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ABSTRAcT 

, 
Ales J. Zeman; Geotechnical f!roperties of Lake ,Erie Clays. M. Sc. thesis, 
McGill University at Montreal, 1976. 

j .. 
The study has resuJted from an offshore geotechnical investigation 

in the central ba~in of Lake Erie near Erieau, Ontario. Seven boreholes were 
cored in three *stratigraphic units, cohsisting ofa surficial Recent mud, a 
glacio'-Iacustrine deposit, and a till deposit .• Sampling of lacustrine sediments 
was plagued by problems of sedimt!nt core distul-bonce, 50 the performance of 
five different thih-wal,léd samplers used was evaluatèd. _ The Christensen sampler 
was the most effective in the conditions of the investigation. 

, . ' 

The stratigraphic units can be wèll distinguished'on the basis of plasticity 
results, wh!ch were found to be prirriarily 'controlled by the natural water content 
and the oxidiiable matter content. Poor correlation of the plasticity with tne 
shear strength, the clay content, and the compressibility is attributed to highe"r . 
than expected values of the Jiquid limit within a three-metre thick weathered , .. , 
topstratum, a~ to higher than expected shear strength values near the base of 
the Recent mue!. In situ desiccation of the glacio-Iacustrine deposit in the necr-

• shore area of. fhe 60sin during th'è low-Ievel Early Lake Erie phase is oonsidered 
responsible for the overc:on5Olidation and stiff to very stiff oonsistency of the 
upper portion of the deposit. 

The.predominant clay minerais of the stratigraphic units studied are 
illite and iron-rich chlorite. X-ray diffraction analyses have reveafed that the 
high plast!city within the weathered topstratum of the, Recent mud is primarily 
attributable to the presenc& of up to ten pér cent of smectite anq interlayered 
minerais. Scanning electron microscopy has indicated a graduai increase in 
crystallinity of clay minerais with depth in the Recent deposit, ançl the occur­
rence of:c~ented silt-si,ze non-clay partides within zones containing 

"'unexpectedly high ~hear strength values • 
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Ales J. Zeman: Les propri~tes gedtechni ues des argiles provenant du Ià.c Erie: 
Th~se de ma1trise, Université McGiJI, ntréal, 1976. 

"-

Cette étude ré'sulte des inyestiga ions geOtechniques réalis6es dans le 
bass~n central du lac;: .Erie' près d' Erieau, ntario. On a foré St;lpt sondages 
dans trois unités stratigroph!ques: vases . stglaciaires superficielles, argilss 
glacio-Iacustres et argiles à blocaux. 'échantillonage des argiles lacustres 
ayant souffert de probJèmes de remanie ent des carottes sédimentaires, ori a 
: comparé le fonctionnement de cin,q Ca ttiers à paroie mince. Le carottiel' de 
IChristeosen s'est revelé le plus efficac . sous les conditions d'investigation. 

: On peut facilement differenci ries unite's stratigraphiques selon les 
ré'sultats de plasticité. La plasticité st determinée a~ant tout par les teneurs 
cm eau et en matières oxydables. La aible correlation liant la plasticité ... à 

'!. la résistance au cisai lIement, - à la eneur en argi I~ e.t - à la compressibilité 
~st attribuée à la valeur anormalement ~Iev~e de la limite de liquidité dans les 
trois mètres supérieur$ de sédiment chimiquement alterés et aussi aux valeurs 
lélevées de la résistance au cisaillement près de la base des vases postglaciaires. 
!Ladessiccationin situ des argiles glacio-Iacustres dans la z.on1!:littorale pehdant -' 
! la phase de bas nive'au du Il Lac Erié Préoose ll est considerée comme responsable de 
! la suroonsolidation et de la consistance rigide à très rigide de la portion supérieure 
f d d' At ~. :uepo •. 

. . LI iIIite et la chlorite riche en fer sbnt l'es miné~qux des argiles qui.-- '" ~ 
prédominent dans les unités stratigraphiques ~tuâiées~ Les rlsu1 tats. de la dif­
fraction aux rayons X dnt montré que la plasticité anormalement élevée de la 
portion su}:Mfrieure des vases postgl<:'cioires est attribuable avant tout à la presence 
de smectite et de minéraux interstrdtifiés d'une teneur parfois égale à dix pour 
cent. La microscopie électronique '~'balayage ,0 indique' une augmentation 

'\1 ; graduelle ,de crystollinitl de minéraux argU,ux en fonction de la profondeur dans 
les vases postglaciaires et l'opparition de particules cimentées non-argileuses 
ayant la dimension du limon dans les zones possédant des'v~leurs élevées de . 
résistance au cisaillement. .,' 
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PLATES 

1 • View ~f Rondeau Harbour, ,Erieau, Ont., from which the 
dri '.Isnl ? was servtced. \ 

2. 

3. 

4. 

5. 
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8 • 
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13. 
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16. 

Drillship Il NordrilU' • 

Drillship IlNordrill ll
, viewof the bow. 

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

( 

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

Inserting a 2.25-in. (S.l-cm) plastic liner into .the c:ôring tube. 

Coring tube coupling. 

Lower end of the piston inside the coring t~be. 

View O'f the core retainer and the cutting edge. 

Thin-wall cutting edge assembled for sampling. A yellQ~ ooPCI 
was used for fixing the piston in place during the lower~ng and 
free fall of the sampler. The oord WQS eut by the cu,tting edge 
of ter t~ sampler penetrated into the lake bottom. 

Hoisting the Alpine Sampler. 

Alpine Sampler prepared for coring. 

National T-20 drillrig mounted on the drillship. 

a-in. (20.3-cm) dia. open-pipe ,shells used for casing off the borehole 
during 'coring with the Christensen Sampler. 

30-ft ~. l-m) Christensen barrel hoisted by the stationary crane to a 
vertical position. 

Thin-wall cutting shoe of the Christensen Sampler. 

o 

, , 
.~ ,. ! 

! 
1 

" 

, 



'­, 

.*J§~ .• ;_, .... 

1-

\ , 

.. ' 

, 

/ 

17. 

l , 

18. 

\ -- --- -~~-~----~ --

1 
1 

\ 

./ 
\. ./, 

'., 7"-~ -----------.- -._" ----

/ 

\ 
, \ 

Radiogrqph 0204, Borehole 13161, AI~ine cores. Samples4and,5 
(second àiid third, From the left) of the surficial Recent mud produce 

;' light~ image, principally due to the higher water content and the higher 
porosity. The cores are penetroted by numerou~ primarily horizontal 
gashes, probably produced by tension'during hoisting of the Alpine 
Sampler. Sample 6-\(first)and fourth From th~deft) of the glacio-Iacustrine 
deposit produces dorker image with indistinct horizontal loyering. The 
sediment disturbance resulting From sampling operation takes form of 
transverse fissures separating the (:Ore. The 3/4-in. (1 .9-cm) thick light 
gre~ layer'shown neor the bottom of subsample at right is an interfayer of 
log sand: r 

Radiograph 0205, Borehole 13161, Alpine core. The Pleistocene-Holocene 
erosional unconforrnity at the depth of 18 ft (5.,5 m) below the lake bottom. 
Two d:>'res From the same depth are $hown since the site was sampled fwice 
with the Alpine 'Sampler. The difference between the surficial Rece~t mud 
and the glacio-Iacustrine deposit is barely noticeable by visual observation. 
The core ot left contains teeth of the basket core retai ner, whi ch was 
damaged during pen~r'ation into the stiff glbcio-Iacustrine deposit. 

"-
Radiograph 0210, Bor:ehole 13161, Christensen core. Sample 8, homogeneaus\ 
very soft surficial Recent mud, is shown at rightj distinctly laminated and 
occasionally cross-bedded stiff.glacio-Iacustrine clay is shown at 'eft. 
Radiographs of the Christensen cores are gene;ally of poorer quolity thon 
those of the Alpine cores due 10, the higher absorption of X-rays by thè 
plastic liner, which r~ui~ longer exposure'time, higher intensity of , 

./' 
electron cu'rrent {mA}, and higher energy of electron beam (kV) • 

20. 

, 
,'. 

Radiogroph 02025, Borehole 13163, Christensen core. Samples 7 and 8 
{second and third from the left} of the surficial Recent mud r~veCJI graduai 
decrease in water content with depth and'occasional indistinct lamination. 
The Pleistocene-Holoeene uneonformity can be seen at the bottom of Semple 
8. Sample 10 (first From the left)·is th~ till depasi.. Due'to poor quality' 
of print, gravel pebbles cannot be seen; they were, however, easily 
discernible as lighter roundish spots on radiograph films. 

21. '~'~ ~ ~The width of the black mark at the bottom margin a"d the number in thé 
\.,' 10,wer right corner of theltnicrograph indicate the mic\'Ograph scale. Ali 

spec i mens were prepared from the samp les of Boreho le 13f63). 
Sample 1-', depth 0.0 ft, surficiol Recent mud, magnification 2000 x. 
View of non-clay partides present in the uppermOst layer of the sedÎment. 
The i~re9ular particle .in the foregl'Ounci is probabry quartz. 
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22. 

.. 

Sample 1-1, mage 2000 x. A microfofil coated< with' individual clay 
flakes and amorphous material. • '. . 

23. Sampi el-l, mag. /2000 x. A 50-micron weathered micaceous particlé .. 
with irregular surface morphology. 'Note'surface contortions, cleavage 
steps and open cracks on the surface of the parti cie. -

24. Sample 1-1, mage 2000 x. Characteristic size of clay and non-clay 
parti des observed for the woofe speci~en. Partides are covered bya 
large quantity of fine a!J>rphous or poO'rly-ordered material. 

25. 

26. Sampi e 1-2, mage 2000 x.. View of silt-size partides. Clay minerais 
show good basal cleavage and occasional surface contortion. Non-clay, 
minerais have anhedral shape and no apparent cleavage. 

27. Sample 1-2, mage 1000 x. General view ofthe specimen. 

28 . 

• 29. 

30. 

31. 

ç 

33. 

34. ' 

, " 

Sample 3-1, depth 10.9 ft, (3.32m),surficial Recent mud, mage 5000 x. 
1.oose random arrangement of clay flakes produced by artifical 

, sedimentation • 

Sample 3-1, m!lg. 2000 x. Characteristic view of the specimen. 

Sample 3-1, mage 2qoo x. The surfaces of larger partieles have weathered 
appearance with surface regions of disturbed crystallinity. The abundance 
of amorphous material also indicates the weathered character of the sedimeht. 

Sample 3-1, mage 2000 x. Silt-size particles with very irr~gular surfaces, 
mostJy covered Dy fine crystalline and arnorphous materiaJ_ 

/ 

Sample 4-2, mage 5000 x. Detailed'view of apparent1cementation shown 
in Plate 32. 

Sample 4-2, 'mag- 5000 x. View of clar.siz~ crystalline particles with 
little amount of amorp~us material. Micaceous flakes have irregular 
outlines and are occasionally contorted _ ' 
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37. 

38. 

39. 

40. 

41. 

42. 

., _~~~ ____________________ ~~t ____ ___ 
/ 

Sample 8-2,. mage 1000 x. jwo silt-s!xe partides, app~rently cemented 
, at Jki4 and covered by closely adbering indivi:ual clay Jlakeo: 

Sample 8-~J' nlag. 5000 x. D~tailed view of the contact area shown in 
Plate li. ~, . 

~ 

Sam le 8-k, d 

',' 

Sample 8-5, mage 2000 x. The,till contains more crystalline flakes and less 
amorphous fines than the ov~rlying surficial Recent mud (cf. Plate 24). 1 

Sample 8-5, mage 2000 x. View of individual crystalline parti~les. 
o , 

Sam le 12-1 de th 42.2 ft 12.86m), Pleistocene tilJ, mage 2000 x. 
The unweathered character of t e sediment 15 1 Icated by the presence of 
well-defined crystalline partie/es with cleon surfaces. 

Sample 12-1, mage 2000 x. Another view 0) crystallin~ pertides in ;he 
unweothered till. Clay flakes are occasionally contorted and fissured. 

43. Sample. 12-1, mage 20Q0 x. View of silt-size particle whh irregular surface 
topagraphy (sec:d;~ary' carbonate?). "'bte apparent cementation with 
adiacent partidJ~~ 

~ -h 

44. Sarnple 12-1, mag. 5000 x. Individual clay flakes covering a silt-si-ze 
partide. Several clay flakes have crudely hexagonal ol,ltlines. 
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CHAPTER 1 
Il''· 

INTRODUCTION i ': 

1.1 'Objectives of the Geotechnical Investigation 
,J. 

The thesis Îs based upon results,of an offshore ~eotechnicaf investigation in the 

central basin of la~e Erie (Figs. 1 and 2) conducted by H. Q. Golder and Associates Ltd. 

of Toronto (HQGA) From June to September of 1972. HQGA were retained for the 

investigation by the Consumers' Gas Comp,any of Toronto (CGC) which has been for 

severa 1 years carrying out geophysical and drilling exploration for natural gos in the 

~ , 

offshore areas of Lake Erie. The geotechnical investigation was conducted from the 
'1 

, . 
beginning in cooperation with Dr. C. F.M. Lewis of the Geological Sur~ey of Canada, 

and the Geolimnology Section of the Canada Centre for Inland Waters (CCIW).' The CCIW 

supplied SOlne of the offshore sampling equipment and provided facilities for the 'storage 

and làboratary testing of samples. 

The investigation WQS undertaken with the purpose to study the geotechnical 

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

f/ properties within the framework of the relativefy we'J-knowrtstrat;gr~phy and the 

o 

\ 
depositional hisforyof the sediments. Information on the variation of th&fshear strength 

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

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

Particularly important for the new des.ign of platfonn footing were predictions, based on 
1 

J 

I.~ 

, " 
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geotechni cal data obtained, of footing penetratio!,!s into the soft' L!nconsoUdated sedim~nt!i 

~t seletted locations. .. 
. 

The geotechnical appraisal of the sediments for thé footing design has.been 

corried out ~y HQGA and submittecl to the CGC in a report containing engineering 

récommendations (Davis and Kim, 1973). In aecordanée with an agreement between HQGA 

and the writer, an additiona/ foundation engineering anolysis of similar chorocter has not 

j -

,been ottempted within the scope of this thesis, since it was felt that"the foundation 

problem was intricate enough to warrant a separate research topie. , 

1.2 Scope of the Thesis Researeh 

. . 
The CGC and HQGA have allowed the writer to use fjeld data for research into 

• 

sorre problems enoountered during or resulting from the conducted investigation. The scope 
_~~ ~\ l • , 

... ~f the .programme WQS controlled by the availability of s~mples to the writer through the 

courtesy of the CGC and HQGA, and the effectiyeness of the sampling teehniques 

) emp/oyed. 

• The th~si5 ~rk ~s. commencee! with the evaluati~n of sampling tec:hn~ques used 

during the investigation in relation to th~; sediments being investigated. The problem of 
, t 

offstpre undisturhed sampling in sOff I~custrioe sediments has befll'l discussed due 10 its 

obvious importance for dependableolaboratory measurements of sëèliment geotechnical 

plOperties and due to the desirability 10 i~v~ existing sampling techniques, 

" ---------------·:l 
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A series of basic geoteëhnï'cal tests has been carriecl out to charactérize each 
o 

strdtigraphic unit and 10 determine spatial variations of tlie geotechnical properties 

within the study area. ,The depositional history of the sediments in the Lake Erie 
o _, 

, 1 

basin, and in the study area in particular, has been describecl to show the dependance of 

the'sediment geotechnical properties on the sediment genesis. The re$ults of basic tests . ' 

thus a/low comparison with similar sediments found elsewhere, particularly with 

-
lacustrine clays found in the Great Lakes region. 

, , 

During the research work sevJral attempts have been made to employ known 

empirical correlatio~s for the prediction of the sediment behaviour. In general, these 

correlations have be~n found unrel}able fOr the sediments investigQted, primarily due to 

the effects of chemical we6thering, organic matter and diagenetic processes on the . 
.ft' 

geotechnical properties measured. Some fundamental aspects of the Q.eotechnical 

properties have been there{Pre investigatecl by physico-chemical tests that are not 

,_" commonly employed in geotechnical engineering owing to expense. 'Determination of 

specifi c gravit y , oxidizable matter çontent, total carbon content, and surface area 

has been carried out 10 provide a better unders-tanding of gedtechnical data. 

Variations in ~geotechnical properties are often attributable to the presence of 
~ 

minor amount~ of clay minerais, particularlyof the swelling type. Therefore it was 

considerecl necessary 10 examine the mineralogical composition of the clay fraction in,' 

-
sorne detai 1. A series of X-ray diffraction analyses and electron-optica' studJes has 

been undertaken 10 obtain a more satisfactory explanatÎon of the-sediment behaviour. 

( 
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This tesearch has proved to be especialiy ~uitable for the interpretation of irreversible 
, 

i· ' 
i 

changes upon drying, which were observed in sorne but flot ali sedim'ent samples. • 

'It is fully realized that for a complete foundation invesI;Jgation any research 

'\ 
inJo fuhdamental causes of geotechnical plOperties has Jo be condtlcted in con;unction 

with an engineering evaJuation of soil and rock col)ditions employing mathematical fools 

of analysis. Nevertheless it is believed that a better understanding of the principal 

physico-chemical factors influencing the geofechnical plOpèrties plOvides at least a -... , 
"i 

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

~ reliable design parameters. 

1 • 
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CHAPTER 2 

GÉOLOGY OF LAKE ERIE BASIN 

2.1 Previous Work • .\ 

-.. 
, 

1 

• J 

Geological investigations in the Lake Eri~ drainage basin have been conductecJ 
j' • 

• 
for almos't a century. Spencer (1894) published a firs~ map showing tiltad glacial Jake 

's";relines attributed to the "infant Lake Erie. 1I First concepts concerning the 'ate glacial 

. '\ 

and postglacial historyof Lake Erie Were formulélted by Leverett (1902) and Leverett and . . ' 
Taylor (1915). In the latter work the authors' noted that the mouths of streams flowf ng 

into the lake basin from the west are unusually deep. They suggested that the streams are 
, 

relics of an earlier drainage system connectecJ with a lov, level of Early Lake Etie. 

Bothymetry of the [ake basin was mapped by the Canadion and American gavern';'ents in . ' 

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

this survey. The fint investigation of unconsolidatecl bottom deposits in the central and 
a ' 
a • 

eastem basins were made by Fish (1~9) and Pegrum (1929). The first determination of 
. , 

'the clay minerai composition of Lake Erie sediments wos published by Cuthbert (1944). 

! Since 1945 geologicol studies in the Lake Erie area have been undertoken by,o . 

. _ great number of people. 

Hough (1958, 1963, 1966) revisèd a chronologica! sequence of glacial lake 

levels for the whole Great Lakes regionl and withio this work published Valuable 

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

, \ -

\ , , 

--- ~ 1 

, 1 
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basin. Kramer (1961) studied water.chemistry and rrelated it to the clay mineralogy of --the sèdiments. Hartley (1961 a, 1~1 b) investigatedsediments beneath Ohio waters and 
')<> , 

in the western island area of the lake.' Morgan (1964) IJsed seismic reflection profiling 

for the identification of major bottom deposits. The mos~ detailed study of Lake Èrie . 

bottom sediments te date is an unpublished Ph. o. thesÎs by Lewis (1966). This thesis 

contaÎns a comprehensive description of the surficial sediments based on the results of 
o 

. coring, echo SOUnd7" and lciboratory t~sts. Furt~ermore, geological and ,palynological 
" _, 1 

evidence for former low water levels of Early Lake Erie was presented; including the age 

determination of ~ttom deposits based on several radiocarbon dates. A seismic 

reflection survey in the central basin of Lake Erie was carriecl out by Wall 0.968). the 
, . 

sedimentation processes in the western basin were studied br. Herdendorf (1968). 

Further recent work has been published e.g. by Lewis et al. (1966), Kemp and Lewis 
'. ...--

(1968), Hobson et al. (1969), Kemp (1969), Lewis (1969), Thomas (1969), Kemp'(1971), 

Rukavina and St. Jacques (1971), Coakley (1972), l!eyIisJ~hbL(l972), Siyand Lewis 
r .. _.--,,- ~ 

~ , 

. (1972), ~t. ;a~ques and] Rukavina (1973), ~p and ~e~' (1974), Ke~p.!!. al. (1974), 

'" Fritz -=t~: (l975) and Coakley (1976)., '.' 

The stratigraphy of Pleistocene onshore"deposits adioining the Lake Erie basin 

has been studied by ,many g~logists who have employed litlïologic, fabric, fossil, and 

o weathering analysis, accompanied by radioéarbon and palynological dating. 

Informative summaJ"ies concerning the studies of onshol'e deposits have be'en published by 

.fI' ' • 
Goldthwait et al. (1965), Chapman and Putn,am (1966), Oreimanis (1969), and 

, -- ~ 

Oreimanis and Karrow (1972). 

,p 
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2.2 Physical Characteristrcs of Lake Erie 

" j ""-\ 

Lake Erie (Fig. 1) is the second smal1est of the five Great Lakes, being ç>nly 

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

1 its shallow depth, a m.aximum of 210ft (64 m), it has the smallest voJume of water 

(110 cu miles = 458, km3) ?f any of the Great lakes. 

. The principal drainage system is formed by the Detroit River.connecting Lake 

Erie with Lake St. dair, and the Niagara River and the Welland Canal, which provide 

the conneçtibn with Lake Ontario. The (mnual inf.low from the Detroit River is 
;. 

178,000 'as (5Î04O m3/sec); the anOl~al outflow through the Niagara River and the. 
, , . '\ 

Welland Canal is 194,000 cfs (5,300 m3/sec) and 8,000 cfs (22.9 ~3/sec) 
-. it 

(The Internat~onal Lake Erie Water Pollution Board a~d the respectively 
<.-. 

, 

International Lake Ontario - St. lâvirence River Water pollution Board, 1969). 

Bosed on. bottom topogrophy" the lake is physiographi ~ally subdivided i nto 

<::tb.r,ee djstinct basins separated by terminal moraines (Figs. 2 and 5). The moraines are 

. " .. til! ri?ges verieered by' sand depOs'its. 

The oval-shaped easter,:, basin occurs east of the boundary, deli nJ!ated by a 
'Q " 

moraine connecting Long Point, O~tario and Erie, Pennsylvania. This' ~sin is the . , 
~. 

deepest of the lake. The north shore of the eastern basin is underlain by resis!~nt 

I.ower Devonian Iimestoflles of the Or'londaga Formation (Fig. 1). The bedrock surfllce 
" "\ 

"\.... • @ 0 ,,0 '\ 

is irregul~r anp h~mmocky, forming frequ~~t offshore shools and promontories ,along , 

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

--(--
1 

r 
! 
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c 
the till deposit, 3- ta 10-ft (0.9- ta 3.0-m) thick, overlies the b~rock, ànd is'in turn 

Q , 

ù " 

occasionally overlain by stabilized sand dunes. Several shore bluffs, up to 120 ft (36;~m) 

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

Point. The south shore of the eastern basin extends from Buffalo, New York to Erie, 
, 1 • 

~ 

; Pennsylvania. The shore is fu~ed by a series of Wove-eroded blu~fs ronging from severol' 

feet up tp 40 ft (12~ m) in h~ight. The I~wer portion of· the bluffs consists of a soft 

Deyonian shale with occasional limestone interbeds, which is overlain by a mantle of 

til!. The upper pct!Jion of the bluffs is formed by glacio-Iacustrine silty and sandy 
1 9 

deposits. 

