’f 1 1l A
&4
7 2a-y| |- +
420 —
415 4 75 1 |
i 412.6 77.4 | y
sgg;” recovered Natural Water Content .
Bedrock Elevation : 3§2.0 + Undisturbed:
Wp wi
Plastic Limit Ligquid Limit O- Remoided
A R-triaxial
V C—tnaxial R
Fig.9.2.2 Summary plot of geotechnical properties , Borehole No. 13156, Osterberg Sampier and Shelby Sampiler.
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BOREHOLE LOCATION: 81° 53™15'w 42° o 35N

{Water Content, */ Total  Unit Undrained  Shear

Weight, P.C.F Strength, P S F
100 70 80 90 100 110
——

)

Ygry soft grey ];l
stity clay ,
(surticial Recent
mud)

-

Stiff brownish
grey siity clay,
some fine to
coarse t

(i)

IMIJIIIIIE
[

mFm‘
m '\ '.

%

202 7ﬁ

End of recovered
core R

Natural Water Content
w -
frmel Qe = Undisturbed
Wp wi
> Plastic Limit Liquid Limit O Remolded
Bedrock Elevation: 38p.0 '

" Fig. 9.3.1 . Summary plot of geotechnical properties, Borehole No. 13160 , Alpine Sampler,
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BOREHOLE LOCATION:  81253-18'w 42> 01-35"N
Elev. |DepthjSon Sa. Water Content, %/ Total Unit Weight, | Undrained Shear Strength, PSE .
Fi Fi Strati PRCE
eet |Feet |Stratigraphy No. 50 100 15 80 90100MI0120 | 200 600 1000 1400 1800 2200 2600
480 — 10 P/dVery soft grey t ~
_ -‘/ silty clay
/ (surficiial v
475 — 15""/ Recent mud ) 3 !
Y Aizs 2 -
470 20 : |
- 8
2 o
! 465 —
3
H = Soft to very }
- aco—| O E=] stiff brownish T
"y —= grey siltyclay A
e — = totiayey silt, o .
e 35— some fine to (D=1 | I
o 455— Foo coarse gravel [Hg2 II o '|J +
4 = aim 01T +
M10-2"] Oo + -
o 4s0— OTES 1= I ) +
-, dD -+~
: s E| %o, | T+
I (43 =43 fo'
= . o +
: sa5 45 ° T ° B +
440 > :
== -
. 435~ 57 =11 o 1le 4 4
: == 4= q o% r
4314 59.6 = C - Jo +
- £nd of recovered s ‘ '
: core w Natural Water Content .
L Bedrock Elevation: 380.0 | ' ‘
- Wp wi 4 Undisturbed
b Plastic Limit Liquid Limit O Remolded
. J
’(‘:1;* . Fig. 9.3. 2 éummary plot of geotechnical properties, Borehole No 13160, Christensen Sampler.
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Fig. 9.4

Baedrock Elévation : 392.0

. Natural Water Content

+

4+ Undisturbed
O Remolded

A

— 1

Summary plot of geotechnical Properties,Borehole No.13161, Alpine Sampler(above ) and Christensen Sampler (below).

BOREHOLE LOCATION: B1>37-45'W  42213-45'N
Elev. |Depth| soil ia. Water Content,%. Total Unit landraine:: gr;c;r
Feet |Feet | Stratigraph o I Weight,PCF trength,PS.
S 50  1po 130 80 90 1001101201 200 600, 1000, 1400 18,00, 2200, %0
432 — V7460 i3 "
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|/ / /SISIrt.}j'( clay 1{_? o)
—1,,/"’/ (surficial Recent[~5=5 o
N g5~ _% mud) _2._%;_ OG
/ Stiff tove 3-3 o
480 — —/ Stiff brownish =1 Q
/ grey sity' clay A-2 o]
. - 15-——/ (g?gio—lg%zstﬁ- g"? é
epos! = [
475 — R7 18.0 ”T [(5=7
a72 202 g1 19 nll o r [ [,
) End of recovered - :
! core ] (
R iy 5 1% 150 8090 10040120 ¥ 200 & 1000 1400 1800 2200 2600
:z‘\"’? 71100 C7- o . *
. -] — Very soft —4-37
; / silzl claygrey C2-23 qg " I ) )
‘ - 15—/ (surficial Recent B-1] ¢ S
mud) -8 -2 8 i_
475— —+//118.0 ™ :4—4 . % -fL
’ 8- - O
; -1 20 Stiff tovery _[C -%‘3 g <§ 'i_;_-'*
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470— grey silty clay |8 o O - :t
L . (glacio-lacustri- |- 8- - % L
i 25 ne deposit) 2in ]! L‘j‘ *
465—
-1 30 4
b <
| =~i ] O X + +
460— -3 JLI 4+ +
4572 348 5 > - 2
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BOREHOLE\LOCATION: . 81%35'-35'w  42%15.15'N