The central basin extends from long Point to Pelle Point on the Ontario shore, 

.0 
r, 

af)d f~ Erie, Pennsylvania to lorain, Ohio on the United States shore. The Ontario 

shore is chara~'terized by three sand ,spits - Long Point, Point Aux Pins, and Pelee Point, 
- ~ . 

which represent the ,sites of the present sand accumulqUon 0 The overall relief of the 

shore is similar to that of the eastern basin. Occosional vertical ~'uffs rise up to \2etF 
"r 

.~ -:''-<'(36:6 m} aQove th~ lake level. The bluffs 'are oorpposed o'f two ti Il sheetS'overlain!&r \. 
,~~ Il 

.(.'r 

;11[ glaclo-Iacustripe s~lty and sandy depositio The so'uth shore of the central basin takes for 

the most part the form of a' wave-erod)ed bluff. Bluff ,heights generally vQry from 0 to 
, , 

60 ft (18.3 m) between lorain, Ohio and Cleveland, Ohio; from 60 to 90 ft (18.3 ta 
, , 

, " 

27.4 m) betweén ConneQut and Erie', Pennsylvania. The bedrock sùrface occurs at about 
'\ 

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

The basin west of Pelee Point and Lorain, Ohio has been subdividecl by!!Orne 

" . 
. . 

" 
../). 

"';." 

, 

0'] 

~, 
l 
! 
1 
1 
1 
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writers into the western basin proper and the Sandusky basin (e_g_ The International Lake 
.4l.. 

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

Pollution Board, 1969); others refer 10 western ~ake Erie by a single term the western 
., 

basin (e.g. Lewis, 1966; Hobson .=!.~., 1969). The Ontario shore between Pelee Point 

and D~troit is a low bluff up to 30-ft (901:1-m) high composed of silty and sandy}ill. The 

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

From Sandusky, Ohio to Lorain, Ohio_ Numerous streams drain to the basin from west and 
, \ 

soutnwest. The submerged mouths of these streams provide evidence of an ear/ier low water 

level in Lake Erie.l ' 

2.3 RegiOl'\al Bed~~k Geology t 

/ 
/ 

The jke ~rie region is underloin by Paleozoic sedime:tary rocks whose 

lithology a~ structure predetermined the shape of the Lake Erie basin. The rocks out­

cropping iithin the region range in age frqm Middle Silurian to Mississippian, and are 

\ , 
largely oomposed of limestonês, dolomites, and shal~s with some interlayers of sanc:lstone. , 
The struct ure of the rock is oontl'C)II~ by tw6 major basins oF s~iment accumulat-ion; the , 

Appalachian geosyndinal basin to the ,south8,!lst and the Michiga~ basin to the northwest 
, '" 

-~f Lake Erie' (Fig. 1). Within the area of Lake cErie , the'sedi;entary strata dip g~ntly to 

the south in the central and eastern basins, while they dip to the east..in the western basin. 

\l " 

The Appalachian basin and the Michigan basin are divided by the findlay 4rc::h, 
a - , 

~ \ '~ 
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which trends to the northeast, and a portion of it exten'ds across the western b~sin of Lake 

Erie. Two chains of islands occur in zones of resistant Middle Silurian dolomite formation;. 

Peleelsland al')d Kelleys Island lie within the 'Zone of the Columbus limestone while Bass 

lskmds 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 • 

siltstones. The bott~m topography alon9 the north shore is controlled br, gently dippihg 
, ' . 

bedding planes in the resistant Devonian 1 imestones, whereCis the steep slopes Cllong the 
,~ 

south shore have been eut aeross the soft strata of shale and siltstone. 

2.4 Pie ist,pcene Geology 
; 

< 

Following the m'arine deposf'tion of the Paleozoie era, the seo withdrew and the Lake 

Erie region apparently remained above sec level till present; the predominant geolagle , 
process from late Paleozoic to Pleistocene \vas that of erosion. The preglaciol drain'age 

pattern in the Great lake's regiOh was fi~st suggested by S~ncer (1 B94), 'however due te, 

later glacial scour, as weil as paucity of direct geological evidence, the pattern remains 

coniect~ral (Hough, 1958). oJt if neve~heless suggested, on the basis of bedrock topography, 

t 
,tliat a master valley extended through tfie region, in tœ directiOh of the central Jine of the 

• 
present Lake "Erie basin" 

, , 

The stratigraphy of onshore PJeistocéneo'deposits in the Erie basin has been worked ~ 

out principa"y on the basis of nonglodal flora and radiocarbOn datin91 in conjunction with 
" . 

stratigraphic 1 1 ithologie' and fabric methods of analysis (Goldthwalt et al. 1 1965, 
, --

D , 

_. 
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Dreimanis, 1969; Flint, 1971; Oreimanis and Karrow, 19n). A summary of glacial 
L 

advances and retreats (stadials a"d interstadials) in the Great Lakes - St. Lalwrence 

region durlng the last glacial or Wisconsin stage is shown in Fig. 3. Earlier"interglacial 

deposits of Stmgamon or pre-Sangamon stages have not been described in the Erie basin, 

neverthel~s it is po~ible that on interglacial lake e..xisted in the basin during thè Sangamon 

Interglacial (Dreimanis, 1969).' 

2.4.1 Early and Middle Wisconsin Deposits 

The Early Wisconsrn (dated fr?m 70',OOOto 53,000 years 8P) represented rbst"age 

of predominantl~coJd climate with two stadials and one interstadial. The oldest f?leistocene 

deposit in the Erie basin is the Bradtville Till unit deposited ~Uring the GuildwooR ~tadial 
(Fig. 3). The Lowër 8radtville Till overlies the Devonian bedrock at Port T'Olbot, Ontario 

(Fig. 2), and is in turnoverlaif\by the Middle 8radtville'glacio-Iacustrine clay. The Upper 
. , y 

Bradtville li 101 contains frequent inclusions of lacustrine clay. It i~ assume.d that toward the 

end ,of the Early Wisconsin substage. glacial advance extencled over tile entire Erie basin 

(Dreimariis, 1969). 
. \ . 

The Middle Wisconsin (clated From 53,000 to 23,000 years 8P) is characteri:zed by 

a' relatively owarmer climate cl ~o glacial retreats, the Port Talbot Interstadial and the 
. , 

PI um ~oiJt ~ nt~rstadial, separated by a minor glacial advance, ca/Jed the Cherrytree 
.,. 

Stacli~1 (Dreimanis and' Karrow, 1972) •. During the Port Talbot 1 ntersfadial , ice çover 
-.- u .. 

~ ~. ",. , 1 

J~.treated From the Erie and Ontario- ~$ins. T~e lowermost unit of this perlod is Port Talbot 

1 

l 

" t. 
" ~, 
~I 

\ 
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J 

1 green clay, possibly deposited in a reducing environment in a low-Ievel 'ake (Quigley 

ÇJnd Dreimanis, 1972). T~is deposit is overlain by proglacial v~rjed c1ays (Glacio-
. - --

lacustrine 1 in Fig. 3) and the Port Talbot TI shallow water and alluvial deposits. The 

Cherrytree Stadial is represented in tbe Port Ta.,'bot area by the Southwold Till and the 

contorted silt and clay (Glocio-Iacustrine Il). In. Pennsylvania, the Cherrytree Stadial is 

represented by the Titusville Till. During the Plum Point Interstadial the glacia1 retreat 

was probably less extensive than during the Port Talbot Interstadial. The beach deposit from 

the Port Talbot- Plum Point area,has been oorrelated with this interstade (Preimanis, 1969). 

2.4.2 Lote Wisconsin Deposits 

The Late Wisconsin substage (dated from 23,000 to 8,100 years BP) is subdivided 

into five glacial stÇldials (the Nissouri, Port Bruce, Port Huron, Valders, and Driftwood 

Stadials) _s~parated by four interUadials (the Erie, Mackinàw,· Two Creeks, and North Bay 

Interstadfals). The )'Oungest glacial event, the Driftwood Stadial, belongs to fhe' Holocene 

according to the internationally-agreed p,leistocene-t-blocene bou,ndaryof 10,000 years • 

• 
This event produced othe Cochrane Till in northern Ontario 1 and it is not documented in the 

Erie basin. 
, 

The beginning of Lote Wisconsin is characterize<A by a major glacial advonce, the " 

. Nissouri Stadial, during which the Erie basin was covered by ice for several thousand years. 

Onshore glacial depasits correlated with this stadial are the Catfish Cree~ Till in southern 

Ontario, the Navarre Till in Ohio, and the Kent Till in northwest Pennsylvania. Ice 
< 

retreoted during the subsequent Erie .Interstadial from the Erie basin and glacio-Iacustrine 

clays were qeposited in a high-Ievet proglacial lake, which stood approximately 200 ft 
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(60m) above the present Lake Erie level (Dreimanis, 1969). The readvance of ice during 

the Port Bruce Stadial deposited the fine-grained Port Stanley Till, which forms the bulk of 
, 

the Lake Erie bluffs along the Ontario shoreline (Goldthwait et âl., 1965; Quigleyand 
, 

< 

. ---.-

Tutt, 1968). Offshore lodgment tills encountered in cores from the céritral (lnd western 

basin are of the some age (Lewis, 1966). 

The subsequent Pleistocene events are characterized by the format~on ofGcial 

lakes during the oscillation and graduai retrel:lt of the Lourentide ice sheet out of the Erie-
" 

basin. The Lote Wisconsin history of lake levels in the Erie basin has been studie~ among 

others by Hough (1958), Kunkle (1963), Lewis (1966), Lewis et al. (1966), Lewis··(1969) and -, 

Fritz et ~. (1975). The sequence of Late Wisconsin 'Iake stag.es is shown in Table 1 and in 

Figs. 3 and 4. 

The first we/l-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 L~ke Maumee 1 (Tablé 1), which stood at the high~st 

elevation of 800 ft (243.9 m) a. s.l. The water of Lake Maumee was poncled within a low 
, , . 
" area between the ice margin and the Fort Wayne Moraine in India,.. (Fig. 4). The outlet 

channel_of the lake was westward over the Fort WayneMoraine, and th~ lake discharged 

via thé Wabash River to the Mississippi drainage system. Accofding to Hough (1?58), the' 

further retreat of the ioe fro}.t-'owered the lake level to Moumee 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 iceufront then readvanced and raised the level of the lake to Maumee 

III at about elevation.79Q ft (240.8 m). Hough (1958) suggests tJtat the. discharg~ 01 thls' , 

t 

1 

1 
1 
{ 
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Basin (modified alter Lewis, 1966, and Orelmanis and Karrow, 1972) 

ocene 

,jstocene 
Ite Wisconsin) 

-Iy 
e -
\ 

-Iy Algonquin 
ldy 
assmere 
Irren III 
,yne 
Irrsn Il 
Irren 1 
,ittfesey 

silanti 
<ona III 
~ono'll 
<ona 1 
Iu.mèe III 
lumee Il 
lurnee 1 

5) • 

)ntario basin 
/'-

Elevation 
Feet 

573.2* 

47o± 

605 
620 
640 
675 
658 
680 
690 
738 

543? 
695, 
700 
710 
790 
760 
800 

a .s. r. 
Meters 

174.4* 

143t 

184.5 
189.0 
195.1 
205.8 
200.5 
207.~ 
210.0 
225.0 

165? 
211.9 
213.2 
216.3 
240.8 1 
231.7 
243.9' 

Deposhion ,(Symbols below refer to the 
Outlet of Lake Erie bottom sediments, 

Ni~9ara River J Sand beaéh and nearshore deposits (5) 

1 Recent mud 

#'" 

Sand beach and nearshore deposlts (S) 
l Niagara River Surficial Recent mud (SM and M) 

Des Plaines R. Beach and nearshore deposits 
Des Plaines R. GIÇ2cio-lacustrh1e clbys (G1) 
Michigan Basin NorFolk Moraine and sorne offshore till,s in 
Grand River the eostern basin (G 1 ) 
Grand Rlver*'" . Wentworth Till (Parts and Galt Moraines) 
Grand ~iver , 
Grand River ~ Ashtabula T1II 
Grand River • 
Niagara River? Beach and nearshore dep()Sits 
Grand River Glacio-Iacustrle clays (G1~ 
Grand River 
Grand River 
Wabash River Maitland, Erieau, Pelee Moraines (Gl) 
Grand River St. Thomas, Ingel'5oll, Blenh~lm 
Wabash River Moraines 

Pert Stanley Tili l / Hira", Till " -

~ake Erie offshore lodgment till (G1) 
t 

, . 

; 1 l 

" \ 

( 
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tatest stage of Lake Maumee was again via the Fort Wayne outlet • 
. 

. The next.lake stage, Lake Arkona, occurred during the glacial retreat from the 

Lake Border, Mc?raine. According to Hough (1958) ,the--rmtItwater f1o~d the entire ~rie-

basin and the southern por tion of the Huron basin, forming a single lake. The lake level 
, 

stood at elevations from 710 ft (216.3 m) a.5.1. (Arkona 1) to 695 ft (211.9 m) a.s.1. 

(Arkona III) • 

. The possibility of a low lake level in the Erie basin at the end of the Mackinaw 
'\ 

lnterstadial was suggested by Hough (1958). Kunkle (1963) presented evidence for this 
j , 

law-Ievel stage named by him Lake Ypsilanti. 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 later lake stages. According to Kunkle '5 estimate, the lake level 

was at leo5t 30 ft (9.1 m) below the présent Lake Erie level. '1 

The ice retreat during the Mackinaw Interstadial produced end moraines of Port .. 
Stan~ey Till along the north shore of present Lake Erie, such as the Blenh~im, St. Thomas, 

and Inger5011 Moraines (Goldthwait..!!~., 1965). The Pelee, Eriea,u t and Port .v.aitland 
\', 

Moraines (Fig. 5) were probably formed during the Lake Maumee - Lake Ypsilanti stages 

(Sly and lewis, 1972). 

The Lake Ypsilanti stage was terminated by the readvonce of the Port Huron Stadial 
. . 

about 13,000 years BP (Sly and Lewis, 1972) •. The ice eroded the eastern basin and formed 

the ~o,lk Moralne (Figures 4 and 5). The bor.h~le evidencè_ indicates that sorne tJlls in 

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

glacial Lake Whittlesey stood at an el!vatlon ai 738 ft (2~5.0 m) a.s.l. The Jake occupied 

.. , 
1 

1 

.~_J 
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the- centra~ and western basinsof present Lake Erieo and extended further to the west and 

southwest. Drainage- From Lake Whittlesey was westward through the Huron and Michigan 

basins as during the Lake Arkona stage. The youngest onshore glacial deposits found in the , , 

Erie basin arethe sandy Wentworth Till occurring in the Pari sand Galt Moraines, 

and the Ashtabula Till occurring along the present Lake Erie shore in Ohio. These tills 

have been correlated with the Port Huron Stadial. 
\. 

The lake level in the Erie basin wos lowered during the subsequent retreat cl the 

ice From the Port Huron maximum. The glacial re.treat enabled the opening ~f new outlet 

channels to the west through the Huron basin. Lake waters ci Warren 1 and Warren Il stood 
- l ' • . 

initially at elevations from 690 ft (210.0 m) to 680 ft (207.2 m) and drained via the Huron 

basin. Lake waters of Warren 1 and warreftood initially at elevations from 690 ft 

(210.0 m) to 680 ft (207.2 m) and drained via the Huron basin. Hough (1958) suggested an ' . . 
.occurrence of another low-Ievel stage at this time with a drainage to the Ontario basin via 

, the St. David gorge. Th;s extfl'me low position was foll owed by a minor glac ial readvance 
\ -

and the watèr sun:ace wos raised:ro"'e1evation 658 ft (200.5 m) of Lake Wayne and then to 

elevation 675 ft (205.8 m) of Lake Warren III. This sequence is sopported by the evidence 

of submergence and re-working of the Lake Wayne beach, and the eviden,?e <;>f a low-tlevel 

stage in the Michigan basin (Hough, 1958). The discharge of Lake Warren HI was ~gain 

westward through the Huron basin out let • 
o \.., 

Following the Warren III stage, the Ice retreoted, and lake levels gradually fell 

through the Lake Gra~smere stage (640 ft ="195.1 m), the Lake Lundy stage (620 ft = 189.0m), 

o 
. ~ ... 

and, the Early Algonquin stage (605 ft = 184.5 m). Leverett.and Taylor (1915) suggested 
.... l .. , 
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eastward drainage paths for ail three lakes, however their view was disputed by Hough 

(1958) whase studies indicated northwestward discharge through the HurOQ basin. 

The depOsition of Lake Erie offshore glGJcio-lacustrine clays is estimated to have 

. occurred between 13,300 and 12,500 years BP, ~Jld thus this unit is tentatively correlated 

with the Arkona 1 - Early Algonquin loke stages (Lewis .!!. ~, 19n). 

During qnother 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 everit allowed 

drainage oF the Erie basin througli the Niagara River and gave rise to the formation of Early 
, . 

Lake Er~e. There is much evid,enee indi~ating that Early Lake Erie, was below the present 

râke level from its beginn~ng to about 4,000 years BP. Since 12,600 years BP the water 

level in the Erie basin, ha~ been eontr~lIed by the élevation of a dolomitic bedrock sill at 

the he ad of the Niagara ,River at Buffalo, N. Y. The rise; due to 'an isostatie rebound of 

the Buffalo sill, was init}olly quite rapid ~adiocarbon dates on the organie material 
\ 

indicate that From 12,600 to 8,000 years BP the Buffalo sil! rose From about 125 ft to 50, ft 
• 

. (38.1 m to 15.2 m) below the present lake level. From 8,000 to 5,000 years BP lake level 

eontinuèd to rise re~atively very slowly. Another steep rise in water level, in the order of 
o 

30 ft '(9.1 m), oceurred from 5,000 to 3,800 years BP as a consequence r.:J the transfer of 
1 

HurOn basin drainage jfrom the North Bay outlet to the St. Clair River outlet during 
, 

Nipisslng events (Le~is, 1969). Subsequent slow but progressive rise in lake lavel to the 
J 

present elevation of /573.2 ft (174.7 m) reflects the decelerating rate of the isostatic rebound 

\' i ' 

/ 
; 
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, . 
Concurrently with rising water level in the lake basin, fJne-:.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 
<J.. 

of these sediments haSe been taking plaoe in the deeper areas ot: the central and eastern 
\ 

basins. 

2.5 Unconsotidated Bottom Sediments 

Thus on the basis-.of previous publishedowork (Lewis, 1966; Sly and Lewis, 1972), 

the unconsolidated deposits in Lake Eiie con be subdivided into three principal units. 

These are: 

1) Pleistocene glacial and glacio-lacustrine deposit~ (symbol "G~ in Fig. 5) 

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

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

The main characteristics of the units are shawn ill Table"2. 

, 
I~I-

1) Pleistocene glacial and glacio-Iacu$l'rine deposits -
_ t 

The unit is widely exposed,on the lake bottom, particularly in the nearshore zones. 
, " 

. 

It comprises a glacial clayey till and a glacio-Iacustrine clay. J-- \ ( . \ 

The tili f,ar~'four end moraines a;,shown in Fig. 5, and it probably·covers!.~t ~f , ~ 

the bedrock in basin areas. In th,e neanhore zones, the ~drock crop5<out discontinuously 
1 . 

,as a result eX the till erosion. The c:~nest t~1I oc:curs in the Erieau Morain~, the finest 

ï 

• 
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,till in the Norfolk Moraine (Table 2). The vèrtical and 1 atera 1 extent of the ttll and ns' 

stratigraphic subdivision, particularly in the basi~ arJas, is not very weil known. The 
, . 

topogl'aphy of the till surface in the western basin has been mapped by Hobson et al.(19i>9), . --
how~ver on the basis of the seismic ,survey it was not possible to distinguish everywhere the 

. "'-
till from the der,ase glacio-lacustrine deposit, a~d thus expand interpretations From bottom 

\ 
sampling and ffshore -êorings. In the eastern basin., the titi and the glacio-Iacustrine 

, , . '--..J 
de~t have i ery similor partide size distribution (Table 2) and both sediments have OC" .. 

, 0 • 

casionally siJilar structure characterized by the absence of layering (Lewis, 1?66). 

The glacio-Iacustrine qeposit which overl ies t~e til! is often laminated, oc cas iona Il y 

cross-bedded, and in genera~ contains Jess gravel-sized matefial thon the till. It;s 

. '. 
characterized by reddish col our in the easter" half of the lake (derived from the red shale of 

1 

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

\ , ' 
(derived from grey carbonates <l!1d shales). The'.sediment is predominantly silty clay with 

, 

occasional sUt and gravel inclusiohs cau5:8d ~ ice rafting. , . •• . 

Tho gravol-sfzod matori~1 of the tlll '}'d the glacio-Iac';;trin~' dOPasit cansists mostly 

Jof carbonate,.and shale pebbles together with smaller amounts of igneous-metamprphic pebbles. 
\,_/ ù 

~and-sized material contains mostly quartz,. carbonate and feldspar grains. The -predominant 
,. • ~ r~ ~ 

:;-minerals of clay-sized matrix (Ire well-crystall Ize d iII ite and Fe-rich chlorite (Lewis, 1966, 

- cimI this' study, Section 5.14) Vermiculite, smectite, interlayered minerais and pO$Sibly 

kaolinite, occ,:,r in min()r percentoges. 

The Pleist-ocene detiosits contain highly variable co~tent$ of carbonates. Lewis 

(1966) determined that the uppe.rrr~o5t horizon of the glacial and 9Iacj~!acustrjne depasits' 

~ : 
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Table 2. Summariz~d characteristics of Lake Erie offshore sediments. The areal extent of the units is show"; 
,inFig.S. 

h 
.~ -:-

Sediment Symbot, Strati-graRhic ~,,~art'Iéle Size * -
'Type (Fig.S) Correlation t. % Sand and % SUt ** ~ 

:"~ Gra~eI \ .062~ •. ~mm 
.004 mm .... 

Glacial Port Huron ' 3 .• 2 33.2 
TUI GI Stadial 21.7 37.0 
1. 22.9 ~.O ., 

14.9 33.1 
Port Bruce 14.1 39.1 
Stadial '28.0 . 33.9 

Glacio- GI ,Early ( 2.3 27.!l' 
tacustrine " Algonquin- 3.1 35:8 
Deposit 0.9 _21.5 

0.6 14.8 
, Arkono 6'.8 38.8 
'" 1 • .. 

" 
.~-

(Sand (Lag, Pleistocene 13 ' 68 
/Beach, and 5 ~~ ~ 

Fluvial "',and/or 70 14 
De~its) • 

>'t 

Recent 

Recent SM 'Erie 5 30 - 50 
Sùrficial 

: -
30 - 50 Mud ~~ 0-10 ' --, 

'\ /"'l....---~ 1;8 " 32.8 
1" 

. 
/' Early 18.9 58.2 

1 ._ -

Erie , ~-; " 
4.2 .- 58.9 

The Wentworth classification used throùghout the toble., 
Average oi" range values are shown as avoilabJe. 

,. , 

,0 

% Clay ** ** % % 
.OO4iiîm Calcite Dol 

63.6 2 - 22 5· 
41.3 3 -1~ 3· 
43.1 
52.0 6 -11 7· 
46.8 5 - 20 4· 
38.1 5 -15 7· 

• .t' 

70.5 2 -22 \ 5, 
61.1 3 -15 3, 
n.6 , 

5 - 2.0 4"j J 

84.6 
54.4 5 -15 7· 

19 
~ 

16"-

ij 

50 Traces' 5· 
or 

40 -70 Absent 
65.4 , 
22.9 Traces Tr< 

or j 
Absent 

36.9 0-5 5 

, } 
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... 
Erie offshore sediments. The areal 'extent of the units is shown , , , 

~ 
-[ 

Parti cie Size * % ...,. % .* % Sand and % SUt ** o~.CJay ** ** ** T~tal ** Organic Data 
Gravet ", %, % Carbon ' Carbon Source 

.062 mm .062- .Ô04mm Ca'icite Dolomite 
.004 mm / .' 

""3.2 33.2 63.6 2 - 22 5 - 10 ,,/ 1 
,2'1.7 37.0 41.3 3 - 15 3 - 15 1 // 2 

/"" 
22.9 34.0 43.1 3.46+ ~ - ---1'.23+ 3 
14.9 33.1 52.0 6 -11 7-8 4' 

~ 

14.1 39.1 ' 46.8 5 - 2'() 4 - 13 
, 

5 " J 

28,0 33.9 38.1 5 - 15 7 - 15 + 0.63+ 6 3.11. 

• \ 

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 n.6 5 - 20 4 -13 

3.41+ 
9 

0.6 14.8 84.6 '\ 0.78+' 10 . 
, 6.a 38.8 54.4 5.;. 15 "J-15 

1 
11 

: .. 
~ ~, , 

13 68 19 "2.58 1.38 12 e 

.70 14 
. ~ 

16 ) .56 0.46 ·13 

" . 

5 30 - 50 50 _ Traces 5-8 3 •. 09+ + 14 2.09 ' , , 
'or 

0-10 30 - 50 40-70 Absent 5 ·3.29 + 2.79+ 15 
1.8 32.8 . 65.4 2.51+ 0 1.25+ a --16 

18.9 '58.2 22.9 Traces Traces . 3.27+ 2.4r, 17 
f / _ 

or 
Absent 

4.2 58.9 36.9 0-5 . 5·10 3.2;M' 2."4r 18 

"1 
ughout the table. i 
lvailable. i 

1 

1 , 
.~ 

1 • 
f), • i 

r 
- -----

Z ttF Z 1 
!I , 

----. ....... 1 
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contains lup to 22 per cent of cale ite and up to 15 par cent of dolom ite (Table 2). 

, The highest calcite/dolomite ratio\were obtained for sampl.,s from the eastern and central 

basins. The highest values of hoth calcite and dolomite W9re measured in samples rec~overed 
r , 

From the nearshore areas in the Ontario sector of the lake, which is underlain byMiddle and 

Lower Devonian Iimestones an~ dolomites (Fig. 1). 

, \ 
2) Sand deposits - The~ai,ds ,pccur primarily as modem beach and nearshore 

d~Posits. Sources of these deposits are eroding shore bluffs, the in situ subaqueous erosion "'" ---
of glacial deposits, and the discharge of sandy mate ria 1 From strearns. long Poin,t, Point 

aux Pins, Pelee Point, and Presque Isle (Fig. 2) are sand spits in the area d major reeent 

san'd accumulation. Submerged sand deposits are also known to accur atop the Norfolk allp 

Pelee Moraines (Sly and Lewis, 1972) where they apparently represent beach de~its of 

low-Ievel Eady Lake Erie. Other submerged sand deposits in the western basin are likely 
~ô, • 

of the same origin. Along the Ontario shOréfine, nearshore sand-sized deposits are typically 

fine to medium well-sorted san~s (Rukavina and St. Jacques, 1971; Cookley, 1972; St. 
/ 1 ~ 

Jacques a~d Rukavina, 1973; Cockley, Winter and Zeman, 1975). On the average, sand 
l , 

deposits b~come finer in an offshore direc!ion and show a decrease in sorting (an increase in 

standard 'deviation). This pattern, however, is not observed everywhere, and local facies 
! ! 

exist w)th no apparent relationship betw.n modal size and depth: 
. / 

1 Quartz, carbonates, and feldspars are the main minerâl constituents. Heavy 

mreral S'lites conto~: hornblende: hypersthene, aug,ite,· gamet, rutile, ,zircon, apatoite" 

~gnetite, and ilmenite (Herdendorf, 1~68; Coakley, 1972). In contrast w;th the texturai 

l 
l ' 

'1 
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maturity, i.e. the good sorting, the presence of metastabJe minerais, such as hornblende, 

hypersthene, and augite, indicates that the sands c:J Lake Erie are mineralogically quite<'''''''''' 

immature (Hough, 1 958) • 

, , 
3) Surficial Recent mud ~- The unit occurs primarily in the basin areas of the 

iake and it covers approximately 60 per cent of the lake bottom. Typieally, 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 masins. The mean partide diameter, generall y decreases in the 
, . 

off~hore direction, ranging From 6tol0,6(O.0l6 to 0.001 mm) in the eastem basin, 6 to 9 

P (0.016 to 0.002 mm) in the central basin, and 6to8p(0.016 to 0.004 mm) in the western 

basin (The International L9ke Erie Water Pollution Board and the International Lake OntarJo-

St. Lawrence River Water Pollution Board, 1969). 1 n severa 1 locations the un it was obse~ed 

f 

to become finer with depth (Lewis, 1966;this study, Fig. 11.1, ~ig. 11.3, and Table 12; 

Coakley, Winter and Zeman, 1975). The vertical trend obServed for the entire lake may 

reflect"an increasingly energetic bottom scouring and the consequent win'1owing of fines ''1 

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

The deposit contains occasional black specks or laminae, which 'are believed to be 

caused by bacterial reduction of su'lphates or authigenic or early diagènetic formation of 

sulphides (Sly and Lewis, 1972). The plack colou~ rapidly disappears after exposure to air .,. 

and the mud oxidizes to brown or brownish grey colour. A thin oxidized or partially 

oxidizèd crust up to several centimeters in thickne~s occurs immediateJy below the Jake 

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

-0.147 volts with the most ':1egative potential occurring at 5 cm, and the pH values range 

ij . 
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from 6.9 to 8.3 (Kemp and Lewis, 1968). I~ general, the increase in pH with c{epth 

parallels the fall in Eh values (Kemp and Lewis, 1968). In deeper porti,ons of the post-

glacial sedimentary column the Eh is consta!lt with depth remaining at about zero volts 

(Kemp, 1969). 

Il 

The top centime ter of t~e sedimentcontains on the average 2 to 3 per cent of 

organic carbon (Kemp, 1969; this study 1 Table 2). The highest concentration of organic 

carbon occurs in buried peat deposits from the western basin (Kemp, 1969). The concen-

.ration 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 r;icher in organic matter th an the mud 
) 

that oecurs in the nearshore'areas. A general inverse relationship exists between the 

organic carbon and the carbonate carbon (Kemp, 1969). In comporison 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 to-8 per cent cJ. 

dolomite (Table 2). In ail three principal basins, carbonate content increases with depth ' 
. , 

(Lewis, 1966; Kemp, 1969). 1 n the central basin, the carbonate content increases to 15 to , . 
, 

25 per cent in the lower portion of the profile (Table 12). 
" 

1 1 lite .and Fe-rich chlorite are the predominant clay minerais of the unit. 

Vermiculite', smectite, and interlayered minerais occur in minor amounts. Presence of 
, ) ~ 

kaolinite in miner amounts is 1 ikely, 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 minerais ar~ more ~eathered and they contain high~r 

. percentages ~ amorphou$ material. 

• 
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CHAPTER 3 

FIELD WORK 

3.1 Sampling 

, . ,------- ------~.~--~---- -~ ~ -

• 
:4~-2S .. 

During the 1972 offshore investigation, seven boréholes were put clown in an 

area approximately 20 sq miles (32 km 2) lar.~ (Figs. 1 and 2), located ta the so~th qnd 
• "'~I 

the southeast of Erieau, Ont. (Plate 1). The lake bottom i,\he investigated area ;5 

generally fiat, with slopes of 0.5 degree or less dipping towaÎ-d the southeast; i.e. 

toward the céntral portion of the basin. The water depth ranges from about 75 ft 

(22.9 m) in the northwest end to about 85 ft (25,.9 m) in th~ southeast ~nd of the area. 
r 

Ali sites were cored froril the drillship llNor9rt"" Chartered by Underwater Gas 
\ , -;."}. 

1 

Developers Limited, a drilling subsidairy of the Consumersl Gas Company. The 

"No'rdrill" is a modified lake freighter (Plates 2 and 3) 270 ft (82 m) long ~and 40 ft 
, 

(12.2 m) wide, equipped with a National 1-20 drilling rig, located ln the central 
~. ' 

. / 

portion of the ship. The exploraf9ry drilling for natural go; is carried out through a 15-ft 
, . 

(4.6-m) diameter weil in the ship surrounded by Ci turntable. On the drilling site, the 
- " 

turntable is anchored by four anchors (Plate 4), and the ship hastnenfreeclom to revo'lve 

about the central weil. This arrangement permits the bow of'the ship to be kept facing 

the wind and waves during stormy periods. The man...vering of the ship about the central 

weil is achieved bymeans of two outboard engines. The ship j,s not presently self­

prop~lIed, and ~s to be towed by service tugboah, w'hich also help to raile a~d set the 

anchors on a drtlling site. 

, 
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The location of the boreholes was predetermined by the location of sites selected 

Tor natural 90S exploration. The geotechnical coring always preceded the gas explorotory 

drilling, and on the average was spread over a period of about 48 hours for each borehole. 

Preliminory information on the bottom sediments within the proiect area (Lewis, 

1966) indicated the predominance of glacial and."cent fine ... grained c:ohesive sediments. ' 

Ali samplers· employed were therefore equipped with thin-wall cutters suitable for g8O­

technical coring.. Furthermore, th;' use of the drillship capable of a fixed location 
, " 

allowed an adaptation of an onshore drilling system w;th a drill string connection between 

the water surface and the bottom of the,borehole. The onshore method was c:onsidered 
. 

useful for repeated-entry sampling, particularly at greater éfepths, however, it would not 

have provided sufficient amount of samples within a 48-~ur period allocated for geo-

techn/cal coring_ It was therefore decided Jo use oc~nographic single-entry somplers to 

obtain long continous samples of the bottom sediments. - ,-

Flv. types of thln-wa/l sompè:swero usad for samPIi~g of offshore f1ne-gralned 
\ 

sediments with various degrees of success. The main features o~ these samplers are shown 

in Table 3 and Figs. 8.1 ta 8.5. Their operating principles are described below in 
'-

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

in Appendix B. 

3.2 Evaluation of Sampling Techniques 

\ 
Severa 1 considerations, taken into account for the evaluation af the five samplers 

and their operation, are listed below to provide a from" of reference for systemotic 

, 
- , 
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comparison : 
~ 

1 a) Compliance of a sampler design with existing critéria for thfn-wall 

tube samplers (Table 4) 

b) Actual quality of recovered cores as documented ,by X~radfographs anc:r 
.0, 

shear strength measure,ments 
, 

c) Capobil ity of a sampler to take cores in differ~nt sediment types 

d) Time required for sampling compared to the·length of core recovered 

1 e) Prevention of sample loss during retrieval 

f) Ease ~ sampling ~ration, the .sturdiness of a sampler 
1 

9) Type of sample containmen~ used for transportation and storage of sampI es 

*' 

3.2.1 The Alpine Free-fall ing Piston Sampler (1200 lb) 

The Alpine sampler (Appendix A.l, Fig. 8. 1) VIas used on 011 borehole sites, 

and contlnuous samples up to almast 60 ft (18.3 m) long were recovered., The obvious 

ac;:fvantage of the sampler is its ability to sample a long column of sediment in a very short 

timè. The ratio Co exceeds appreciably the recommen~d value in Table 4, thus indicating 

that the sampler is subjeèted to exçessive outside friction which impedes penetration. Mor", 

importantly, a very high value of the ratio Cs reveals tOOt cores are 1 ikely to be dist urbed 

by the build=-up of inside sk~n friction. A relatively small diameter t:I core (2.25 in;=57 mm) 

also contribu tes to core disturbance. 

The most serfous deficiency of the sampling techni~ue ~pp8aréd to, be the 

.. 
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e Table 3. Characterlstics of t hin- w('J11 samplers use~uring the 1972 borehole investigation 

1 dentification Os -Dt De .- ° Ls 
inches inches inches inc~s feet 

Alpine Freé-falling Up to 
Piston Sampler (1200 lbs.) 2.25 3.0 2.20 2.32 60 -

~\> .. 
Benthos Gravity Sampler 2.50 2.75 2.50 2.75 Up to 6 

Thin-wall Open Drivé Ov - ' ~ .. " ... -..... ,,-----~~, 1.5 and 
Sampl~r (Shelby) 4.75 5.0 4.70 5.0 5 

Christense~ Thin-wall 
.. \ 5 and 

Sleeve Sampler 3.75 4.75 3.69 3.94 30 

Osterberg 
Fixed-p iston , Sampler 2.75 3.0 2.75 3.0 2 

Definitions (s~mbols as used by Ling, 1972) 

O~ 
Os = inside diameter of barrel 

, 
and diameter of .ediment' core Ci = 

Dt :: oufside diameter of barrel 
( 

De :: inside diameter of cutter Co = c 
( 

°w = outslde diameter of cutter 

Ls ::: sampi ing length Ca = c 
( 
5 

V 

Cs = r 
t. 
~ 

(; 
\ 

~I 
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tnplers used d4rin9 the 1971. borehole Investigation 

Dt De D Ls Ci Co Ca Cs 
inches inches inb't;es feef / . 

r& JI 

t32 
Up ta 

3.0 2.20 60 .2.27 22.6 11.2 320.0 ~ 

2.75 2.50 t2.75 Up ta 6 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. " 
• J. 'r 

5 and 1;:S.:l and 
4.75 3.69 3.94 JO 1.63 17.0 14.0 96.0 

Il 

3.0 2.75 3.0 • 2 0 0 - 19.0 8.7 

meter of sediment core Ci = inside clearance ratio == Os - De x 100 
(contraIs inside friction) De 

Co = outside clearance ratio = -Dw - Dt x 100 
(contrais outside friction) 

Dt 

Ca a.rea or volume ratio 
- 2 2 

= = D - 0 
(volume of displaced 

w e x 100 

sediment dlvlded by o 2 
volume cl sample.) ·e 

.C,\ ratio of sampling length :;: L 
to inside diameter of s 

barrel Os \" 

/ ' 
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Table 4. Criteria for thtn·-wall fube sàmplers 

Characteristi c 

Inside clearance ratio, 

Ci 

\ 

1 

Outside clearance ratio, 1 
Co 

Area ratio, Ca 

Inside diameter of 
barrel, Os 

Ratio of- safe sampi ing 
length to inside diameter 
of barrel, Cs 

Angle of cutter, 
• 1 

'~,J~ , 

1 

1 

{ 

Criteria 

0-0.5 
. 0.75 - 1.5 

1.0 

o 
2 

<2 to 3 0 

13 

<10 3 

>2" (50 mm) 

" >3" (75 mm) 

<20 

<:100
1 4 _ 

preferably <SC 
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Recommended for 

short core'rs 
long cor~rs 
211 to 5" Shelby 
tubes 

cohesionless sediments 
, 

cohesive sediments 

211 She 1 by tubes 

ail sediments 

uhdisturbed sedi ment 
sampling 
samples obtained by 
pushing 

dense ta ioose cohesionless 
sediments , 
stiff to very soft cohesive 
sediments 

011 aediments 

.. 

, 
ReferE 

Rosfelde 
( 1967) 
ASTM 5 
D 1587 

, .. 
Rosfelde 
(1967) 

J 

T8lI'zagh 
(1967) 
RosfeldE 
(1967) 

Ling (l ( 

RosfeldE 
(1967) 

Rosfeld 
(1967) , 



2 

3 

4 
<fi' 

Recommended for) 

. 
short corers 
long corers 

,2" ta 5" Shelby 
tubes 

cohesionless sediments 

cohesive sediments 

2" Shelby tubes 

011 sediments 

undisturbed sediment, 
sampling 
samples obtained by 
pushing 

dense to loose cohesionless 
sediments 
stiff to very soft cohesive 
sedime'nts 

011 sediments 

,-

1 

w~_~ __ . _____________ LA_t __________ ~~ ______ _ 

, 

Reference 

Rosfeld~r.and Mmhall 
(1967) 
ASTM Standard 
01587 , , 

Rosfelder and Mars~11 
(1967) , 

T erzQgh i and Peck 
(1967) , 
Rosfelder and Marshall 
(1967) 

L~n9 (1972) 

" 

Rosfe 1 der and .v.arsha"1 ' 
(1967) 

Rosfelder and Marshall 
(1967) . 

1 

Notes 
1 

.~ 

1 Symbols defined in T abl-e, 3 i 
. ! 

2 Unless taper of cutter very sJII 

3 May be > 10 with ~ piston 
sampler or a sharp cutter 

4 •. 
Except ot cutting edge where 
~ ::: 200 'fo 300 ~lIowed to 
pr~~ent domage of cutter (Ling, 
1972) 

• Q " , . ' 
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considerable compaction of cores, the amount cl which is indicated by data given in Table , " , 
" " 

5. X-radiographs fumished evidence of differential stretching and compression of cores due 
1 

, 1 • 

to irregularly. distributed i,~side sk}n fri.ction. The plugging of .the cl/tter with ,a harder .rf~ 

se~iment material oecasionally prevented full ,recovery. The effect cl core sÎze upon core 

disturbance càn be estimated from data given in ~ 6. 

Although the sampler was found to be the m05t suitable for rapid coring of the soft 

Recent ji,ment, it was unable to penetrate a ~eavil~ oVerconsolfdated crust oecurrin,g in 

~~e ~p r portiCI! of the Pleistoc~ne sediment. . 
.----:,..-- '."', 

__ -- ~: The sampling operation overaged 30 ta 45 minutes 'per core, however up to 3 hours 
. , 

1 - ' 
were required for the assembly of the sampler. The dlsmaotUng of the sampler ~as likewise 

p , 

time-consuming. No core 1055 or j iding was observed during the process ci retrievoL T~e 

triggêring mechanism. and the piston were found to function satisfactorily throughout the 

borehole investigation.) 

Plastic liners provldèd suitable contain,ment for transportatiOn 'and storéJ~e of. samples. 

Information on bottom composition is a prerequisite for a successful coring oPeration. . ' ' 

The sampler can be bent .easily or damaged if coring,of hard bottom is attempt~d. 

\ , 

3.2.2 The 8enthao Gravlty Sam~.r <: Tht sampler (A~ndi" -:2; Fig. 8:2) was foUnd suitable for th. sampllns,of fine­

grained surficial sediments only" Previous penetration tests of the sampler in sandy sediments 
• t ' 

t '" • .. l 1 

met wlth little suècess (Sly, 1969). In comparison with the Alpine piston Jampier., the 

B8nthoS sampler gen~r~lIy pr~v~ded ~.fte~ quolity of cores due ta its shorter iength .. 
", \'1.:' 

'1 " I, • \ 
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Table 5., ec;mpac:tion of the Alpine c.ores 

80rehole No. 

Obser~ed "P'ittetrofion 1 ft, 

Length of Recovered Cote, 
ft,· . 
Perèentage Core Compaction, 

.:le .. 

13156 

54.7 

42.4 

22.5 

13160 

, '0.0 
(16.5 

17.5 

Observed Penetration - COre Length 
Â C = x 1000/0 

Observed Penetration 

Il 

o 
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\ 
\ ' 

13161 
\ 

\ 13169 

20.0 22.1 

J5.6 12.2 

22.0 44.8 

/' 
/' 

..--~ - ""'"-----

Table 6. Comparison of undrained she'or $.trerlW~ values (psf) from thJ.$Ome 
depth for tœ Alpine cores and the ~ristensen cores . 

Depth Below 
Lake 8ottom Sediment 

8oreho le No. Level, ft Type 
1 

L 

13156 42 Surficial 
Recent"Mud 

13161 12 Surficial 
Recent Mud 

13161 19 Glacio- '0-
&vstrine 

eposit 

13163 18 <Surfieial 
Recent Mud 

13163 22 Gloc,Îo- 10'-
, custrine 

Deposit 

13J94 36 Surficial 
.... Recent Mud 

't' 

Â c = Cu '(Chrittensen) .- cu. (Alpine) 
u 

Cu (Christensen) 

~ .. "0' 

" 

.' 

. , 

Àlpine 
Core 

62 

43 

1690 

40 

1270 

120 

x 1000/0 

~Percentage 
o,ristensen Shear Strength 

• 
Core \ Re,duction (Acu) 

, -
il' 

290 

119 

2185 

J35 

1065 

145 

, 
\ \ \ 

\ \ 78.6 \' , 

' 63.9 

\~.7 
\ \, , , 

\ \ ..., 
\ c 
7~.4 

\ 
\ . , 

-19~,~ \ 
\ ' 

%?\ \ 
1, 

\ 17.~'\ \ 

, .' . 

\ 

\ 
'. 

\ 
\ 

\ 

, I)~, 
\~ 
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and larger insid~ diameter (Table 3). The, stainleu steel cutter wtls not required in soft 
o 

_ mudcly sediments, an~therefore_ the" area r<:ltio, Ca' exceede~ the recommended value 

(Table 4). The'compcr~tion of the- cores wos' not measurEQ,however, published ~ata (Sly, 
o 

1 969) indicClte thot the. compaction mey range From 16 to 20 per cent in the mast compres-
~ Il , , 

~ l • ~ • 

sible lake ~ottom 'sediments. The valve system is skilfully designed ~ince it all~s free Flow 
.' L " 

of water through the samp'er during descent, and provides efficient seèlling of the sampling 

, tube during .recovery. The sampi ing operation was rQpid and easy. During shipment and 
(> 

storage cores... were contained in plastic liners. " 
", 

' ...... 

-- 1 
3.2.3 Th~ Thin-wall Open Drive $;.mpler (Shelby) 

1 

The ,sampler {Appendix A ',3, Pig. 8 ... 3) wall used QIlI y ~or the sampi ing of the first 

borehole. The Shelby sampler, though meeting ail the criteri<:s shown in Table 4 and in 0 
• 0 , 

J 1 • ... ' 1) 

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 w'ater content have the 

tenclency to flow" into and up-the casing during penetration, and the sampler consequently 
, 7 

s;sccumulates disturbed sediment materi~1 From the up'per horizons at the top of the sample. 

The lower end of the sample is'.~lso disturbed during rectlwery, a~ ft is softenedr'by ambient 

1) waler. The sample .~.lurth~r ~iecte~ to. exce~s hydro.tatic pressurt who. IhJ sampler 1. 
1, , a~e waler, which occasionaUy resulls in partial or lotal l'''':f li samPle'/'Other 

! disadval"ltages ci the Shelby sampler is its sho.rt length, relatively high cost of the steel 

" " ; 

tubing, and considerable weight of the sample encl'Osed in the farge-diametèr steel tubin~. 
• ... "1 1 

Th~ sqmpling technique was found to be. simple and only few basic rules for optimum sample 

.: 
,1 . , 

-._-~-., " . ~ 

1 

·1 

l, 

! 

1 

1 
1 
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recovery had to b~ followed. 