i _Isa. Water Content /, ';’oct.}l Unit Weight, Undrained Shear Strength,PSF
trat:_g:-aphy No. 50 100 1500 0 90 100 110 120 100 200 300 400 500
— / 1 “"'1
- o ) 1-2 Q
. T [»] .
5 — = } {| of
485 Vi f =3 °°
G40 ery soft grey —
- o silty ¢:lay9 3.3 ‘“3 I‘ﬂ t
1 10 (surficial Recent F5—3 C [ o+
480— N mud) 4- 3 ©
— 4- E' E o
15 — 4-3 Q :L' O
475 — . 5 _1 Q o]+
_ - Softto firm 5.2 Q o] +
20 brownish grey 5.3 ‘0 -4
A7) — - Sity clay ) o o +
) _ (glacio-lacustri- Fe—> P H-
25 7 =1 o] \ 3
70 V-7 o [~} 4+
y Eg?_:f recovered v Natural WaterContent + Undisturbed
i © Remolded
Bedrock Elevation: 3710 wWp Wi

i Plastic Limit Liquid Limit

4

Fig. 9.51

Summary plot of geotechnical properties, Borehole No.13189, Alpine Sampler.
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BOREMOLE LOCATION: 812 35'-35°w  42%15-15'N

Elev. [Depth|Soil "] Sa. Water Content, ¥/, ',r:oé?__l Unit Weight,| Undrained Shear Strength,PS.F T
Fect |Feet |Stratigraphy — Ne. 50 100 150 90 1001J0120130| 100 300 500 700 900 100 13
471 Y/ /AVery soft grey . ) ¥ 5
470 | _ﬂi}i{f clayéurﬁ- :
- 74 ciai Recent mud)
a5 - 25
1 % o I o # .
460 — = . i 8! II § ++ )
7 = % :: < ok
35 Soft to firm o - % +
455 — brownish grey ° -
Silty clay 39 8 :5}. o +
- 40 (glacio-lacustri- [—'"—]
450— ne deposit) )
. 45
445 —
, ] .
' 50 =11 . . _
z 440 — = (D - 3 T4 "
| D= 5| | o -+
i 55 —— 3 E_': - O EP 8 + +
435 — — 3= 3 8 B % -_'.'_
132 (o] Y
- ] %- ; Q j" Q + + ’ -
60 ——— 14z 2. y
4 30 — — ..; =3 % JE 8 _H_
= 4= o ] o +
i N 64.0 2= T o +
Firm 1o stiff -] =2 4 (& T+
425 €5 brownish .;?:y_ - :% ! ‘ I fe + +
5 clayey sift (tin) 18=2 o +
4210 =Y % 10 -0 as
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core X 4 Undisturbed
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- Bedrock Elevation: 3710 .
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BOREHOLE LOCATION: 81°-28-20'w 42%44'-15"N
Soil Sa. ;Vatcr Content, /s Total Unit Weight,! Undrained Shear- Strength, PSF e
Stratigraphy No. © 50" 100 150 m"& F;%F'BO S0 100110 100 200 300 400 5 600
% L
% = ' 9 c T Jg-
7 : o 2"
% = D O++
% N » ~§_Lt 8 Qg'+
/ Very soft to i'; =!I g o°+
/ soft grey silty o= ’__ 5 L N
¥ =H Fs ek
(surficial = - \ )
1 18 —*% Recent mud) :13-" g i 'r!-
475 - % - Ee=g] D % My
-~ / Pl | Lo 1 Qo +
20—/ 7-2 O b Q +
470~ _4/ = | &L Q| ]
1Y = | |3 Ll |s K
25—/ = 9 8| |+
1.V e | |
30-4% v (o] T o +H s
- z H
460~ ,_/ 1=1 .3 8 4
. | / ‘ll—' ]I g I
35— / IL oL+ L
455 __4% o r - (o] +
{4017 o | |% T+ -
. F B o -+
m7. S I o +
Z I |77 |e +
45 454
End of recovered
core »
Bedrock Elevation: 382.0 | W oural Water Content + Undisturbed
wp Wi © Remolded
PlasticLimit Liquid Limit
Aﬁ
Fig. 9.6.% Summary plot of gcofcchnical.propcrtics, Borehole No. 13193, Aipine Sampier.
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Summary plot of geotechnical propcrtics,Borchglc 13193,Christensen Sampiler.