3.2.4 The Christensen Thin-wall Sideve Sampler 
1 

Thl sampi or (Appendix A.4, F\~. 8.4)' pro~ed 10 be super ior 10 ~II olhe~ sample" 

t~sted, notw thstanding that it cIoes not ~et 011 criteria" isteda in Table 4. The sampler 

tOVided ge,J.rally sample. of good quol~;Y, ond up 10 20-fl (6.1-m) long ";mples wure . 

Irecov~re~ w~thin a short span of time. Sampi es taken with a 30 ft (9.2-m) long barrel were 
1 

/ si ightly mor disturbed than those taken ~ith a 5-ft (1 • 5-m)1 ong barrel. The relatively large 
1 

> " • 

diameter of the core (3.75 in = 9.53 çm), reduced significantly the core disturbance ci soft 

sediments ( able 6). ' 

Th sampler has to be used with a standaràaore drilling rig, and require; there-

. '" '+ , for~ a fixed jack-op platform or an anc:hored drlll ship. ' The sampler was capable of pene-:' 

trati{lg ail hree _sediment types but it met refusai in t~e till when the bearing capacity of 

"> 

the sedime:t exceeded the weight of the full sampler and dri Il rods. The rig was not equipped 

<IV 
~, with a me hanical:?," hydraulj~ device to exert an ~~ditiona,1 drivir:lg force. 

-" 

... 
. C"wr J,y'. 

T e ratio Co for the samp~xceeds th~ 1 imits shown i~ Table 4, and it apf,ears 
, -

at a deeper penetration was impeded by the"build-up of outside skin friction. 

he sampler suffers fro!," the disadv~ntages of. open-drive samplers, and.usually 

the sample are disturbed in the manner described in Section 3.2.3. The 

tendepcy or the sample disturbance c;haracteristic of open-drive samplers was noted many 
iî) 

times thr ghout the borehole investigation, and can be readily noticed as a reduction ln 

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

" 

i 
( 

, 
< 
1 
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The operation of the sampler required no great labour of effort. The sampling 
, 0 

technique resembled that of the Shelby sampler. 

) 
3 .2 .5 Tbe Osterberg Fixed- Piston S:I mpler 

• The sampler ~Appendi~ A.5~8.5) was found suitable For the sampling of 

soft lacustrine sediments, and recovered samples were generally of very good quai ity. The' 

principal disadvantages of the sampler are the relatively short length of c.ote (Tabl,3), 

occasional sample I<:>ss, and 'more complicated operation compare~ to open-dri~e satp1ers. 
.. , " f 

1 1 

3 ,2 ,6 SU'mmary 

The conclusion d':,awn 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 emp{oyed. 
~ , 

Of the five sampling methods used, the sampl~rs causing the least disturbance were, 

in ordér; the Osterber~ piston sampler 1 the Benthos sO)tpler 1 the Chris.tensen sampler, the 
\ 

Shelby samplerl} and the Alpine piston sampler, ;; 

L • ( 

For the purpose of the investigation, whjch was carried out under time : eonstraints, 
, \ " -, 

long more èlistur&ed 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 an sedIment types occurring within 
. 

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

( . 
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. 
appreciably os a result ci the artifical compacting and the relatively smoll inside diameter 

of the sampler. The eff~ct of sampler size upon the amount of disturbonce was notëd (Table 6). 

The Benthos sampler was fo~nd to work best in very soft lacustrine sediments but the 

short length of the sampier 1 imited its use during the project. ""The Osterberg sampler and the 

Shelby sampler provided in general cores of adequate quoi ity, however short cores and time-

consuming sampling precluded their wider use during the project. In addition, th'"ese samplers 

1 proved to be least suitable for sampling of very soft surficial sediments in which cores~ were 

frequently lost. 

T~e sampling of very soft surficial sediments required the use of core retainers, othe ..... 

wise even cores obtained with piston somplers (the Alpine and Osterberg samplers) were 
, 

occasionally washed out during refrieval. 
~ . 

Plastic inside liners, used with t~e Alpine, Benthos and Christensen sampler!, greatly 

facilitated the sh;.pment and subsequent laboratory subsampling of the cores" The cores 

contained in the steel sampling tubes had to be either fitxtruded or cut with a power saw to 

sh~ter sections. Bath of these procedures were time-consuming and resulted in further core 

disturSance. Furthermore, sediments with high moisture content were found fo.oxidlze 

rapidly inside the steel tubes. The œcomposltion of organic motter and the presence of 11 

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

encountered during the X-raying of the cores. Cornpared to plastic liners, the penetration 
'" 

~ 

of steel tubes requlred higher voltage and amperage of X-rays, which resulted ln the loss of 

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

coring • 

•• 
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CHAPTER 4 

LABO RA TORY PROCEDURES 

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

Following the field sampling and coring work on eaeh borehole site, 3- to 5- ft 

(0.9- to 1 .5-m) long samples were transferred from the drillshi.,lto Erieau, Ont. in the 

. \ 
service tugboat, and then shipped in a thermally insulated box to the CCIW in Suri ington, 

Ont. for basic geotec'hnfcal testing. The sampi es were ~t<?r8d in a controlled temperature 

room at 4°C in 'arder to inhibit the decomposition of ore<;tnic' ~tter and possible swell Ing due 

to the formation of gases. Ali samples were X-rayed prior t6 testing to provide information 

on sample disturbance, depositional contacts, macrostrueture, and to hel p plan the subsequent 
, . 

laboratory programme. The use of the radiographs as a valuable aid in the study of lacustr!ne 
JI ' 

sediments is discussed below in Appendix B. Typicalty, the samples were further eut to 
" 

l-ft (0.3-m) long sections, and data were measured and recorded at this interval. In case of 
. 

the Alpine cores, the average sample length exceeds 1 ft (0.3m), as the logs had ta be 

"stretched ll to aecount for the short ening of the cores due to artifical compactlon during 

sampling. 

) , 

The laboratory programme at the CCIW was aimed at the determination cl the basic 

geotechnical properties required for the engineering appraisal of lacustrine sediments. The . . 
properties ~~mprised the nptural water content, ~he Atterberg Iimit~, the.,-total unit welght, 

and the undrained shear strength. The writer's participption ln this. programme conslsfed ln 
carrying out most of the laboratory work"on cores From 8oreholes 13156, 13160 and 13163. 

1 

. The testing of cores from the three r~ining boreholes was carrted out by members of the 
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HQGA engineering staff. 

The natural water content and the Atterberg 1 imits were measured in accordance 

with the ~tandard ASTM methods of test (stanEiards 02216 and 0423/424 respectively) . 
. 

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

precision of ± 1 g, subtracting the tore weig~t of the liner or the steel tube, and then dividing > 

the net we ight by the sample vol ume. 

-
The undrained shear strength was measured with a Wykeham-Farrance laboratory 

hand-çperated vane apparatus. The standard four-'bladed 0.5 x 0:5 - in. (12'Z-mm) vane 
1 

was used. The tests were conducted on unextruded cores with the vane axis ~rallel to th~ 

.. core axis. The undisturbed shear strength represents the first highest or any further higher 

o value obtained. For a second shearing the vane was rotated through 360 degrees, stopped, 
.. 

and re-rotatetl. The second value is referred to as the remolcled sh~ar strength. The sensi-
. 

tivity, indicating the lor ci strength ~pon so~1 disturbance, was calculated as the ratio of the 

undisturbed shear streng~ to the remolded shear strength. • -
~ 

4.2 Additional Geoteehnical Tests (at H.Q. Golder and A$soclates Ltd.) 

Thé grain size analysis, the cONol idatioh test and the trlaxial compression test 

were conducted on representative sampl.s in the HQ~A. sotl meehanics laboratory .• · The writer 

\, did not particlpate in these tests, exeept fOf' the grain size analyses, conducted at MeGi11 ' 
. 

l:Jniversity on samples from BOrehole 13163 (Figs. 11.1 and 11.2) •. 

Th~ grain -slze analyses were performed usin~ the stan'dard sleve and hydrometer 

1 • 
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. 
method. Fractions coarser than the No. 40 sieve (420 p) were determined by dry-sieving; 

, 
fractions coarser than the No. 200 sieve (74~} by wet back-sieving after the hydrometer 

test, and fractions passing the No. 200 sieve were calculated a~cording to >' " Stokes' law 

using the hydrometer readings. Methods recommended by ASTM stand,ard 0 422 were em-

ployed, including ~he use of constant temperature bath, distflled. water, sodium hexameta­

phosphate as dispersing agent, and an AST~type hydrometer. 

The one-dimenslonal consolidation tests were carrled out on 2-in. (50;8-mm) diameter 
. 

specimens with the load increment rati? of unit y • The range cl vertical consolidation 

pressures used was 0.05 to 6.0 tsf (4.8 to 574.6 kN/m2) for specimens of the surficiaf Recent 

mud, o.là to 20.0 tsf (17.2 to 1915.2 kN/m2) for specimens of the glacio-Iacustrine deposit; 

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

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

consolidated-undrained (R-type) trlaxie! compression tests were performed on 1.4-ln. 

(35.6-mm) diameter specimens ofJhe surficial Recent mud and the glaclo-Iacustrine depasit 

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

parametjtrs under' controlled drainage conditions, to compare results with laboratory sheor 

vane 'test~, and to obtain stress-strain characteristi~s of the sediments. Buc;fgetary· restric ... 

tions precluded triaxial testlng t! mare specimens, an'd therefore'the IImited test data 
, . . 

avaifable cànnot be consldered' as represent1:ative for sediments studled. 
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~rch Complementary Tests (at McG'itJ Univers'ity) 

A compl~mentary series of tests weis carried out in order to provide more information 

on the caus~s r:J geotechnical behaviour of the lacustrine sediments. Ali complementary 

tests were performed on sediment sampi es From Borehole 13163. 

The specifie gravity r:J sediment solicls was determined using the pycnometer method, . ~ . 
and foll~inh the procedures re~d by Lambe (1951). The experimental method of 

pycnometer calibration was used since it was found more reltable than theoretical computatlons. 
, 

The organic matter content was determlned using the method proposed by Schollenberger, 

which is described in detai! by Royse (1970). The method consists in the oxidation of arganic 

matter anyther oxidizable compounds (e.g. ferrous Iron or higher oXlidès of m,angonese) by 

chromic acid. Fo'lowing the oxidization, the excess çhromlc acid WCI bock titrated with a 
,7 

ferrous-ammonium sulfate solution. As recommended by Royse, the re5~lts are reported as 

total oxidizable matter and are consi c1ered an approximation of the organic matter content 

and an index of the reducing potential of the sediment. If is believed that Most of the 
. , , 

. ferrous Iron was oxidiZ6G--prior tb testing since the sampi es were initially;air dried for 
~ ~-" 

~veral days. 
~. 

The total carbon content wal measured by heating the dried sample at ab~ut 13000 C 
. . 

in thè induction fumace analyser. Since total ca~on lncludes both orsanic carboa and carbon 
? ' 

" 
. , 

in carbonates, an attempt was made to ~asure- organic carbon content in sampi es after the 

re mova 1 of carbonates by sodium acetate following the method given in Black, ~.2.!.. (1965). 

The results obtained showed a very, high scatter cauÏed probably by incomplete removal of . ' 

J 



, 
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carbonates. For this reason the results are not consldered rellable, 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 suceess by the CCIW geochemical laboratory 

(Kemp and Lewis, 1968; Thomas, 1969). 

The surface Grea was determined using the ethylene glycol retenti~R method 
. 

proposed by Bower and Goertzen (1959). Samples used in the tests were untreated with any 

chemicals but they were sieved through a 40 me~h sieve, and were oven-dried at 10Soe to 

constctnt. weight, The sieved samples' had an average weight ci 5 g. Excess ethylene glycol 

was removed in a vaé.uum desiccator containing anhydrous CaC1 2 and a free surface of 

ethylene glycol. The samples were kept under vacuum for several days till a constant weight 

(within a few tenths,ofa milligram) of retained ethylene glycol was achieved. 

The modified Penfield method (Penfield, '894) was used for the quantitative 

determinatlon of uncombined and combined water in two samples from Borehole 13163. The 

u~ of this determination was suggested to the writer and performed by Mrs. HOfska of McGili 

Univérsity. In the method, an (tir-dried sample IWOS sieved through a 40 Mesh sieve. The 

som~le (about S s) was then drled in ah oven at 117°C for 24 hour,s. The loss in weisht due 
, , 

to the uncombine-d water, expressed as percentage of the total weight, was designated as 
o' , 

! 
. H20 -..A. seeon~ ,portioh of the. sample was plaeed in a thoroughly dried,' hard glass bulb with. 

a·.1~9 stem. The bulb wes heated·to approximately 10000C for 20,min and the libe~ted 

, wat~r was condensed in the cooler portion of the stem. The stem eontaining eondènsed ,~ 

water was eut off, weighêd, igriited and·reweighed. The difference between the weights 
" ' 

of the ste,m confaining the condensed water and the stem after drying, ex.pressed as percentage 
; : .. 

• 1 
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of total welght, was designated as total H20. The differer:ace between total H20 and H2~ 

ropresents thO tourd of combinod water i. th. sample H20 +. 

The clay mineralogical composition was studied by the X-ray powder diffraction 

method. Most of the X-ray analyses wfJlte ~n on a Philips X-ray diffractornetell, however 

sorne initial analyses were obtained on a Siemens diffractometer. In addition, Prof. Quigley 

ci the University of Western Ontario provided the writer with the X-ray diffraction traces of '. 

compressed specimens (centrifuge oriented), which were analysed ?n a General Electric 
" . 

diffractometer. The X-ray patterns were obtained f6r specimens in the followlng states: 

(1) air-dried bulk fraction, finer than No. 40 sieve 

(2) naturolly-moist (never dried) clay size fraction (<: 2~) 

(3) air-dried clay-size fraction «2 JI) 

(4) air-dried fine-clay fraction (<: 1 JI) 

(5) clay-size fraction after the remoV'al of carbonates 

(6) clay-size.fractiOlÎ after the removal oLorganic matter 

(7) ethylene glycol solvated clay-size fraction 

(8) K±. saturated clay-si~ fraction 

(9) clay-size fraction tr~ted with 2N Hel 

(10) clay~size fractJon heated to 180°C, 550°C and tIJO°C 

The detaUs of .peclmen pro~rotlon technique and t\ Inatrumonta; :o»lngs "",d for the 

X-ray analyses are presented.ln Appendix,D. \ ' 
',~ . \ ' 

The scanning electron micrographs were obtalned witb Stereoscan 600, manufactured 

\ 
by Canbridge Scientific Instruments Ltd., Englan R~presentative sedlme':1t 'pecimens were 

\ 
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prepared using five samplés of the surfielal Recent mud and two sampi es of the till depO$it. 

Ali samples are From Borehole 13163. The specimens were obtained from the dilute sus~ 

ensions c:J "the bulk fractions which were ultrasonically dispersed to destroy aggregates 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-pallad'ium aHoy in a vacuum 

chamber to achieve electrical conductivity of the mounting pallet. 

The magnification used for viewing ranged From 200 x to 5,000 x. The electron 

i~. aboya magniflcatlon 5,000 x were alreody out of focu., and tharefore thl. value 
. - ~ 

had to be used as the upper limit for viewing. 
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\CHAPTER 5 . 
~~~.,.'''." .. 

:", .. ~"," 
" 

RESULTS 

5.1 Stratigraphy from Borehole Core$ 
~----------------

. ," 

~____ A detailed jnterpretation of the stratigraphy in the project area has ~en prepare~ 

{rom the visuel d~scription of the cores and the reluits of laborcstory tests deseribed below" . 
Ci 

in.this ehaet.er. S~~morized borehole dota are shown in Table'7, and,individual borehole 
> -

'Iogs are shown in Figs. 9.1 to 9.7 inclusive. The results of core examination were used for 

the fbllowing discussion cl the stratigraphie units, which con be compared to the overall 

. discussiOn of Lake Erie geology in Sections 2.4 aild 2.5. 

The lowest stratigraphie unit encountered was the brownish grey clayey silt with 

fine to c~rse gravel. This unit, T, (Fig. 7) ~ppears to represent a flan~ till deposit of the 

\ Erieau Moraine in _Boreholes 13160 and 13163. A tilt deposit of very similar texturé was 

\-- encountered in Bor~holes 13189 and 13194, where it p~obably bel~gs to a baspl till,sheet 

\ overlyin~ th. bedrock. Th. thick ..... of th. tlll unit i. quite variable, and it wa ••• tlmated 

\ from the known be~rock surface elevations that were recor~d for,eac" borehole du ring 

, \ e~PIOt:atory ~as drill ing (Table 7). The 9reot~st thickness was found at the site c:J BoI;ehole 

" 

\

13160 (93 ft = 28.3m),· and the least one at the site of Borahole 13193 (24 ft = 7.3 ml. 

The u('lit generally. decr~ose$ in thickness ln, the eastward direction away from the Erieau 

oraine. It is quite likely that the tll,! sheet is continuous across the whole investigate' 
~ -;-0:--

(; . -
raa, and that it would have been found also in Bor~'holes 13156 and 13161 ,'had they 

.... ,. '-
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Table 7. 

... 

Borehole 
No. 

13156 

13160 

13161 

13163-

l3189 

13193 

,1,3194 

. , 

------. 

Summarized b~~rehol~ ~ata 

W N 
0 1 1 0 

81 30 25 42 10 

81 53. 15 42 01 

81 37 45 42 13 

8.1 47 40 42 09 

81 35 35 42 15 

81 28 ,20 42 14 

81, 39 45 42 04-

. " 

• 1 ••• #; • 

-
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~ 

Sediment Th 
, 

SurficiaJ 
Borehole Recent 

Water Depth Length Mud 
1 1 ft . m ft m ft m 

05 83 25.3 77.4 23.6 55 16.8 

35 82 25.0 59.6 18.1 17.9 5.4 

45 81 24.7 34.8 10.6 18.0 5.5 

00 76 23.2 45.6 13.9' 19.9 6.1 

15 82 25.0 69.1 21.0 24.5 7.5 

15 81 24.7 91 .5 27.9 60.2 18. 

. to 84 25.6 100.0 30.,5 40.0 12. 

" 

, . ' 

/ 

( 



- " , 
e , 

. , -~. .... 

, 
1 

" 

-44- ,.1' 

.';), 

/ • . 1 

, 

. S~.~ment Thickness iQ_ B~ole 
, 

!' Surficiol. Glaélo-, 
Borehole Recent ~aèustriné 

Water Depth length Mud Deposit 
ft 

; m ft m Ft . m ft m . 
/ 

83 25.3 77.4 23.6 55 16:8 22.4 6.8 
, 

82 25.0 59.6 18.1 : 17.9 -5.4 
'. - ,'" , 

81 24.7 34.8 10.6 18.0 5.5 16.8 5.1 

76 ' °23.2 45.6 13.9 19.9 6.1 - -
82 25.0 69.1 21.0 24.5 7.5, 39.5- 12.0 

81 24.7 .91.5 27.9 60.2 18.3 25.8 7.9 

B4 25~6 100.0 30.5 40.0 12.2 24.5 7.5 

." 

" . 
< • 

\~: .. 

, " ., 

. -';;t. , . ~'t ' • 

" 

• 1 

". 

. .. ' 

. ' 
, , 

. 

, 

• 

Till 
DepOlit 

Ft. m 

- -• 

41.7 12.f 

- -
25.7 7.8! 

5.1 ·,l.d 
5.5 1.7 

35.5 10.8' 

... 

.. 

. 

. 
. 

) 

Overburden Th fckneu 

(Estimoted From Gas Testhole) 

l' -
ft 

1~( 
1 

111 / 
! , 

1 

100 

'99 

120 

, l10 
, 

, ' 

\ 151 

, .,. 
/ 

, 1 

/ 

m 

39.0 

33.8 

30.5 

30.2 
, . 

36~5 

33.5 

46.0 

, 

~ 
.9 

,. 

, 

. 

\\ 
,~\ 

~ 

, 

. 
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. 
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been core? t~ 9~atefdePt~s. The ~p~r part of the ~ill horizon in Borehole 13163 
l ,,_ 

l ' 

(Samples ~3 to 10-1 in Figs. 9~'1 .2"and 9 .1.3) cont~ins more of the _cl~:~~- _ " 
l ' 

fractio,:,,/and it h~ the character" of a re~orked till. The rJ ed till could have en 
d '. 1 \ ,~;r 

redeposited either by slumping or,viscoplastic floVlS in a'glaci r margin lake. As . ,.. ~ 

, 

men)ionedJn Section 2 :4.2, the till deposition is considered 0 have 'occurred dur ng the 

Port .Br~c~ Sta~ial ~bout 14,000-13,500 .y~ars ag~ (Table 1). 1 
. , 

The glacio-Iacustrine dePoslt, 'Gl, (Fig. 7) overlie~ th~ tili ln ail eholes 

with the exception of Boreholes 13160 and 13163. The max,jmum thickness of the unit is 

in the order of 40 ft (12 ~2 m) in the vicinUy of Baehole 13189 and possibly also in 

8orehole' 1'3156. The 91(J~io-lacustrine clay is typicau'y brownish grey with occasional 
, , 

varved laminations, crossbeddings, and irregular lanses. lhesa'structures occur inter-. ,. 
, . , 

mittently between zones tn which any signs, of laYering,.are' ab!ent ° Regular varve laminae 
l '". l' 

'1/16 to 1/2 in. (0.2 to 1.5 c,m) irt"t~ic;l(~eu ~ere by far the' ~t corpmon structures' \ ': 
<fr, , ' \ 1 

observed. Based on particlEt.;,size '~il~lyses, the' ~~pc>sit is CI 5ihy 'clay, containing 60 to \ 
'l, 1 4.t!t \" t 

., "":~: ,~ ,'~". ~ 1 ~ , 

80 per cent of the -2 micron"fraction {Fig,yl,l ;4')~ '" Rare' sand grQins and .pebbJes were 

observed in" so~ COr8$,o 'flhe <Jg~ of the ~p~it i$::Sti'matèd' to range be";'een 13,300 ) 

and 1;,500 ra'!." aga, ~1~9.I~hi~· d<Vlng:th~\~k. Ârkono stage and subsequeni;y 
• 1,:0 ~:IY' \ 1 1 ,.. 1 ~ , , 

forme~ lakes of the ~ckinaw Int~rst(ldiarond the Port' t-turon Stadial (Table 1). /. 

0

0 A proml~nt unc:on(o~~it~: W~5 sef,tn in most, c;i the cores between the Plelst~ene 
depostts, T and GI: a~d the, ~v~tri~ Ri'~ent ~ud, M,' (Fig.: 7). ' This unconformi~ is· 0' 

, 

mari<ed by a desiccated c~st that ~caslonally c'ontains lag sand grains'and re'ddi~h br wn 

'.-. . .... 

-/ ... , • 'C 

l 
l ' 

1" 

i ' , 

. ' 



() 

:.. 
.~ 

\ 
\, -

e 

" 

-46-

colouring characteristtc -of str\oogly oxidizing conditions. The Pleistocene deposits 

immediately below the unconformity have generolly mu'ch lower water content than the 
f 1 {.o,.. 

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

holes 13160, 13161 and 13163) where the unconFôrmilty occurs aboye el~yation 470 ft 
'1 , ~ 

(143.3 m) a.s:l. In deeper offshore cores, the unconformity' is less c9nspicuous and its 
o , 

position had to be asrertained From radiographs. ~The conspicuous desiccation of the 
N'Î < 

Pleistocene depasits a~ove elevati~n 4?_~_ f~ (143.3 ml, attributed to the suba~rioJ-~ure 

dUl'ing the low-Ievel s~9ge of Early Lake Erie, is knovin to occur in other areas qf the 

;' 
Lake Erie 'basin (Lewis, 1966). --1-- -; 

~ h . T e s~rficiaJ Recent mud occurs ~verywhe,e in the investigated area, rangin 

thickness from about 18 ft, (5.5 m) in Borehotes 13160, 13161 and 13163 ta Qbou~ 60 "t 

(18.3 m) in Borehole 13193. The new datahavabeenadded tolewis' 1966 work (F g. 6). 

The Recent mud 15 li silty cl~ with the c1ay-size fraction «2 ~) c~tituting . pically 
c : 

50 to 70 per ceint of the sediment (Figs. Il.1 and Il .3), thus ing 51 ightly c rser than 
c; j... ~ \ , ~ 

the underlying gla~to-Iacustrine deposit. The m~d Is typi,eally of h ~rie 5 Q~~ 
"" ~ --

\ " once, dark grey to grey. Mumerous black specks and the laminae of amorph 5 sul ph ides, 

~hich are s_ug~estive of re9icin~ ~tential of the sedi~nt, were seen thr hout cores. 
- l ' 

On ~xposure the sediment oxidized to brown coloÛr within severol_hours. 

lion ai organle malt+~th lime in .tored eores wa. no! studiod beyondth vlsual . 

ob,servati:~s 0; gos f 'tion:" Thi5'~ocess wa5.pa~ticulor"ly noticeable i _ ~e case of' 

c:ores taken from the' 1 dime~ toPSt~~tum:1 which contains about 3 per ce t oxJJl'hMile 

,.. t 
... q 

>~ ./ _1' 

, > 

r 

.{ 
-

-- 1 

,---""'; 

t 
J 

-
1 , 



o 

-o 

l ' , . 
4. _________ _ _4- ______ , ____ ..«-_____ ~ _____ ._ ... _______ -- ! 

, -47-

matter (Fig. 9.1.1). The decOl1Jposition of organic matter is 1 ikely accompanied wlth 
\ 

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

(Royse, 1970). 

5.2 Natural Water Content (Figs 9',1 to 9.7) 
1 

~ 

The results indicate verthigh values'of water content for the sediment at the 

Jake bottom interface, typically in exc~ss of 200 par cent dry weight. A maxi~um val ue 
'" . , ' 

of 323 per cent was measured for the bottom surface 'sediment in Borehole 13160. In the 
. J 

surfie ial Recent mud the water content decreases gradually w ith depth, reaching 55 to 80 '-
1 .a ' 

per cent at the Pleistocene erasional unconformity. The highest rdt@, of decrease occurs 
.... 

within the uppermost portion 'of the .sediment column. The values show no apparent lateral 

variation and are not related ta the thickness of thé mud deposit. 

An abrupt deçrease in the watèr content accun 'below the erosional unconformity, 

indicating the œsï'ccation due to1he subaerial ex~~re of the pleistocene sediments. 
~ , 

The sediments are heavHy desiccated in .nearshore boreholes (13160, ,1,3161, 13163) where 
, . . 

~ the unconformity is above elevation 470 ft (143.3 m~. The desiccated crust in the near-
~ , 

. ( . - " 

"shore boreholes has the water content of about 20 per ,cent (13160, 13163) in the tlll . 

deposit and about 35 per cent in the gla~io-Iacustrine d9posit (13161). The difference in .. 
, 

the two varues is probably attrr~utable to, the variation in particle stzè (Figs, 11.4 and 
,1 • . . 

11,.5), aS weil as a different consolidation history of the two Ple1stoèene deposits (Section 
c 

5.7 below). In offshore bore'holes (13156, 13189, 13193, 13194),' the unconformlty occ$. 
'(" .. .. 

"~o 

l' 

, " 
1 
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below elevati9n 470 ft (143.3 m) and the crust in fheglacio-Iacustrine deposit is much 

" .. " 
less desi,ccated. The water content in the offshore boreholes immediately b$low the", _ 

, ' 

unconformity ranges From 70 to 45 per cent. 

The woter content within the glacio-Iacustrlne deposlt decreases 51 ightly with 
, 

depth to about 25 to 3o. per cent at'the boMom of the deposit (13161, 13189, 13193, , 

13194). Within the till deposit the water content rerri9ins relativèly constant with depth 

rangJng from 20 to 25 per cent in the offshore boreholes (13189, 13193, 13194) and from 

1S to 20 par cent in the ndrshore boreholes (13160,13163). 

5.3 Atterberg Limits (Figs. 9.1 to band 10.1 to 10.3) t. 

( 

The liquid limit values rneasured on samples of the Recent mud ot ar close to the 

lake bottom interface were generally in the excess of 100 par cent. The maximum value 

obtained was 154 per cent for a sediment sample From 8orehole 13160 (Fig. 9.3.1). 'Within 
r 

the Recent mud t the liqùid limit follows a similor trend as the-woter conterft, I.e., 1t , ~ 

" 

decreasos with dëpth, the rate of dec,,!ase baing the hlghest within the uppermost 10 ft 

(3.0 m)'. I~ the nearsh~e boreholes (13160, 13163),the liquid limit decreases from the 
". . 

maxImum valu6s of the lake bOttom to about 65 per cent at the levels immediatety abQve .. 
~ 

the erosional uncOnformity. In the C!ffshore boreholes (13156, 13193, 13194)" the decrease '- , 
" 

in, the liquid 1 imit wos observed only within the upper 30 ft (9:1 m) of approxlmately 5(Ht . 

, \ 

.' (l5-m) thi~k deposit. Th~ res~lts indfcate ,that once the naturQI ~ater "'tent ~c,reaseT~~. 
1 

the val u~ tJ the 1 iquld Iimit, i. e ., when the 1 iq~ldl~ index reaches the val ua ~f 1 .0, ' . 

/ \. "-
1 1'" , 

I-~', 

/ 1 J ,f. 
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there is no further significant decrease in the' water content or the liqufd limit. The 

minimum Iiquid limit values were approximotely the sa"!è as those obtalned ln the near­

shore bore~oles, i.e., about 65 per cent. Thus, the 1 iquid 1 imit values in th)s unit appear 

to show no lateral trends and-can be alrnost everywhere posftively correlated with the 
, , 

water content. 

The plastic 1 imit of thè Recent mud shows substantially lesser dependence on depth 
1 

thon the liquid Ii'mit, rahging from about 30 per cent at the lake bottom interface to about 

25 per cent at the jottom of the deposit ~ _The plast!city index, i.e., the differenc~ 

between the 1 iquid )imit and the plastic limit, is thus boslcally contr~."ed by the IIquid 

limit values. 

\ The 1 iquid limit of the glacio-Iacustrine deposit ranges from 60 t040 par cent .. . ' 
(8oreholes 13156, 13193, 13194) and, similarly to the natural water content, it slightly 

decreases with depth. Sinc9 the liquid limit typically exceèds the naturol water content, 

the liquidity index is mostly les$ than 1.0, yarying between 0.8 and 0.2. The values of 
<' . 

plastic limlt (Boreholes 13156, 13193, 13194) vary between 25 and 20 per cent. 

The tests on the till deposit (Boreholes 13160, 13163, 13193~ 13194) Indicate 

very small vertical ~nd lateral variatio,ns in the Iiquid limit and th~ plastic lime. The,. 

IIquid IImit val ues ~ary between 30 and 25 per cent 1 )hose ,of th~ plastic limlt batween ' 

15 and 10 per cent. The Itquidity index varies typi"cally between 0.5.and 0.1, wlth 
1 _ ' 

ocC:Cilsionai higher values up to 1.0. 

, The distribution ~"ern of the results plotted on the Casagrande plasticity chart 

shows -that each secWment type forms a well-defined cluster on the chart. The results ~Ie 

.. 
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p~ for Boréhole 13163 in Fig. 10.1, Borehole 13156 in Fig. 

boreholes in Fig. 10.3. '" the plasticity chart (Fig. 10.3) ail v lue's f<:dl above an~ 

parallel to the "Ali line, indicatlng that ail three sediments con he re~d as "inorganic 

s~jfs" which probably have a similar mineralogical composition of the c'Iay-slze fraction, 

i.e., they are derived from the same geological source. According to the Unified Soil 

Classification System'(Terzaghl and Peck, 1967), the Recent mud can be classlfied as 

the silty clay of a broad range ~Igh plastlcity (the C fol group), the glacio-lacustrl'1e 

dep05it as the silty clay of medium to high plasticity (close to the boundary of the CH 

and Ct groups), and the til! deposlt as the clayey silt of low plastlclty (the CL-ML group). 

ln comparison wlth marine and frash-water sediments of comparable particle size ' 
-

distributions (e.g., data published by Harrison et 01., 1964; McClelland, 1967; and . 
.c ( 

Silva and HoU Ister 1 1973) 1 the liq~id flmit val ues determined f~ the uppermost zone of 

the Recent mud are considered to he unusumly hlgh. rhe relationship between plastielty . . . 
'and other geotechnical properties Is discussed in Section 6.1 below. The reseorch Into .. 

the causes of high plasticity is clescribed ln Section 6.2. 

'\.. 

5.4 Total Unit Weight (Fies. 9.1 to 9.7) 

Values o~ total unit welght are requlred for the calcul,otton of total and effectfve 

overb~rclen pressures at a partfcular depth, The results indicate that the variation in this 

parametèr Is prineipally'tnversely reJated to the natural woter content, and to a lesser . 

, de;ree inftuenced by the. specifie gravlty of sediment partieles that Increases wlth depth . ~ 

... 

1 
·1 
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From 2.64 t002.75 (Figs. 9.1.1 and 9.1.3). The total unit w;;ght of the Recent mud 
, 

ranges from 70 t6 100 pd (1 .12 to 1.60 g/cm3), that ~f the glaclo-Iacustrine deposlt 
, . 

d " 

from·l00 to 115 pd (l.t:IJ to 1.64 g/cm3), and that of the till deposlt From 110 to 135 pcf 
(" 

(1 • 7~ to 2. 16 91 cm3). 

, 1 Thlft,unit welght of the Recent mud compares weil with the range of 78 to 94 pcf 
1 

1 . 

*t (;1.25 to 1.51 g/cm3)' reported by Keller (1969) for the upper few feet of sediments From 

t~e North Pacif!c Basin. The ~alues for the glacio-Iacustrfne deposft can he compared 

-J,Ilth the range of 114 to 116 pcf (1 .83 to 1 .86 g/cm3) reported by Soderman et al. (1960) 
1 --+, on'~r lacusl,in. clays in the Lok!, SI. CI~I, regian. The till value. are comparable 

to the range of 120 to 134 pcf (1 .92 to 2. 15 g/cIl'3) reported by Soderman et al.' (o1960) 
1 : --

/for the Lake St. Clair ~nshore tills. 

1 1. 

'\ 1 

\j ~~ 
\{I\ 5. 5 Undrained Shear Strength from-Laboratory Vane-Tests (Figs or 9. l,to 9.7) .' 

. \ \ • The Reë.nt mud 10 generally of very ,dt ~.I.tency, 1 ••• , Ih undralned ohe .. 

stre~th cIoes not exceed 250 psf (12.0 kN/m2). At the water-sediment Interface the 

shear ~ength is in the order oF 25 psf (1 .2 kN/m2). Below th~ interfc;1ce, the shear 
, 

• "Strength ,hows only a sllght tendency to Increase wlth depth, reflectlng the underconsoli-

dated state of the sediment. The thtckness of the underconsoltdated' topstratum Is apprOX'" 

imately 10 ft (3.0 m) ln the nearshore boreholes (13160, 13161,~1'3163), 12 ft (3.7 m) in 
1 

, , ' 

Borehole 13189, and,15 ft (4.6 m) in 8oreholes 13156, 13193 an~ 13194. The u,ndercon-
1 

solldated topstràtum coipcldes wlth the section of the 'sediment 'rofile ln whlch the 

1 
1 
1 < 

! 

.... 
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1 iquidlty index exceeds unit y • The approximately 1 inear trend of the shear strength versus 
~ 

depth below the' topstratum indicates a normatly consol idated sediment with the liquidlty 

index close to unity. Several zones of higher shear strength, which depart from the 

expected 1 inear trend, occur in the lower section of the Recent mud profile (Figs. 9.3. l, 

'9.6.1 and 9.7.1). The possibility of an'Increase in the shear strength due to a nat~ral 

interparticle cementation is discussed in Section 6.3 below. At the contact with the 

Pleistocene deposit the Recent mud reaches the value of about 200 psf (9.6 kN/m2). The 

sensltivity of the Recent mud generally Increases wlth depth From about 2 to about 4, and 

occasionally values as high as 8 were obtatned. The relationships of the undrained shear 

strength of the Recent mud to the effective overburden pressure and the plasticity are 

discussed in Section 6.1 . 

The consistency of the glacio-lacustrlne deposit ia soft to stiff with,the undrdined 
. . 

shear strength values ranging from 200 to 2000 psf (9.6 to 95.8 kN/m2). The mOximum-
$~ 

} '",' . 
f val ues were measured on samples From a ~-ft (O. 9-m) thick desiccated crust occuring at 

elevations 474 to 471 f.t (144.5 to 143.6 m) in the nearshore borehole 13161. Below this 

crust the average sh~ar strength is ~bout 1200 psf (57.5 kN/m2). In the offshore boreholes 

(13l56, 13189,J3193, 131~4y~ a ,genera~ly softersediment was encountered, and the 
. 

maximum value of 1420 psf (68.0 kN/m2) was measured on a sample' at elevation 448 ft 
! 

(136.5 m) in Borehole 13194. The data from 011 bÇ>reholes indicate:. a poslti,ve correlation 

between the shear strength and the water content, and no obvious reJatlonshrp between 
, 

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



-~ 

Boreholes 13161 and 13189, and shows a reve~ trend ln Boreholes 13193 and 13194. The 

sensitivity of the glacio-Iacustrine deposit ranges From about 4 to 10, with the QVerage of 

about 7. 
1 

The till deposlt shows a similar variation in the measured values d shear strength 

but'the valOes are generaUy'higher, especially towards the bottom of the bO.reholes. The 
. 

values range From 400 to 2600 psf (19.2 to 124.5 kN/m2), and the deposi~ can_he class'i-

fied as of soft to very stiff consistency. The sensitivity of the till deposit ranges From 

about 3 to about 10. 

5.6 Grain Sim Analysis (Figs 11.1 to 11 .5, Table 2) 

The grain size distribution ci the Recent mud is relatively uniform throughout the 

sedfment profile wlth a clay content (Iess than 2 microns) ranging From 50 to 65 per cent. 
o , 

The cumulative distribution curves (Figs. ~ 1 • 1 and 11 .3) indicate a possible sllght i~crease 

ln the content of clay-slze particles wlth depth. This trend has been confirmed by a 
"', 

detalled grain size analysls of the sediment in core 13194 (Anderson, 1975). 
. -

~ () The lower threshold for hydrometer determlnation Is aboJ.. 1 micron, and" the re-

fore, by this- method it is not possible to establish whether any appreciable change with 

depth occursirrthe finest clay fraction. The re~ults of eleetron microscopy (Section 5~ 15), 
, , 

glycol r,tention tests (Section 5.12), and X-ray diffraction analyses (Section 5.14) indlcate . 
that very fine poorly clystalline material shows a reverse trend compared to crystaillne 

clay-slze pert ides; 1. e., an inconsplcuous but consistent de'crease wlth depth. 
, . 

. '< .. 



o 

o 

'.. ." - \ . 
The results of grain size analyses of the glaci~lacustrine deposit ind:icate that the 

\ 

, . 
deposit is somewhat ftner than the 'overlying Recent mud. As ~hown in Fig. '11.4, the 

glacio-Iacustrine ,ieposit contai~s on the avetage 60 ~o 80 per cent of partieles finer than 

2 microns. 

. -

\ 

\ 
\ 

., .... , The till deposit (Figs. 11.2 and 11.5) conta'!')s up to 30 per cent of sand and 

grave 1 , approximately 40 par cent silt, and 30 per cent claY. The ma)(i~um grav41 slze 

is about 2 in,_ (S cm)_ 

The grain si~nalyses a~e in general agreement wlth data publ ished by Lew,is, 

1966 (T.able 2) • 

5.7 Consolidation Test (Figs. 12.1 to-12.3) 

Five consolidation tests we", 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) o! the sediment and the sâmples were trfmmed 

From the Alpine cores. These sampi es were almost too soft to be tested in a consolid~ 

1, ";eter 1 and the test rèsults show the Infl/Je~ce ,of SQmpltng:dish~!'ban~e. The compression 

portions of the void ratio vetlSUS log pressure (e-Iog p) curves are steep and almost,/inear 
#' 

at low consolidatlon Pressures, indieat,lng a very high compre.sibllity.· The compression 
" ~.-

index, Cc' f.e. j "the slope of the field consolidation Une of ~he e-I09' p 2urve".ranges 
ri ~ ~.r 

between 1~.55 and 1 :15. The Cc values éJre v~rx htgh in cqmparison.wlth the empi!ical 
, 

relationshtps for normally_ consoHdélted clays (Terzaghf and ~.ck, 1967; "McCleOand, 1967)., .. 
...... , 

• 

, , 
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The comrnonly used method (Casagrande, 1936) of determining the preconsolidation 

pressure, P ,i.e., the pressure under whfch the sediment has been consolidated during 
c ~ 

its depositional h istory, gives uncertain results and, therefat;e, anly a range of probable 
u ' 

\ 

values is shown in Fig. 12.1. In the case of Samples 4-2 and 5-1, the compression ' 

portions, of the e-Iog p graph are virtually straight lines, and the P~ values cannot be 

determined. The fifth sample (21-1) represents the ~diment 6.2 ft (1.9 m) above the 

contact with the glacio-Iacustrine dep~it and the sample was trimmed from the 
, 

Christensen core. A m'ore regular e-Iog p curve wcs obtained, however the determination 

of Pc is still uncertain. The compression index 0.63 compares wefl·with ~he publlshed 

data for normally consolidated c1ays (Fig~ 15.4). 

The test !=IOta indicate that Samples 4-3 and 21-1 'are normally c'~solidated, ", 
.' 

whil. Sampi. 2-2 appean to be ov.rca~aUdal.d by 0.085 la 0.7{8o+-rO-35.0" 

'kN/m2). Sinée the sediment at this depth has a shear strength 'Of a~f (1.2 
, --

kN/~) and the water c'ontent of 130 per cent, the apparent overconsol idation j.s 

probably caused by the volumetrie deformation qf the sample prior to testing_ Jt is of 

;nterest to note, however, that Richards and Hamilton (1967) attributed the apparent 

overconsolidation oi marine sediments found ~t the depths of 0.5 to 1 m below tn: bottom 

to a "chemicàl, ceme~t-tike, intergrain bonding" due to possible "solution and ,redepost­

tion of silica, calcium carbonate, iron or manganese ll
• On the basis of the Cc values and 

their comparison with publ ished data (Fig. 15.4), the test results indicate the 'Lnderconsol i-
~ , 

datlon"of.the "topstratum (Sampi es 2-2, 4-2, 4-3 and 5-1) and the normal consolidation of 

- 1 
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~" 

the underlying sediment (Sample 21-1). This conclusion is in agreement with the Interpre-
o , 

tation oF the s,hear strength r,esults given !n Section 5.5!. 
. ' 

The vatues cl the coefficient of consolidation, Cv' were fpund to vary from 

8xl0-4 to 7xlQ""5 cm2/sec/ and remained approximately cO(lstant during the t~sts. The 

res~lts obtained fall,. within the range of d$ givan by Terzaghi and Peck (1967) for clays • 

of high plasticity. 
, 

Four eonsol idation tests were earried out on the glacio-Iacustri,ne deposit, two 

on the samples from Borehotes 13189 above elevatio~ 440 ft (134.1 m), anitw'o on t'he 