Lo & T,

BOREHOLE LOCATION: 81°- 28-20W 42" 14.15"N Bedrock Elevation: 382.0
w-Elcv. Depth ] Soil Sa. WaterContent, /. Total Unit Weight, Undrained Shear Strength, P.S.F. . 1
Feet |Feet | Stratigraphy No. 50 100 150 RBC.E901QO 10120 | 190 300 500 700 900 1100 1300
459.5 7
7 35—‘% _1%=1__
455 — _/ Very soft t.o L 16=2 ] '
% soft greysilty [ :_';E
- 40__./ clay (surficiat 153
] / Rectent mud) - -5 _]
450 —% b} :%__‘
| 4 45— 8=
i / .
'y 0 4
— ~_‘ =3 — R
] 440— %0 _% 20 H ,!,o% J%. Bo-%— Yy
| . 55“% fos $ y "1 ¢
ol 1 2SN E ||k
d oMoz S ) 3
-2 =2 ek - Q
. 430—- \ ) % E oo l §' ' -L]p 0 i
1 &5 Soft to firm E2 E o I I § ++ X
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] 425 — Siity clay
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1 70 ne deposit) '
420 — 1
e 2=1_} o] +
égé%: 8 ! o] %] ¥ +
5251 | 9 S
Firm to stiff =il |o oo N +
brownish gre =
clayey Sift%vﬁ);l _256;3_ 0 't
some sand and [ 26=5_] 1 L 8 +
gravel (tin) | 27=1 T re) 4
86.0 %- -é%: - I 4 + +
:4: S <+
_255_- I ° -+
End ofrecover.
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BOREHOLE LOCATION: . B1-39-45'w 42 04%10"'N ’ ‘
. ' y M " SR
Eley. {Dépth|Soil- }Sa. | waterContent, ¢, ] Total Unit Weight, Undramcd\Sh,car Strength,PSF
. JFeet [Feet |Stratigraphy . |HMo. 50 100\ 150 P-7CF?8 30 100 110 100 200 300 400 500 600
4850 | 9]
- ] . IS 1 . \ﬁ !
- jms5— N . _ . . o - .
N . 275 -~ | 7 >,
4 °° - . - o Ve ™
] Very soft grey ‘ l‘ il Y
. 80— 5 | siity ctay 3 } o I / \\
47 | (surficial B ' ,,
C Recent mug), , | -4 i i p :
4754 . N - ] . i
i 1.15 2] % ~ %4-!- ‘1 :
. 24 o o 4 !
70““‘"’ 6-1. ’ 2 \ ] "'l‘ = i
- 6-2 :“‘ - } g + i
1 §—3 . o d -{-}-‘ :
N =1 R4 ’ O t
465 5 72 o o| i i
: 125 7=3 o of 4 .
. \ 8-1 C) ¢)°1 + ) ‘ {
N N » i -2 [
S bty = || g El |
| T 591 | | ¢ o .
’ =d - Contact — ; F
4557 -35 between surficiar 13__;" 9 g" "f'_ oo
) - Recent rmud and | 02 — g -+ P
. Yaso | . glacio-lacus— m: g + g},'
: 4490] so0. FZAY trinedeposit =/ o ] P
. ; - - Endof recovered core : !
o . A : wNatural WaterContent 4 Undisturbed |
. . ) —e— ) O Remolded !
- - ~ " Wp wi i :
Bedrock Elcvatiqn : 3380 i Plastic Limit quuu'.‘t Limit {
Summary “plot o!- geotechnical properties, Borehole No.13194, Alpine Sampler. ,
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. R - fx ~ B . - — xi N . . 5 — .
LA Elev; { Depth} Soil .. . ‘Isa. WaterContent, */e ., ;otarFl Unit weight, | Undrained Shc‘arStrength:ES.E

.- RFecet |Feet | Stratigra " 7 INo. |, Y 2 GF  as A - : . .
. : graphy . ‘ 50 100 150 %oso 100110120 1'.100. 30Q . 500 700" 9p0 1 00 13
- ) verysatigrey | » “ ‘ T ' 1 '
- Ty grey :
- 460~ % silty clay - y 17 .
~ 1)""‘/ (surficial 3 | O i ol
- _% Recent mud) [ .":-12 D i‘.’l § f
455~ _./ Ha=3H q :'F k3
35 / ‘ 94,25 1 . \ - S : 4
} — / LJS:.L i I * 1
' “"/ - 5 %] -_2-_. 3 4 I oo -+
%0 s0f A 200 £ . % . I JdSlEt.
3 ‘ - g peq I TP ] -
445 . - Firm to stiff ” \9 '
45 brownish grey L . 1t K
e ] Silty ¢lay ’ K
(glacio-lacus- N
440 — 50 trine deposit) | ¢ N .
= % - ’ {
435 -
1 55 R Pl '**\ S (o} L’.
. . (o} + +
> ] o
430— 60 — = o] b ++
4 . - S + +
2 425 - . I ° o ] T +
= T &= % ' +
s Fao Stitf to very
.4 = stiff brownish o° Jpres :::é
201 70—=] 9rey clayey Oq ess 3
. > —d Sllt (tl“) o - 1430 ——
- . . X 0 . +H
“ = 1
75-—=
- S -
R * \‘
80 Continued ~ w :
n atural Water Content i
Bedrock Etevation: 338.0 Plastic '—"—P‘ ' ~, F undisturbed
St . D - - wF R m L“quid L‘lm;t . i O Rl mo‘d‘d
Fig. 9.7. 2 Summary plot of 'gf'oicchnical properties ,Borehole No. 13194, Chr}istenscn Sampler.
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Fig. 923 Summary plot of geotechnical propcrtizé,xso'r;cholc No.13194, Christensen Sampler.
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BOREHOLE LOCATION: 81%39-4S'W  42204-10"N ) .
’ Eiev, |Depth} Soil Sa. Water Content, % Total Unit weight, Undrained Shear Strength, PS.F
| fy ) PC.F
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