sa,mples From Borehole 13193 below elevation MO ft (134.1 m). The results of the tests '. 
are shown in Fig. 12.2. The glacio-Iacustrine deposit io Borehole 131,89 is overconso~i-

~ 

dated by 1.28 tsf (122.6 kN/rn2) in the case cl Sample 8-'1, by 1.57 tsf (150.3 kN/m2) 

in the ease of Sample 12-1. The results on Sampi es 26-2 and 260-4 from 8or~hole ~ 3193 

suggest that,the deposit below elévation 440 ft (134.1 m) is normally or near 'normally , 
~ • 0 .. 

consolidated. The comprèssion index was found to..range bet~en 0.45 and 0.65, 'with' thé 
~ ~ ~ ... 

average value of about 0.5. Once agaJn, these values apPear to be hig" in" compàrison 
t 1 

'-.. 
with th~ compressibilit}t oF an average clay with-meâiu~ to high plasticity. 

, The c~ffic ient oF consol idation val ues ronge From 2x 10-3 to 3x 10-4 cm2 /sè~. 

The minimum values, indie~ting the maximum times requirecJ to reach '100 per cent consoli-
, • "'t, 

datio~, 'were obtained for con~lldation pressures From 2 to 3 tsf (191 .5 to 287.3 kN/m2). 

Four sampi es of the till deposit were tes'ted (Fig. 12.3); three samples from 

Bon,hole 13160 located ab ove elevation 440 ft (134.1 ml, and one "sample From Borehole' 

• 

l, 
1 
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1318910cQted be,~oV! elevation 440 ft (l34.l ln). 'Ali samples are ov~rconsolidated: .l'he 
, 

preconsol idotion pressure in excess of the present effective overburden pressure ranges from 
- , ~ j 

1 .74 to 4.05 tsf (166.~ to 387.8 ,kN/m2). The compression' index varies From 0.20 to 0',11 • 

The coefficient of consolidation "vari~s .From 5 x 10-$ to 4 'x 10-3 cm
2
/sec" and the ~alues 

generally increase with incrèasing consol idation pressure. 

It is concludéd that the consolidation' test results in general cenfirm the Late 
D 

Wisconsin ancl postglacial depositional history of Lake Erie descrlbed above in Section 

2.4.2 and rummarized' in Table 1. 

- , 
-': 5.8:~'-· TriaxicÙ Compression Test (Fig. 9.2.2) .r . 

. \ 
\ 

) 
) 

\. ,", 
.. ~ . ' \ 

The undroined shear strength results from the unconsolidatecf.:undrained (Qo.type) 
• ,. " .. ~ 1 .. ~'~ .,.;.. ," " \ . ,- \ 

triaxial cQ.mpression t~sts ar~ in v~~ good a~reemen~ with. the' 1aboratory va~J~. ~elt\ 

described in Section 5.5. Th~ ~ndrciined shé'ar strength of the Rece.nt mud ranges fr,24O 

fo 30~ psf (11.5 to 14.4 kN/m2). The undrained shear strength of the gla~io-Ia~ustri~ 1 
. . - \ 

deposit is 41 0 p$~ (19.6 kN/m2). The unconsolidated samples of both the Reaent mud. an~ 

the. glaele>-Iacustrlne dopo,l; falled by pI,astle doforma/ion of th. ';'mF>le .~e. A'da~.ira i~. 1 
,- \ ~ 

at faihire varied from 4 to 7 per cent. 
f' • 

ln the two cQl"lsol idated-undrained (R-type) triaxi91 compression' .t6sts, the samples 
• 

were first consolidated under the compute d value~ of effective overDurœn pressure and 

then iheared under undra(ned conditions by applying thè axial I~~. The resultl'flg un-

. V 2· 0 drained shear strength values are 710 psf (34.0 kN m ) for the Recent mud and 800 ~ 

1 
1 

1\ l 
,1 '. i' 
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(38.3 kN/m3) for the glacio-Iacustrine deposit, i.e. the r~sults are approximately twtce as 
, ' ," 

high as those obtained from the Q-type te~ts. The consolidated sample of the Recent mud 
, 0 

failed along a 45-dt!gree fa il ure plane in the upper half of the sample, and the consolidated 
~ 

sample of the glacio-Iacustrine deposit failed ot the midheight of the semple by shear failure 

··along two 30 to 45-degree conjugate shear planes and some hesrizontal shearing within the 

finer-grained dar~ laminations • .The samples failed at axial strains of 3 to 5 per cent. 0 

The difference in undraine..d shear strength values is obviously primarily a function of 

the,festing rnethod applied. The considerably higher values ôbtained in the R-ty'pe tests 

> are attributable to the ,following causes: 

(1) The sediment samples do' not behave as elastic materials and thus the 

consol idation to in situ stresses results probably in a lower voie{ ratiô' 
-- 1'\.,,? 

and a lower water content compared to in ~ c~nditions. " 

(2) The ratio of in situ lateral effective str~sses to vertical effective stresses, 

termed the coefficient of ea rth pressure at rest, Ko, is less than, unity. 
1 

, , 

the ratio is known to vary froln 0.7 to 0.35 for saturated sedir,nents 

, ' 

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

'equaLall-round pressure exc~eds the values of laterdl effective stresses 

occurring in the natural st rata • 

For the above reasons, the R-type test valuei,are believed to overestimate the..!!! situ 

-~ undrai~ed shear strength, which would be, measured in a fle-Id vane test. A pertinent , 

, . 
~:discussion dealing with the influence of a testing methoq uport undrain~d shear strength 

results V/as published by Kenney (1968). 
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5.9 Seecific Gravit y (Fig~-. 9:h 1 ondij9 .l~(~) 
>'. -

{,J • , i ,<II '''' 

The specifie grovity results *'btoined."on sampi es' from Sorehole 13163 AS~W a consistent 
~ ~,. ~ :' -

. increa~e in measured value~ with depth, rangÎng from 2.64 at the water-sediment interface' 
\ l , 

te 2.75 at 42 ft (1~.8~) below foke bottom. The inbr~se with d~pth i,s Inore pronouneed 
a 

in the Recent mud thon in the till deposit. The variation' in mea$~red vdfues con be princi .. 

pally oecounted for by: 
,0 

(1) . The decrease in organic môtter with depth, in particulor within the 
1. _ _ 

Recent mud (Section 5.10 below). 

(2) The higher ~rcentage of calcite {specifie gravfty 2.71).ond dolomite 

(s~~cific g!avity 2.65) near the base of the R~cent ~ud ~nd in the till 

deposit (Section 5.11 beJow). 
, . --, -

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

The oxidizable matter content of the Recent mud in Sorehole 13163 decreases with 
• - 1 

, 

depth From ~.4 per cent ot the woter-sediment interface to 1.0 per cent close to the 

Plei$toee~e unoonfo~ify. The latter relatively low value indicates strol'l9 oxidation of t~e 

sediment Jmmediately obove the IJnconformity (Section 5.1). 

Within the Pleistocene deposit, the oxidizable matter content remains 

\ ~ 
practically oonstant, ranging from 2.0 to 2 .. 2 pet _cent, i.e. it is slightly higher than the 

.~, . 
minimum content in the mud .. Using,the conv~rsron coefficient of 1.72 (Kemp and Lewis, 

1968), the values èorrespond to 1.23 ptr cent organic carbon (Table 2). The values are 
1\.. • ! . , . 

slightl y higher thon those obtalned for a Iodgmen~ tllJ deposit, aIle probobly Port Bruce, 
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From the P~int Pelee 5 al area (Coakley, Winfer, and Zeman, 1975). 

Two sampI es w re prepared fOr each detemtinatfon to check the reproducibilit 
~, 

measured vdlues.-~The reproducibility wa$. found to be about.:T.4 per cent of the mean lue. 
~ , , ' 

Comparee! to thÇCh~i tensen core samples taken at comparable-depths, the Alpine core _ 0 

Samples gove values a proximately 0.5 p-er cent lower. The difference is probably ca sed 

by more rapid oxidati n of the Alpine cores during the sample sforage periode 

-\ 
5.11 Tot 1 Carbon ConteQ) (Fi s. 9.1.'1 anet 9.1.3) 

The amount 0 fotol corbon in th~ Recent mud in Boreholè 13163 décreos8s within 

the uppermost 5 ft (1.5 m) of the sediment, below which it was generally found fo increose 

with depth as expec ed. Most \ likely the dec'fease with depth in the upper zone can bê 
.<> 1 ~ 

. attr,buted te the sh rp ... ?ecrease in organic carbon. The maximum carbon valué obtained 

~ 

0 

, . 
l' • 

" ' 

was 3.8 per cent4r weight at the base of the unit. 

Within the tOit 1eposit, the values remei., faiay constant with depth, ranging from 
..' " ... l r, ~ 1 a G 

A . ~ .... ,.>0 

~.4 te 3.8 per ~e!'t dry ~ei9ht. Two separate tamples were'Pt~pared for each determination~, 
,. ~ \ li + 

and the reproducibj it>, wcs round to be about'.\. 3 per cènt of.the mean value. 
(f;1 • \ 

, 0 , 
',' 
; n 

(J - )~ 
, 

5.12 

• ft The resu',ts r~ repo~~ed in ~g of ret~i~ed\ ethylene glYQ)1 p~r gram .of oven.:drièd 

sed imen', ~~ as ,s .fa;,. .r~ va'lues cal culat~ ~,,~e equatlo'n (ec;wer and Goorlz.ri, 1959). 
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A = WI (ws X O~OO031) . 
'. 

(1) , 

. ' 2 
wh,e A::;: surface area in m j 9 

1 

1 
J 

~ Wg ='weight of retained ethylene glycol 

Ws ;;: weight oF an oven-<MecI sample 
t 

" J 

0.00031 = the Dyal-Hendricks constant 

,it 0 

The results o~tained on the sp cimens of the,4tecent flIud ra~ge F.rom 87 to 62 m2jg 

(27.0 te 17.2 mWg). There appears be only a slight decrease i'n. surface area with depth 

and quite Cl high scatter in measured v lues. The surface area values of the tiU deposit 
~ , 

range From 51 to 38 m2jg (16.0 to 11.~ mWg). ...., 
b- ' ~--o'? .' - ..-

- The s~rface area -Value?ar~ gert1rally significantly lower than those reported for the 

-2 mi~ron fractions by Soderman a,J\<?~gley (196?) and ~arkentin (19720). Th'e relatively 

low values rnOst probably re~ult l'On; the use .f bulk samples (--40 m~h) rather than the -2 
micron fractions in the presènt, i vesti~tion_. 

. , 

'. 

. ' h~ ,results of the test (rab~~ ,8) indicate a ~ighe~ water retentton capacity of the 

\ .. 

Recent mud ~~pared to the tllJt deposlt, and ,thus they o~ear to have bearing on the 

• r me~sured"asti~'-difference ~~een the ~ depOstts~ T~ re$ults indtcate that even after 

ove~ drying"to 11 te ~h":pia~tf~it~ s~rficlal Re~~t muel adsorbs or co~blnes ~ith 
appreciably hi~h';" amOunt o~ the, lo"':plGatlclty 1111. ,'As doscrlbed 'In .s.ci'a~ 5.14 

be'ow, it was decided to study whether the fferent wat .. r retentfon ~pàcltles ~f 

"-, , " :: "-
r.:' 

. -
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e ~, high-:plasticityand low-plasticity c'ays oquld be correlated with their mineralogical 

, oomposl;:::enfleld_tostéfemonstrates the unrellability ~f ci bumlng m.t~d sam.limes 
E ______ ~-
l __ ~ ________ ~ 

" employed in soil mecha"nics for the determination of organic matter·i:ont~nt. According to 
) 

this methoJ~ ail water designated as H20 + 'in Table 8 would be incJud"ed into organic matter. 

0 

/" 
~~ 

/ ,f 

o 

/ 
Table 8. àuantitative dete~ination of uncombin~ and combW<ed water in air-dried 

semples, 8ore~Je 13163-r_and its correlation with ~~~ticity 
~ ~ , 

~mple No. ' . .- 1 - 2 12 - r 
Sediment Type Surficial Recent Muel Till 

·W 
% total weight 

H20 .. (ot 11i' C for 24 hrs) 0.80 0.87 " 
"- • 

H20 + (to l000
0

C for 20 min) 4.02 2.76 

% dry weight 
WI (natur:al mo,isture) 96.2 27.1 

WI (air-dried) 58.7 30.8 

Pl (naturel moisture) 29.8 
~ dry weight 

17.7 

Pl (eir-dried) 26.8 17.8 

(naturel moi;ture) 
% ,dry weight 

Ip 66.4 9.4 

,Ip (eir-dried) 31.9 13.0 
, , 

ll', 

, r 

Q 1 
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5.14 X-ray Powder Diffraction Analysis' \ 
\ 
\ 

5.14.1 Bulk Specimens . J ' 
ln the first series of tests, specimens were prepared fro bulk samples of the 

, 1 

""'Iment lractlon flner thon t. 40,ieve. The anal)' ... were +n in the .canning rang. 

of 2
0 

to 480 2 Q , and theyare !e-drawn for the range of 'P to124° 2 9 in Fig. 13.1. As 
. \, 

expected, the diffraction traced showed high background scatte~ and promin~nt peaks for 
1 

, , 

\ 

non,:",clay minerais. Among these, the most conspi9uous peaks <",t shown in Fig. 13.1)'were ':" 

o 

J 
t 

t 
t 

.' 

/' 
t 

t 
t 

.' 

. . 

noted for quartz at 3.34 A (101) and at'4.25 ~ (100); dolomite at 2.88 ~ (1~); c 

0' 0: 

plagioclase at 3.20 A (002); and 'relatively weak ~eak for orthoclase at 3.22 Ai "(002). 
l' 

No substantial difference ln clay mineralogy was observed between samples of'high-

plasticity ~nd low-plasticity days. As shown in Fig .. '13.1, the traces show easily 

. dl,tlng.~is~le p:",ks for th. flnt-order a.nd hlgher-order basal rellections 01 iIIlte, 

chlorite and possibly kQOfinlte. "\; 

5.14.2 ,Clay-Size «2..,) Fraction, .Untreated Specimens 

ln the second series of analysis, the sediment fraction flner thon 2 microns was 
" . , 

exainined. Representative diffraction curves are presented in Fig. 13.2. Fractionation 

reduced considerably th~ background scatter as weil as the Intensfties of non-clay minerai 
, ' 

reflections. The specimens of the lurflclal mud (Sample 1-1) appear to be quite different 
1 1 . 

fl.'Om the specimens of reworked tUI and tlll (Samples '8-5 and 12-1 respectJvely). The 
,1 ô / • 

surflctal mud appears to be weath~red ~s lndlc:a!ed by generall~r refl~cttons of 
1 ~/ 

,j 
1 -. . 

'-
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chlorite and lUite peaks (especiâl/y noticeable is the variation fo~ the 7 ~ peak). The 

difference between the diffraction traces QOn be possibly accounted for by the partIal 

disruption of the crystalline structure as weil as the presence of amorphous material in 
).. 

the surficial mud. Furthermore, the low-angle (2 Q '= 4
0 

-: 6°) traces of surficial mud 

indfcate the presence of a swelling minerai and mixed-Iayer minerais, the abundance of 
- -----4. \ 

which was found to decrease with depth. Thisfrnding is oonsidered Important nir the 

correct Interpretation of the plasticity results. 

5.14.3 Ultraflne {<1 ..,fFraction, Untreated Specimens 

The untreated ultraflne fraction of three representatlve ~mples ( 

12-1'; 8oreho:le" 13163) was further studied. No signiflcant change was ° 

traè:es showed that the ma~erial finer thon one micron was pr~~lnahtly ys ta iii ne and 
. ' \ i 
of the sal'l1e mineralogical composition. The peaks of the ultrafln~ frac:tfo were b~~ader 

\ 
and lower thon those of the clay-size fraction, whlch Is in accordarlC:e wh a generally 

,1 

observed relationship between partic.le slze and peak fntensltf~s (Carver, 1 71) •. 

o 

5.14.4 Elfect of Chemical Pretreatment 
- --~ ~~-- - ----------;;-~ 

Several recommended pretreatments (Black et al., 1965; ,Gillot, 196 ) Wére tested ln 
> .- - ~""... l' 

Ord;Lto reduce,backgmund~r and poSllbly revealoome "ew ~eaks. 'Th effect wa. 

slU<! ~ on Ihe t~ree sampi .. who ... dllfroc:tometer tmces for untreated ,'hl~eni are shown l.. 
ln '111g •. 13.2. t' , " 

" 

1 (_" 1 

" 
, ' 

" 
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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 
< 1 

ppreciable change occurred after th;s treatment except for a total destruction of the , 
00-

alcite peak at 3.04 A. The dolomite peak at 2.88 A remained compl etel y unaffected. 

an alternative method (~rewer, 1964), carbonates ~ere removed by dilute hydrochtoric 
\ ~ , ... ' 

cid, and the suspension as then filtered through a ;Buchner funnel and flocculated 
, .'? ' 0' .' 

Ith sodium chloride. This method destroyed completely the 3.04 A cqlcite peak, lowered 
o , 

t e intensity of 2.88 A dol mite peak, and it had no effect on the peaks pertaining fo 
, 

c ay minerais. 

Organic matter wa r.emoved b)' treatment with hydrogen peroxide (Black et al., 
, -~-

1 5), using the same sam les which remained after the removal,of carbonates by sodium' 

oc tate. No conspicuous change in diffracfometer, trac.es was observed, however a low­
o 

sity p~k at 17.33 A (smectite) became more distinct for Sample 1-1 after thts treatment. 

The removal of a rphous or poor'y crystalline lion and aluminum hydrous oxides' 

t attempted. A clt ate-dithionite extraction method (Mehra and Jacksol1, 1958) was 
, " 

another study'on several samples from Lake Ontario, Lake Erie, and Lake St. Clair -

(Mudroc and Zeman, 19 5). The citrate-dithionlte, extraction caused an effective 
, 1 

dispersal 0 clay";;:'rticle, changed so}TIe.chlorlte to 'vermiculite and decreased th~ QOntent 

of amorphous r poorl)' cr talUzed compOnents. A ~dium citrate extraction of the 
1 • l ' . 

Pc*t Talbot 1 9 en clay Quigle)' and Dreimanis, 1972) likewise did not result Jn any 
J' • 

" , 

slgnfflcant mmera ogJca change whlch"would h~y~1 indlcated extensive complexing of 

alumil1um and Iron n 

J li \ 
.; 

'1 , 



1 0" """' .. ~IfVMill:'f41!111')"~w;:~.~!il!II; ••• ,. .. _1 ........ , ... _ ..... _, ... 1'!Ci_. ______ • __ .-' .. !,_"' ____ ~.., _____ ......._.. __ ·..._. ______ --'--.....-- -~ - ~ 

o ... , 

o 

. - 66-

5.14.5 Effect of Air Drying 

The air drying of the surficial mud specime~s caused i:I marked collapse of the 
" 

low-angle peakS:(2 9 = ':P - 6°) pertaining ta ~ec~ite and interl~yered minerais. I~ the 

case of the tif! deposit, however, this effect w~s much less pronounced (Fig- 13.3). The 

.inte'nsities of low-angle peaks were Investigated in a series of tests run on specimens , 
j 

X-rayad during different moisture conditions (Fig. 13.4). The ratios of the low-angle 

peaks ( 2 9 = 4° - Ef) to the il/itic peak (2 e = ~ - 11°) confirm the deèreasing a~undance 

of swelling and randomly interstràtified min~rals in the sedim~nt column with depth, and 

they further indicate only partial expansion of the swelling and interstratlfied mineraIs 

after rewetting~ A smUar ,behoviour was reported for weathe~ed clays at Sar!lia, Ontario, 

which cohtains 15 per cent swelling clay mineraI, (Quigley and Ogunbadejo, 1973). 

Changes, in clay mineralogy during the air-dryingprocess exp1wn the plasticity 
.. e 

results obtained for moist and air dried s,ediment samples (Fig., 14.1 and, \4.2). While 

pronounced decrease in the IIquid Hmlt occurred upon air dryfng of the surficfal mud, the 

plasticlty of the tnl deposit rema/ned unehanged. Further tests (Mudroch and Zeman, 1975) 

indléate that decrease in plasticlty upon air drying occurs olso in the case of Lake Ontario 
, 

and Lake St. Clair postgJacial surficial sediments • . , 

5.14.6 Effect of, GIYcO'ation, Potassium Saturation« cand Furnaee Heating 

As shown ln Fig. 13.3, glyoolatlon of the surfielal !"ud specimens caused ah 
o 0 

e )ÇJ)CInston of basal spaelngs from 14 A to about 20 A eharact.,rlstlc for svtelling and , ' 

Interlayered minerais, and the diffraetogram traces resembled generally those of the wet . 

1 
',c 

. ' 

, , 

l ' 

1 
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0, ' 
specimens. A dlsti nct peak at 17.7 A WQS notecf on several traces (Sample 1-2, 

Fig. 13.3) of the surficial mud specimens. In contrast, only inconspicuous increase in the 
) , 

background at low angles of 2 9 (4
0 

to 8
0 

) was observed in the case of the till 

specimens (Fig. 13.3) ànd the glacio-Iacustri ne specimens (Mudroch and Zeman, 1975). 
1 • 

o 
The 14 A peak, which was found present in ail sp~cfmens tested, could have been 

attributed Jo the basal reflection of vermlculite (002) as weil as that of chlorite (001). It 

+ - 0 
was therefore tested to see whether the K -saturation would eontract the 14 A peak ta 

o 
10 A peak of ilUte (Black !,t .!:!.'., 1965). The homoionizing procedure (Black, !ot ~I., 1965) 

was follôwed, using 1 N solution of KCl, centrifuge decantation, and subsequ~nt washing 

wlth 50 per cent ~nd 95 per cent methanol. The results shown in Fig. 13. ,5 indicatei 
~ r 

, 0 
collapse of 011 swelling minerais, with,practical'y no change in the intensity of the 14 A . / 

o 
peak. Therefore the 14 A rèfJectlon is most probably caused by chlorite. 0 The strong 

lA reflection compared to the 14" reflectlon suggests that the chlorite belongs to a hlgh 

Iron chlorite group (M9Jirn; 1955). The cltrate-dithionite extraction ~an change sorne 
, . , 

pseuck,chlorites into vermicul1te by removlng adsorbed aJum,inum and iran hydroxlde, cations 

o ' 0 
(Soderm~n and QuigJey, 1965). Incr~se inu 10 A ,reflect,ions relative Jo 14 A reflections 

after the citrate-diithionite extraction and K -+:saturation, which Is indicative of l, ' 

callapslbJe vermicu,'he, was observed in ail postglacial and Pleistocene sediment samples 

studled by Mudrach and Zeman.(l975). 

The effect of furnace heating (Brown, 1961) also confl"". the presence of ~Igh 
0"" , 

hon chlorlte (Fig. 13.5). The 14 ~ pea~ remained unalfered or sllghtl y strengthened of ter 

heotlng to 500
0 

C and 600° C whlle the 7 ~ peak d~creased si~nificantly when the , , 
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specimens were heated to 5000 C and virtually disappeared at f:l)00 C. - A slfgh't shift of 
o J 

the 14 A peak to a smaller 2 9 value after heat tr~atment, wh'ich is eharacteristlc of the 

iron-ri~h chlorite, was also observed (Fig. 13.5). 

. 
5.14.7 Attempts at Distinction b~tween Chlorite and Kaollnite 

Severa 1 methods were tried to distinguish kaolinite and chlorite, which have 
o " 0 ' 

, slmitar basal spa~ings at 7 A and 3.5 A. 
, . , 

o ' 
The resolutJon of peaks at 3.5 A using low scanning speed and urit~eated samples , 

recommended by Biscaye (1964) proved to be inconclusive slnce ln ail, cases only one broad 

peak was obtained. The distinction on the basis of heat treatment was consldered un certain. 

The most' reliahle methocl appeared to he t'hat of Vivaldi' and Gallego ,(1961) 1 in w~ich the 
,a ' 

presence of kaolinite is determined from the persistence Of 7 A reflection after the acid 
• q 

, 0 
treatment. 2u N HCl warmed to the temperature of 80 C was used, in which the sampi es ' 

were immersed for 2 hours. After the treatment the ocid became distlnctly pale green, 

which mey have been caused by the removal of interlayer iron From chlorlte particles. 
" , 

o 0 " 
, About 70 per <:ent of the 14 A peak area and 90 par cent C?f 7 A peak area were destroyed 

by this treatment, indicating that kaoltni,te, If present, accun only ln very small amounts. 
0' . 0 

Pèrsistence' of the 7 A peaks of specimens, heated to 550 C (not shown) gtves further 
\ 1 0 , . 

,supportlng evidence th?~ the 7 A' 'rak fs él58ntfally CI reflectlon of chlorlte for ~th 
. \ . \ 

Recent and ,Pleistocene sediments. \ewll (19.66), ~ the ~sll~ ci other diagnostic test., 
, ' 

came to a similor conclusion. 
" '~ 

., 
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5. 14.8 Semiquantitive Interpretation t)f Clay Mineral Abundances 

The particle size distribution tests, discussed in 5.6, revealed that the surficial 

mud and t~e 9lacio-lac~strine deposit conta in from 50 to 80 par cent clay-size fraction' 

(oC 2 V). These values c?n be misleading when the actual percentage of clay minerais 

Is considered. Thomas (1969) ealculated the clay component for the surficial mud of 

Lake Erie From the following equation: 

% Clay = 100% - (% Organic Matter + % CaC03 " % Fel,dspar) 

The clay content reported ranged betwee~ 29.3 and &r~2 par cent for 011 three 
't 

basins of Lake Erie, and the maximum value was obtaineJ! in t~e vicinity of the 19n bore-

hole investigation: 
\ ,! 

Using above data (Sections 5.14.2 to 5.14.7) and datd\ publtshed by Lewis (1966) 

and Thomas (1969), the very approximate composition of the surficial mud and the tllI '\ 
... 

deposit within the area ~f the 19n bo~ehole investigation·isestimatèd in Table 9. bue to 

lack of dota it is not possible to estfmate the composition of the gl5'cio-locl!~trine deposit: 

Among clay minerais, il/ite appeors to be by far the' mostabundant minerai, 

l , 

followed by chlorite. The arnount of smectite is in the ol\der of 5 par cent at the woter-
\ 

.. dlment Interface, and It decr~ .... wlth depth ln the sedIment colulM. The omount of 

Interlay.;'d mlne,:,ls IIkewl .. decreosos wlth depth. Kaollnit. and .ermleullte' are absent 

or accur inJrace amounts. The semlquantftative estimate of the clay faction composition , .. ... 

was carried out following
i 
the method, described by Corver (1971) uslng the ptak-height 

ratIos for 9IYCOlale!_S~mens and f1 spoclmens:heated al IBOoe fo,-one hour. ,In 

1 ~ _/ ,'.--" 
"" --~-f ,----------- (. ~ \ 
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Table 9. Estimated sediment oomposit.ion in weight percentage of dry sediment ~ 

Surficial Mud Till and Reworked Till 

Clay Minerais 55 -70 30 - 45 \. 

Quartz and Feldspar 25 - 35 30 - 40 

Calcite 0-20 10 - 20 

DOlomite 0-10 5 - 8 

0?:Sidizable Mb~ter '1 - 4 2 

;' 

Table 10. Estimatecl com~sltion of clo)l fraction in per cent 

lUite 

Chlorite 
(including 
vermi cu lite) 

Koolinite 

Smectite 

Inter la yered 
Minerais 

Q 

Surficial Mud 

Depth 0 Ft 

75 

15 

trace or 
absent 

1 
5 

5 

Depth 10 Ft 

, 80 

13 

trace or 
absent 

3 

4 

Till Qnd Reworked Till 

85 

11 

trace or 
absent 

2 

2 

r;. 

-, 

----
~~~~ 
--~ 

------~ 
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addition, the estimate is based on test results descril:)ed in 5.14.5 to 5.1t4.7. the estimate, 

which should"be considered as a very crude approximation, iS,presentèd in Table 10. 

) -
The primary purpose of the electron-optical study was to ~etermine the shapes 

and sixes of clay and silt particles ln the sediment column. For the study, sediment 

specimens were ultraso'nically'dlspersed prlor to viewing, and, consequently, no informat,ion, . . 
1 

on in situ microstructure was obtained~ --
Seven speciments from Borehole '13163 were examined; flve specimens of the 

surficial Recent mud (Samples 1-1, 1-2, 3-1, 4-2, and 8-1)', and two specimens of the 

Pleistocene till (Sampi es "8-5 and 12-1). The study did not ~eveal any conspicuous changes 

ln partlcle morphology with depth. Th. most noticeable ve11CGI tr.~ observed was a grcdual 

decrease in the amount of fine (.; 1 ~ ) amorphous or poorly," crystalline material ~Ith d~pth •• 
\ ' 
\ , 

This trend fs documentei by the comparison of Plate 24 (Sampte ,1 ~ 1) land Plate 39 (Samp'ie QI) 

8-5). An Increese in the average slze 'Of clay flakes wlth depth ~as :al50 observee! (Plates 
• 1 

25 and 40). With the exception of Sample 12-1, ail sampi es were w~thered, as documented 
1 . 

by the abundance of amorphousJlnés (Plates 25,- 28, 31, ~ and 39t~nd disturbed surfaces of 
1 

sllt-sixe partides (Plates 27 r 31, 32, 33 and 36). 
1 

Four morphologically different particle types were dfstingui~h~: 
1 1 , 

(a)' Clay Flakes. The particles were 'found in' both Re'Cent and Pleistocene 
o ' , 

sedIments, either as individuel 'flakes o.r ,floos. The perfide siz~ range from approxlmateJy 

1 
1 
i 
l , 
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2 ~ (Plate 26) to approximQtely 10 JI .(Plates 30 and 41). Their outlines are rnostly irregular, 
/ 

however several crudely hexagonal platele!s, suggesting a ",gh degree of crystallinity, were 

encountered in the till samples (Plates 41 and 42)': The clay flakes were often seen to form 

discrete, closely adhering coatings on silt-size particles (Plates 34 and 38). Thel)Ç-ray 
e 

diffraction results (Section 5:14) and EDAX (Electron Dispersive Analysis of X-rays) micro-
, , 

analyses ca:ried out on ~mples from Boreholes 13156 a~ 13163 (Mudroch and ,Zeran, 

unpublished) indicate that these are phyllosilie~tes pr~omlnantly of IIlitic ,composition; ~ 

(b) Amorphous Materia!. The arnorphous material was found to be quite 

ubiquitous in both s8diments, occurring elther in the form ~f dense masses (PI~te 25) or in 

the form of coatings on clay and nqn-clay partieles (Plates:27'and 41). Muc:h of this' 

material in samples of ~mparable lacustrlne s,~di~ents wes 'round to be dithionite-solûble 
" 1 

(Mudroch and Zeman, 1975). The EDAX microanalyse, on samples from Boreholes 13156 and 
" ,?', , 

13163 ylelded very simllar elemental compositions for both amorphous rTiaterlal and clay 
~, ~ 

crystalline partlcles. The formation of'amorphous materiall,s,thus most proba,bly closely 
, ~ 

associated with the wea'thering and degradation of the clay-mineral fraction. . , 
• :1 ' 

~ (c) Silt-Slze Particles witH 8asal CleavQge. 'The mic:aceou$ sHt-size particlés 
, , 

Wère observeCl throughout both sediments (Plates 24, 27 and 39)0. Th~ particles are mostly 
, 1 

weatherecl as evldenced by the frregular surface mo.rphology, the contortton of cleavage sUr­

faces, and fractures along (hko) edges (Plate 24). Most likely sorne clay'mlnerals and amorphou~ 
.' , , ' 

materlal a;e formed by chemicol weotherJng and physicoLdfsh1tegratf~n of these partlcles • . ' 

(d). Clay-Slze and Slft~Slze Acoessory Minèral.. Mineral partlcles fncluded 
) . , \, 

ln thls group dre angular (Plates 22 ~nd 36) to subangular '(Plates 27, 33 and 37, with no 

appar.nt basal cleavage. The X-ra)' diHractlon analyses (S~otion 5.14.1), ,as welras the 
1 
1 . 

'1 

, , 

i • 
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preliminary EDAX dota, indicate tOOt these partieles are, in the C?rder of ~eçreaSing 

~bundance, quartz, calcite, dolomite, plagioclase, orthoclase, and amphibole. -Rare' . " ~' . ~ 

occ~rrences of gypsum and he~1VY minerais ~,ere also detected by the EDAX equipme,nt. The 

surfaces of some non-clay particles show inorp~logical f~tures characteristic either of 
, ," 

dissoknfon ~r secondary pr~cipitation (P'~tes 33 and 44). The ap~Jent ~ementat,ion 'of 

these particl~s was oote8 on several ~~c~slons' (P'at~s 33 and 38). The apparent cémentatiç>n, 
-... - ~ ~,' 

r' , ' " 

a5~_seen under the microscope, is fotm&d èithér by interpartlcl~ bonds or by fine material 

precipitated during the preparation of the specImens. The possibl I1ty ~f natural cementation 

" in the 'Recent mud deposit is discussed below I~ Secti~n 6.'3. 
, , , J 

1 

ln summo,ry, the resufts of èlectrori-optical observations tilustrate the close 
• , 1 1 ~ , 

d~ciatron'of crystalline p~rtrcles and a~rpho~~ments studied, there , , 
<:j • 1 # ~ ~--- ., , • 

seems ta exrst a'oonti~uous gradation f~m well-crystallized to poqrly crystallized, and 
, ' , f..... C> 

J , "" 

a~~hous mattriaJ. The gretJt,e~t amou,nt o~"arnorp~us ma~eri~1 was o,bserved ln t~~ , 
, q ." 

surficlal zone ,of the Re,cent mud. The.",Pmorphc)us material was found to decrease with depth 

but ta' ~e present even i,n deepe'r parts ~f the ~ediment profi le. The:apparent ce~entatton of 
l , 

non-clc? partieles was notecf' in the, case of two specimens ,t:Omrng from the lower ~ne.,f. the 
1 " P ~ ~ , , 

Rec~nt Imud (Samples ,,4-2 a~ 8-2). No similor ee!"entation of cI~y Cry"y.alline partieles was 

observed. Due"to mostly lrregular'~utlines of ~Jay pQrticles, lit ~as not possible Jo idé~tify 
. ~" .' 

clay minerais on t'he basls of t~eir morphOlogy. A syite~.atic method for the identifi,cation 
. ' 

of ind,Î;v-idual elay .. size partiel es using the 'transmisslo~ electron microscop~ and the EDAX 
, 

equlpment has been developed in a la ter study (Mudroch, Zemqn and S~ndtlands, 1976). 
, , ", ;,' ,,>'J, 
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CHAPTER 6 

DISCUSSION OF ENGINEERING - GEOLOGY RELATIONSHIPS 

6.1 Correlation of Geotechnical Properties 

ln this chapter, geotechnical properties are examined and mutua/ly compared , . 

for the purpose of noting whether any direct relotionship arnong the properties con be 

observed. Two opproaches were used. In the first approoch, two properties with a commonly 

noted empiricol relationship were correloted. An example of this type of correlation is the 

plot of the liquid limit versus the plasticity index on the Casagrande plasticity chort discussed 

abo"e in 5.3 (Figs. 10.2 to 10.3). Such a correlatiqn ol/ows a meoningful comporison with 

data obtained for simi lor sediments elsewhere, and reveols whether the properties fo,J/owor 

depart from the expected trend. Three other correlations of this type are Skempton's 

activity (Fig. 15.1), th., undrained shear strength versus the plasticity (Figs. 15.2 and 15.3H 

and the compressibility vers'us the plasticity (Fig. 15.4). The geological and engineering 
, 

• significance of these correlations is evaluated in Sections 6.1.1. to 6.-1.3. In the second 

approach, the properties that appeor to possess a causative link befween themselves are 
t 

compared. These ore the woter conten't versus th~ plosticity (Fig. 15~5), the oxidizable 

matter versus the plasticity (Fig. 15.6), and the sensitivity versus 'the total c~rPon content 

(Fig. 15..7). The latter correlations are considered to be charocteristic for the Lake Erie 

iediments only. They may be, however, of significonce for other localities. The cot-
I 

fl' 

relations are discussed in Sections 6.1.4. to '6.1.6. 
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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 plasticity index to the clay fraction content. The octivity ratio con be usually reloted 

to the clay mineralogy and geologicol history of a particular sediment stratum, and it often 

represent:; a choracteristic constant. For naturel clays containing sorne coarser. particles 

Skempton (1953) gave the following values: Na-montmori/lonite 7.2, Co-montmori/lonite 
-..1 • 

.... 5, illite 0.9, and kaolinite 0.33 to 0.46. On the basis of the activity ratio Skernpton 

(1953) further divid~ clays into the inactive group (àctivity less thon 0.75), the normal 

group (activity between 0.75 and 1.25), and the active group (activity greater than 1.25). 

ln examining the data. presentee! in Figs~ 15.1.1 and 15.1.2, the most conspicuous 

feoture is a large scatter of results obtained for the surficio} Recent muGi, whose a~tivity 

decreases signlficantly with depth primarily due te the dec;rease 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 

contro lied by the clay Frbction content. 

The glaciO-lacustrre deposit forms a well-d'efined clust'èr with an average value 

of about 0.4. The till depos~orms another cluster cnaracterized by the ~ower.plbsticity 

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

-
6.1 .2 Undrained Shear Strength versus Plasticity 

Skempton (1957) suggested that the rate of i ncrease in shear strength compared ta 

the effective overburden pressure, expressed by the ratio sjp', is a function of a clay type 

" 
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çmd of the clay plasticity. He proposed the following pirical relationship for r»rmally 

~~ 
con~1'jdated cloys: 

sjp' = 0.11/ + 0.0037 Ip • (2) 

where s is the undrained shear strength, p' is the effec ive overburden pressure, ond 1 is 
u p 

the plasticfty index. 

A very similar relationship, referred / as the 'Skempton:-Bjerrum correlation, was 

presented in the form of a mathematically undefined curve by Bjerrum and Simmons (1960). 

These authors pointed out that the Skempton-Bjerrum correlation represents a lower limit 

for the sjp' ratio 1 and in the case of a fresn-water environment the ratio. can be signifi-

cantl y higher. 

The empiricô/ relationship given byEq (2) has been used solely for the evaluation 

of the surficial mud, since the other two sediment types are most likely not normally con-

solidated. Plotted results for Boreholes 13163 and 13156 reveal generally higher values of 

s~p' with regard to Skempton's correlation, and furthermore, the- results are r»t in any 

obviaus agreement with the correlation. The greatest departures From .. ois correlation accur 

for somples· -taken close te the 'ake bottom interface and those taken immediàtelyabove the 

Plei~tocene contact. The first anomalous -group represents high plasticiJ:y clays, and the high 
\ ':"~ 

stlp', values con be possibly attribut~to the causes of very high ~'asticity. The second 'group 

represents zones w.;th higher shear streng~ values which rnqy be caused by the notural 

. ~entation of sedimen~rticfes (such a ~ility is discussed below in Section 6.3). 
\ 

t • 

1. 
1 

-, 
The results that faJI below Skempton's correlatian represent for the mast part tests on portia Il y ., ,'. 

di.turbed sampi... The dota From ot~ bo"""" .. were not plotted.)lOwever they 'reveal - 1 
.'" 
~ . 
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similor trend as the ddta shown in Figs. 15.2. ~. and 15.2.2. It is concluded tha! 

.. 
Skempfon's correlation is l'lOt applicable ta the surficiaf mud, and due to the large 

scattering of dota no other positive correlation between slip' and Ip con be proposed. 

Bjerrum and Simmons (1.960) suggested on empirical correlation between s,Jp' 

and the Iiquidity index based on the tests of nonnally consofidated clays with a wide range 
, 

~ 

in plasticity (W, From 26 ta 127 per cekt, I~ f",m 0'.28 ta 3.43). It can be seen in Figs. 

15.3.1. and 15.3.2 thot the data for the surficial mud becr no resemblance to this cor-.. 
relation. Once again, the s jP' value~,fall rro'J'flabove the suggested correlation, and 

the rtmdol'T1.lldispersion of data precfudes anylother positive eorrelation. 
~l 

6.1.3 Compressibi lit y versus ~Iasticity 

T erzaghi and P~ck (1967) proposed for lion ordinary clay Sf mecli~m ta low 

sensitivityll an e",irical relationship between the compreS$ion index and the liquid limit 

represented by the equation ~ 

Cc :;;; 0.009 (Wj - 100/0) (3) 

McClelland (1967) sU99ësted a somewhat si';'i lar relationship for the delta and 
1 

prodelta clays of the Mis issippi, River, expressed by the equation . -r 
C =0.0011 r -16%) 

c 
(4) 

These two rela ionsMps are compored to the rasults of conso~idati.eP tests 

!(Section 5.7) on the surfi iol Fnud SQmpies of Lake Erie in Fifo 15.4. Based on the Ii~ited 

data available, ft appear that for a given magnitude of the quid IImlt the'surficial m~ i$ 
\ . 

il 

) 
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' • -

- • . ,~r/ti'~'e . 
appreciab,ly more compresSible than typiçol no~'Y 2onsolid~ted clays. Unusually high' 

, ~ 

compressibi lit y of the surficial mud is likely çaused by a.n. open structure of clay and silt 

particles at a very high water content. Furthermore, the presence of a sweiling minerai 

within the mud wou Id augment its compressibility. As pointee! out by Grim (1962), the 

inactive clays, i.e. those containing i llite~h loritê and k~linite, are considerably less 

compressible than active montmorillonite clays. Laboratory data by Samuels, quotec/ in 

Grim (1962), can be usec/ as àn exp~rimentol evidence for the difference in compressibility 

/ attributable to clay minerai composition. 

A paucity of consolidation data for the Lake Erie sediments precludes the prop-, 

~sition of an empirical relationship, however the few data available indicete the like/ihood 

of a considerably steeper slo'pe of a correlation line, compared to the correlations shown in .., 

Fig. 15.4. 

6.1.4. Water Content versus Plasticity 

A consistent reletionship between the naturel water content 'an4'the Iiquid /imit 

of the surficiaJ'mud has been ,noted in six ~rehores for which the Jiqu,id limit values were r 

determined. T"his relationship, iIIustrated tn..fig. 15.5, indicotes 'P oonspicuoos increase in 
l ' 

,- . 
water content and the liquid Ïimit, for the IIquid limit in excssS' of 70 per cent. The 

1.
' 

\ 
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~ reJationsnip aJ50 t'eflects tf,e influè~cè of the depth Jf burial sihce the samples with the 

liquidity index above unit y qré, for the most part, those taken withio the uppermost 20 ft 
':'-

(6.1 m) of the lacustrine ~èdiment column. 

1 - -, 

6.1 .5 Oxidizable Matter VerSus Plasticity 

On the basis of limite~ amount of data available (Section 5.10), a positive 
17 

relationship appears 10 exist, for 'the surficial mud, Delween the Iiqufd limit and the amount 
, . . 

of oxidizable matter (Fig. 15.6). J'No'such relationship could have been established for the , 

tiIJ deposit, which has apptoximately constant values of the two properties discussed. The 

relationship for the surficial mud is in accordance with the general observation that ~m , 

increase in organic matter content causes an increase in t~e liquid Iimit (Seed .!!.<!!.:, 1964 bt 

Schmidt, 1965; and Yong and Warkentin, 1966). 'Seed.!!.C!.!.: (1964 b) ascribed this effect 

Jo the two following causes: 

a) presence of organic matter increases water absorption capaclty of a sediment; 

b) anorganic sediment has greater capability to ~pt 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 0150 irreversibly 

affected by the oxidation phase of the orgtmic matter and ferrous and manganous compounds. 
Q 

The influence of natural organic oompoonds'upon geotechnical properties of 

Itlcustrine sediments warrants further research. Grim (1962) pointed out that high plastic 

, " 

1 
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properties of sorne days can be in part attributed 10 a minor presenFe of organic compounds. 
, 

He further mentioned that certain polar or ionic organic compound~ cOn hpve the reverse 

effect, since they lower the affinity for wat~r of clay minerais and thus decrease plasticity. 

Jerba (1967) described interesting laboratory tests with glutamic acid, one of the 

~ acids present in marine sediments. On the basis of the tests he .was able to show that 

~infiltration of a day sample with a low concentration glutamic acid solution result~d in 

an appreciable reduction of the remolded shear strength an~ an increase in the cation 

y' 

exchonge capacity. The effect on plasticity was not studied, however h seems reasonable 

to expect tOOt such treatment would tend to increase the plastic properties,of clay minerais. 

6.1.6 Sensitivity versus Total Carbon Content 
~~ . , 

As describ~ above (Section 5.5), the sensitivity of the surficial Recent mud was, 

generally found to increase with depth. A pla~sibfe explanation for this phenomenon seems 

to be the presence of cementing Compounds which may precipitate at the contact~of clay 

particles. Carbonates and amorphous hydrous oxides can-act as cementing agents, in 

particular in Recent .clays (Mitchell and Houston, 1969; Sangrey, 1972 ). The apparent 

correlation shown in Fig. 15.7 between the sensitivity and t~e amount of total caroon moy 

be compatible with the hypothesis tOOt natural carbonate cementation is at leest partially . . , 

responsible,for the day medium sensitivity in the lower zone of the surficial mud. The 

possible occurrence of natural cementatiôn zones in the surficial mud is discussed beJow in 

Section 0.3. 

• 
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,1 

The sensitivity values of the surficial RecentJTlud ànd the Pleistocene 1eposits 
"-

ore not strictly comparable. In the Recent mud with a relatively hiqh water content the 

initial failure of the sed~ment is causee! pi-imarily by the disruption of cohesion at ~ma" 

, strains and the disturbance of metastàble fobric.. lJpon remolding, interpartiele water aets 
, CI, ' 

as a lubrieating agent and consequentl y the remo Ided shear strength is low. The high 

sensitivity values in the P,leistocene deposits were reoorded for overoonsolidated sediments 

with the water content close to the plastic limit. The undisturbed shear strength is primarily 

due ta the sediment resistanee ta dilatancy and interparticle friction. The initial fail~re 

occurs typiFlly at larger strains through the fonnation of macroscopic or microscopie fissures. 

The behaviour of the remolded sediment is that of a fissured stiff clay. 

6.,2 Research into the Causes ofHgh Plastieitr, 1 

One of the most signifieant findings of the laboratory geotechnical testing was the 

unusuaJiy high_plasticity of the surficial mud, 000 its very good correlation with the naturol 

water content and the depth of burial. It was felt tOOt an understanding of this phenom'enon 

would be of importance lor any attempt to extrapola" geotechnical properties to other portions 

of Lake Erie. Plasticity results were found to b~ weil sU,ited for\tassification purposes s;nc:e, 

" 
os shown in Fig. 10.3, the three lacustrine sediments can !:te easify dist;nguished on the basis 

of the Atterberg limits. Furthermore, the importance of plasticity is uncfersoored by the fact. 

thot the plasticity con be empirically correlated wlth the clay mineralogy, the undrained 
,j 
\ 

shear strength and the compressibility of clay tedimeAts (Section6.1.1. to 6.1.3). In this 
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-connection it w;;s found-thot the surficial Recent mud displays a rather anomalous behaviour . -

in comparison with typical nàrmally consolidated doys descrlbed by others. The research of . -

pertinent literature revealed thét the high pla sticity may be a distinguishing feature of the 

Lake Erie clays. 

6.2.1 Theoretical Aspects of the Atterberg Limits 

Variations in measured. vblues of the Atterberg limits are principal~ influenced 

by the obundance and the properties of the clay fraction in sediments. The liquid and plastic 
1 

limits generally tend to increase with a decrease in pertide size, an increase in the organic 
f 

matter content and a decrease 'in the order of crystallinity. Interpa~le fprces of attraction 

and repulsion are believed to play a dominant' part in the mechanistic portràit of clay . 
. 

plasticity. The net mag~itude of interparticle forces is essentially influenc~ by clay 

mineralogy, partide shape and size, the chemistryof interstltial fluid, and the type of 
. 

adsorbed ~xchangeable cations. Active clay minerais, 'suc",," as montmorillonite, have a 

lcirge negative charge, and therefore the net interparticle fçrce is thot of repulsion. The 

liquid and plastic Iimits of montmorillonites vary oonsiderabfy; the variation being primarily 

c~~ec;.:b}Î",t.he type of exchange;,oble cation but also by the variation in th~ structure and 
, 

compOSÎ,tion of the clay minerai itself (Grim 1962). MQntmorillonites saturated with mono-
'. 

valent c~tions, such as Mhium or sodium, have particularly high Atterberg limits. Increase 

ln thë'lO~ concentrotlon of the inter>titial fluid ~r the 5ubstltutl,on of 0 dlv"alent Ior a 1hovolent 

cation tend 10 decrease the net repulsive force and therefore alsa the interparticle dis~n~e, 

. ,.1:. 
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which results in the rowering of the Atterberg limits. On the other hand, inactive oloys, 

such as kaolinite, show 0 reverse effect. The sodium and lithium saturdted kaolinftes tend 

10 have slightly lower Atterberg limits than those saturated with divolent cations. This 

behaviour can be occounted for by the smaJler attractive force of a monovalent cation and 

a subsequent change of the particle arrangement from an edge-to-face flocculated structure 
~ ( 

10 a more pClrallel one (Yong and Warkentin, 1966) •. In general, the values of the liquid 

limit are found to vary Q.ver a considerably larger range thon those of the plastic limit 1 and 

the effect of the type of exchangeoble cation is likewÎse more pronounced in t'le case o( 

the 1 iq'Uid limit. 

Grim (1962), in his penetrating analysis of the physical significance of the 

o Atterberg Iimits, suggested that the' adsorbed water in addition to the net charge of a clay 

parti cie plays an active role in the plasticity behavÎaur of clays. He ~ssigned importance 10 

• 
the different physical state of adsorbed water on cfay particles. As he pointed out, molecular 

..... 
fayers of adsorbed water close Jo the particle surface consist of or;ented molecules, which 

.. 
are r;gi~'y held te the particle. The oriented water has greater viscosity and greater density 

Q _ compared ta the ordinary water. The rigidity of water decreases in the direction from the ,. 

particle,. and thé-water),adually becomes mobile ~nd unoriented ~t some distance from the 

parti cie. According to tbis concept, the plastic limft represents the adsorpti9n capacity of a 

sediment to such degr-:e that sediment partides hold 011 fixed water plus some mobile or 
... - . 

seini-mobile water in the outermast layer, which' àllows sUght lubrication action between 
J $' 

o 
particles. The attractive force between parfides is still quite strong., When morê water is . , ~ 

a~ded, the outermost layers become less and less ri~id. The liquid limt then r~resents the 

{ j 

l 
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... , 

adsorptio~ çapacity of a sediment in whjeh semi-mobile water is still adso~ed to the partiele 
.---

surface with a sufficient force to prevent the separation of partieles. Within the plastic 

range, th.e magnitude of which is expressed by the pl9sticity index, the outermost layers 

of water possess the lubrieation properties, and hence the sediment yields to a slight applied 

forçe as demonstrated in t'he standard td. 
, j 

Seed et al. (1964 a) studied the Atterberg limits for artifical ~mixtures containing -- '" 
'.1 • 

bentor.aite, illite, kaolinite and sand. The duthors showed that a mixture of SOlo bentonite and 

95% illite has lower plastieity (Ip = 25.1), and tbatefore lower activity and sweJling capacity, 
, . 

thon a similar mixture of bentonite and kaolinite (lp.:: 40. 9), ev~m although for the "pure" 
iJ' • -

clays used kaolinite had Ip of 10.2 and Hlite one of 23.1. The difference was aecounted for 

by possible interstratification of bentonite and i(lite partieles. Grim (1962) pointed aut that 
" 

th~ presence 0 f 5 to' 10 per cent moQtmari lion Îte' associated w;th inactive clay minerais may 

greatly Încrease the limit values., 

. Other factors that may significçmtly influence the plastlcity resultstare tlir drying 
- . 

(dis~ssed below in 6.2.2), which generally decreases the At~erberg limlts (Lambe, 1951; 

Grim, 1962; Warkentin, 1972)'and the presence of organic matter as mentioned in 6.1.5.e 

Several investigators (Casagrande, 1932; Norman, 1958; Seed et al., 1964b) --
have pointed out that the det;rmination of Uquid limit represents adynamie shear strength . 

~ test, and that the number of blows required to close thetstandard groove, from which the 
• .. 4 r 

Ii~id limit is computed, can be oorrelatéd wÎth the remolded shêar strength. T~is shear 

strength was esfimated tc.be in the order of 40 psf or 1.9 kN/~2. (Norman, 1958). ; 

,The measurement of fhe Atterberg limits suffers from several' shortoomings that are 

" . 
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. 
inherent in the testing methods. Th,e liquid limit val~e can 'De appreciably influenced 

,~ 

by the hardness of the base of the Iiquid Iimit device •. Thus it was found by Norman (1958) thet 
..... 

the bases of different hardness çaused variation in the Iiquid limit values betyleen 63 and 70 

per cent. Further disadvantages are encountered during testinQ of s~diments with low plast-

icity, in which it is difficult ta eut a groove or l'Q'II1hem into threads, and which 'exhibit a 
1 -. 

tendency ta slide in the cup rather thon ta flow as a plastic. The very sensitive or quick clays . , 

a 
are difficult ta tèst sinc .. th'ey liquefy after slig,ht disturbahce. Clays with amorphous coating, 

e:g. formed by a silica gel, can have much higher plast.icity after extensive remolding in 
--.t> • 

comparison with their plasticity behaviour !!L ~.!!~.<Mencl, 1966). T'tere have been,several ./ 

attempts ta substitute the Casogrande liquid limit test by various cone-penetrometer methods 

(Vasilev, 1949; Sherwood and R)fley j 1970). These methods appear Jo be more reproducible 

than the Casagrande metho~, however ta date they have not achieved
c 

widespreod appliCXJtion • 

. ~·o.2.2 Interpretation of the Plasticity Results 

As the first attempt ta expfain high plasticity l ,a relationship between grain size 

distribution and plasticity was examined. White interdependence of the two properties would 

require higher plasticity for finer sediments, no such relationship was round. As shown b,y, 

the grain ~ize curves. in Figs. 11.1, 11.3 and 11.4; as weil as by the acrivity charts in 

Figs. 15.1.1 and 15.1.2, the surticial Recent mud appears to become finer with depth, and . "'", . : 
l' , 

the glaeio-Iacustrine depasft of medi UIl1 plasticity on the average has higher clay-size content 

(-c.2 JI) thon the surficial Recent mud. Cons~uently it is concluded that the plasttcity Îs nOt 

" 

, I~ 
1 
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. ., 
controllèd by the clay content p'resent in the tWo sediment types. The glycol retention 

, " 

results o;'igs. 9.1.1 and.9 .1.3) likewise da not furnish satisfactory explar'lation fqr th~ hi.gh 
, : 

/' 

plasticity values obtained., 

As mention~ in 6. 1.~, a good correlation exist~ betvieé~ tne.; plasticity and the 

amount of organtc m~tt4;r in cohesive sediments. -tbw.ever, ft is believed that the plasti~it'y 
, 

data cannot be adequately explained salely on thfs basis ,slnce thé organic carbô-n'values 
! ':j -

(Table 2) do not appear 10 be sufficiently high to Gause measur,ed plàsticity values. 
, 1 1 -

Furthermore, orgahic c.'ays'shou'd fafr'on the Casagrande. c:hart below the liA" line, ~hich, 

however, was not the case for the deposits sf~di ed. On- the bosis"of, limited experimentaJ, 
q 

data it is believed that the presence .of,·the organic matter in the lacustrine dèposits causes 
, 

a slight increase in plasticity but i on the ">other hand, the organic mQtter does. IlOt appear to 
• '0 Ü 

act ds the principal contributing factor'. This assertion is further supported by th, results of 
, 1 

j.- , • 0 

plàsticity tests on satnples belore and after the rernoval of orgonic matter by hydrogen . 
~ .' , .... . 

, 4- • 

peroxiéle (Fig. 14.1 and 14.2). . ~ , 

The efféct of air .drying in the laborator~s studied using five samples from 
• < 

, Borehole 13163. The results shown in Figs. 1,4.1 and 14.2 indicat~ a pronounced decFease 
. , ' 

in the Jiquid limit and a moderatt, decrease in the plaStic ii~it for the ~ulficial Recent mud 

',. after air drying (Samples 1-1, 1-2 and 3-1). In contrast, th,e plasticity ~f the tiU deposit . 
1 • • 

, (SompleS 12-1 and 13) is unoffected by air .drying. The trends and c~anges in the ,Atterberg 
c • J \ 

limits on air drying are primarily attributed fo the different dePositionbl history, dncl ther~-c. . 

. 'fore different degree of ch~mical weâthering in the P.leistocene'and .Holocene-,s~ime~ts~ 
. . 

The stl'Ong drying effect in the case of the surficial Re~ent mud is in ,agreement 
'" . , F 

1 

.. 

.. 
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w;th the relationship between w and WI "demonstroted in Fig. 15.5, the Penfle/d test 

results (Table 8), and the X-ray diffraction resu/ts (Section 5.14.5, Figs. 13.3 and 13.4). 

Drying accompanied wlth the partial oxidation of organic motter and other oxidizab/e 

compounds ln the sediment probably causes a non-reversible qo"apse of cley structure and 

a substantial decreose in the water adsorption c~pccity after re-wetting. T+?e X-ray dif-

fraction analyses (Section 5.14) and the electron-optical observations indicate that the 

surficial Recent mud is a weathered clay with relatively high content of amorphoùs 

aluminosilicotes. The sediment has 0 similor minera/ogicel composition, end it shows 

similar sensitivity ta air drying as the wecthered clay till at/Sarnia, Ontario, described by 

Quigley and Ogunbadejo (19!3). 

rh the case of the tilt deposit, no change in plasticity after air drying indicotes 

a possibility that this sediment wos suboerially exposed and therefore dehydroted and 

oxidized during its deposition or during subsequent low-Ievel loke stages (Chopter 2). 
• 

Plasticity tests and cation exchonge tests carried out on the somples of glacio-Iocustrine 

deposit (Mudroch ond Zeman, 1975) showed likewise no appreciable changes on air drying. 

6.3 bsearch jnJo Suspected Interparticle Cementation of the 

Lake Erie Postglacial Sedim'ent 

Several unusually high shear strength measurements (Section 5.5), as weil as 

'" several electron-optical observations (Section 5.15), i~icated a possible occurrence of 

naturally"'cemented zones within the surficial mud. As an introduction to this topic, main 

types of cementing ogents aré briefly reviewed in Section 6.3.1. A presentation of availabfe 

, •. tt_._me 

J , 
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supporting evidence for the cementation of the surficlal mud fallows in Section 6.3.2. 

6.3. 1 Nature of Cementation Bonds in Clayey Sediments 

Interparticle cementation has been attriblilted in the 1 iterature to ot least three 

mineralogically different precipitates. 

Carbonates are probably the most frequently mentioned sources of noturcil 

cementation. Müller (1967) considers calcium carbonate to be the most important pore 

cement in argi,lIaceous sediments, which con precipitat~ 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 

presence of 20 to 40 per cent carbonates has been postulated for a marine clay from the 

Labrador Basin (Kelly.=!:. 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 oo'ntent, and the lack of agreement was found between predicted and observed 

sjp' values. 

Anather possible cementing agent is silica, accurring either in on amorphous form 

or in vety fine crystalline quartz partides. Interparticle quartz cementation has received 

an increaslng attention in ~nnection with research on the extrasensitive behaviour of quick 

clays (Cabrera çlOd Smalley, 1973; Krinsley ond Sf!'alley, 1973). These authars postulated 

\ 

a new approach to the failure mechonism of quick clays, according to which fine quartz 

particles,. reduced to clay-size dimensions during abrasion and crushing, form inactive short-

1 

, 
• znlFnNU HM. ·cmm = -

1 
1 

1 
1 

1 

.' 
J 

" 



o 

-"'1""1:""--; 
-Jo.. __ ~ ___ ... ____ ... __ ~_~ __________ ~ __ ~ ____ ~ ~_ 

'- 89-
~1' 1 

• 
range bonds. The bonds are basically Van cbrWaals bonds augmented by cementat!on ).~ 
. , 
(Cabrera and Smalley, 1973). The short-range bonds permit elastic deformation followed 

bya brittle failure resulting in a complete and irreversible breakdown of the sediment 

skeleton. This is essentially a behaviour weil dQ~u~ented for sensitive clays. Whalley 

(1974) proposed that quartz-quartz bonds can develop urd 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 sorne temperature in comparison with crystalline Ruartz, and at 

values higher than pH 9 amorphous quartz goes readily into solution. 
'----

Apart from crystalline particles, glacially d'erived clays are known te contain 

arnorphous hydrous and anhydl'Ous oxides of iron, aluminur;n and manganese. These compounds 

rnay also act as cementing agents. Thus Kenney!!..~ (1967) found that the removal of 

soluble il'On by EOTA (disodium salt of ethylene diamine tetraacetic acid) caused a 60 

per cent decrease of the apparent preoonsolidation pressure of a sensitive marine clay From 
, , 

the east coast of Labrador. Sangrey (1972) ooncluded that amorphous hydrous and anhydrous 
t 

oxides are frequently resporisible for the naturol cementation of glacially derived normally-

oonsolidated clays. The removal of poorly-ordered sediment material by chemical dis-

solution techniques (e.g. Fol/ett ~~, 1965) generally results in t~e dispersion of 

individual parti cl es, suggesting that these compouncls bind primary particles into larger 

aggregates. McKyes et al. (1973) examined Champlain Seo sediments from two locations -- . 
in Quebec cOntaining up to 12 per cent of amorphous silicon-iren hydroxides, and concluded 

J that the pres.nce of omorphou. moteriol may be a .mojor foctor in the extreme .ensitlvltyof 1 

these sediments. 

: • ...... r p ~ Il JIll 1 e Ril ? 



" 

o 

" 

o 

W? n. 

._~---------_._----------

-90-

6.3.2 Supporting Evidence for the Interporfî,cle Cementation of the 
..-' 

Lake Erie Postglacial Sediment 

The examination of the undrained sheo~rength 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 ail boreholes 

there exist one or two zones of unexpectedJ'y 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 normal1y c:onsolidated 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 graduaI,' rather thon shorply defined, 

boundaries. In neorshore boreholes (13160, 13161, 13163, ar.'ld 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 ;r.ones seem te exist; the upper one occurring between.13 

and 25 ft (4 and 7.6 m) below lake boHom, and the lower one at 30 Jo 45 ft (9.2 to 13.7 m). 

ln general, ail zones occur in the ",'ower ~rtian.of 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. Severol electron micrographs(e.g. 
" 

Plofes 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 partieles. It Îs however' 

possible that these bonds moy have been also produeed by the sedimentation of very fine 
o 

amorphous. material during specimen preparation. 

Ji • 

l' 
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Table Il. Zones oF apparent cementation in the postglaclal sediment 

BoreJlOle Elevation . Depth 

from Jo from Jo From to From to 
ft ft m m ft Ft m m 

13156 475.0 4{K).5 144.7 142.2 ' 15.0 23.5 4.6 7.2 

13156 451.0 444.5 137.5 135.5 39.0 45.5 11.9 13.9 

13160 481.0 473.1 146.6 144.2 10.0 17.9 3.0 5~5 
1 
1 

13161 476.5 474.0 1"45.2 144.5 15.5 18.0 4.7 5).5 
1 

13163 485.5 477 .1 148.0 145.4 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 456.5 448.0 139.1 136.6 35.5 44.0 10.8 13.4 

13194 474.0 464.0 144.5 141.4 15.0 25.0 4.6 7.6 

13194 456.5 1 449.0 139.1 136.9 'iv32.5 40.0 9.9 12.2 

ln comparison with the overlying surficial layer 1 the zones of apparent cémentation 

oeeur within a sediment with a higher shear strength, a higher specifie gravit y, and a higher 

unit weight. The limited arnount of grain size analyses available for the surficial mud (Figs. 

11.1 and 11.3);Kdicates that the "cementedll zones have a higher content of elay-size 

particles. This trend wa~ confirmed by 0 detailed examination oF samples From Borehole 13194, 

for whic:;h a graduai decr8C!se in the mean partiele size with depth was obtained (Anderson 

1975). A conspicuous increase in the total 4trbon content with depth has been determined 

for Borehole 131~3 (Section 5.11). Quantitative analyses oF calcium carbOnate in Borehole 

13194 (Anderson, 1975) indicate that the sediment near the Pleistocene unconformity, which 

~\ 

e 
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falls within the IJcemented" zones shown in Table Il, contains 15 .. 25 per cent calcium 

carbonate. Similar calcium carbonate values have been established for the''cemented'' 
(,,\ 

zones in 8orehole 13156 (Mu"'roch and Zeman, unpublished). In ail boreholes the 
't' "") 

./ 

IJcemented" zoneS are further characterized bya lower fiquid 'limit, a lower plastic limit, 

. 
a lower moisture content, and probably also a lower oxidizable matter c::ontent _ Typical 

shear strength, water content, plasticity, and CGrbonate oontent values from "cemented ll 

and Iluncemented" zones are oompared in Table 12. 

Independent evidence that appears to support the possibility of the diagenetic 

cementation within the lawer portion orthe postglacial sediment oomes from resufts of a 

sub-bottom reffection survey in the céntral basin of Lake Erie (Wall, 1968). The geo-

physical records indicated an occurrence of a distinct reffecting horizon referred to as the 
~ 

reflecting horizon "a" (Wall, 1968, p. 96). The horizon was found to oover an approximate 

area of 120 sq mUes (310 km2) in the offshore central portion of the bas.!n (Wall, 1968, 

Fig. 3). The boundaries of the area l"9.ughly coincide with a 10-m isopach oontour shown 

in fig_ 6. The horizon "a" was found at elevations from 475 ta 490 ft (1145 ta 149 m), which 

oorresponds to depths From 1,0 to 20 ft (3 ta 6.1 m) below the lake bottom. The reflections 

From thi, horizon are described as without sharp beginning and extending further clown to the 

Holocene-Pleistocene unoonformity. Wall (1968, p.1OO) inte'"Rreted the reftecting.horÎmn 

and the underlying layer as lia buried shallow-water deposit probably containing sand and 
,- '. l ~ 
silt 'enses with shell~, shell fragments and peat and plant-rich clay layers within whi,ch i 

entrapped ... gas mar be pres~tntlJ. This conclusion is, however, in oonflict with the character 
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Table 12. Comporison of representative physical and compositional properties in IIcemented" and "uncemented" zones 

of the surficial Recent mud 

Borehole Depth 
ft 

13156 3.5 
13160 3.0 
13161 3.0 
13163 0.0 
13163 2.0 
13163 9.4 
13189 3.0 
13193 4:0 
13194 0.0 
13194 4.4 
13194 /' 9.0 

13156 20.0 
13160 15.0 
13161 17.5 
13163 13.4 
13163 16.0 
13189 21.0 
13193 16.0 
13194 17.4 
13194 23.9 

13156 39.0 
13156 42.5 
13193 39.0 
13194 32.6 
13194 36.3 

m 

1.1 
0.9 
0.9 
0.0 
0.6 
1.6 
0.9 
1.2 
0.0 
1.3 
2.7 

6.1 
4.6 
5.3 
4.1 
4.9 
6.4 
4.9 
5.3 
7.3 

11.9 
13.0 
11.9 
9.9 

11.1 

5 
u 

psf 

wc· 

40 
50 
40 
20 
25 
30 
20 
30 

80 
140 
105 
ao 
65 

120 
110 

95 
110 

125 
180 
350 
115 
125 

* Unpublished dota, Anderson, 1975 

5 s 
k~/m2 u 

p' 

w 

% 

Surficial "Uncemented" Zone 

1.9 0.8 152 120 
2.4 1.4 160 108 
1.9 0.8 160 
1.0 289 123 
1.2 0.6 150 94 
1.4 0.4 120 86 
1.0 0.4 120 90 
1.4 0.5 135 85 

219 .:: 

130 105 

Upper "CementedJI Zone 

3.8 0.4 95 85 
.6.7, 0.5 80 70 
5.0 0.5 '80 
3.8 0.2 115 87 
3.1 0.2 70 - 50 
5.7 0.2 65 
5.3 0.3 . 85 80 
4.5 0.2 .95 90 
5.3 0.2 .85 

Lower "Cemented" Zone 
" 

6.0 0.2 72 .,.. 70 
8.6 0.3 70 68 

16.8 0.3 40 50 
5.5 0.2 75 
6.0 0.1 70 75 

*. Unpubllshed data, Mudroch an~ Zeman. 

<4~ 

% 

67 

67 

75* 
73* 
69* 

47 
68 

72* 
81* 

90 
68 
87* 
93* 

Total 
Carbon 
% 

1.40** 

2.00 
1.66 
1.53 

2.15** 

1.62 
3.75 

3.87** 

i 

Calcium , 
Carbonate 
% 

4.l* 
1.0* 
2.5* 

9.5* 
22.0* 

25.6* 
22.0* 
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of sediments in cores 13156, 13193, and 13194 (Figs. 9.21,9.6.1, and 9.7.1 respecHvely). 

These three boreholes ail lie 'wrthin the area in which the "a" reflections were found. The 

depth of "0" horizon in these boreholes.corresponds to the occurrence of the upper zone of 

apparent cementation (Table Il). 

Future research should determine whether carbonates occurring in apparently 

cemented zones ore predominantly of autochtonic or allochtonic origin. Recent EDAX 

microanalyses on samples From Bore'hole 13156 indicate that carbonates are present in the 

c:::: 1 ~ fraction of the sediment, and that Ca 0150 occurs os an enrichment of il! ites and 

and chlorites, indicating either adsorbed Ca cations or carbonate coatings (Mudroch and 

Zeman, uhpubl ished). 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 days. 

6.4 Appl icotion of Geotechnical Results 

While much detailedlgeotechnical information on lacustrine clay-sizf3 sediments 

exi'sts where they are found On land, the amount of such information available fa the df-
1 

shore ports of the Great Lakef region 15 still relatively scarce. This is primaril~ due to high 
, 

cast of offshore borehole investigations· and little\ economic justification for Juch projects 

in the post. 

1 n recent years, however, there has been a steadily increasing demand for geo-
1 

\ . 
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technical investiga tions in shallow and dee~ waters. The information derived from the 1972 

investigation and the subsequent thesis research may be therefore of interest to those who 

design offshore fa ci 1 ities, such as drill ing 'platforms for extraction of oil and natural gas, 

water intake tunnels, subaqueous pipelines, breakwatérs, dock structures, and offshore towers. 

'In general, the geotechnical data contained herein may be appl ied to estimates of botfom 

hardness and to predictions of penetration of various objects into sediment strata within the 

stucly area. The extrapolation of resulU to other oreas of the lake shouJd be carried out with 

caution lJ!ing geology os a guide . 

A better understonding of geotechnicol properties and behaviour is also required 

for studies of erosion and deposition of offshore clay~size sediments. The physical behaviour ' 

of very soft muds neor the water sediment interface does not abey commonly used theories of 

soil mechanics and therefore it is not very weil understood at present (Einsele ~~., 1974). 

Poor correlations of the plosticity and the shear strength with the clay-size content of the 

surficifRecent mud, discussed in Sections 6.1 .1. a~d 6.1 .2, suggest that the erosion of 

offshore clay-size sediments is not principally controlled by the sediment porticle size, os 

rather widely bel ieved. The knowledge of geotechnicol pararneters, such os the shear 

strength, the plosticity, and the compressibility, is obviously very important, but does not 

describe the sediment physical behaviour completely. The effects of sediment de~itional 

history, clay mineralogy 1 organic and amorphous matter colnt 1 and other environm~fttal 
factors must be 0150 c-on9idered. 

Another need for the knowledge of sediment geotechnical properties has emerged 

during manifold problems associate1 wjth open water and land disposai of polluted dredged 

"'-~~"'W*' 'llir • .... -.IoWo_ - ,r. - _ .... '""_ .... _-~-_ .. _. -" ........ ,P .... __ .""!. I~-~ •• ·_-, ... ' .. II .. Ii ...... Ili/Ii'li'iIIII.IiIII •• 'p .... ioiI'ilirn .. Rllllttm~'FiIrI ..... HIlillt:glSotltiiiii~IIiiI!ll'7.111i11!il. __ '1. __ .IîI'.lijIMIJiI'-l'lIlili.-IiG' 
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materials from the Great Lakes region. The dredged material is predominantly fine-grained 
~ !,,-----, , 

and the contGlminants may significantly influence sediment physicol behaviour (Mudroch and 

Zeman, 1975). In order to minimize the deleterious effect of contaminanh on lake water 

quai ity, it is necessary to study the dispersion of dredged material during open water disposai 

as we Il as to predict physical and chemical changes that will occur in dredged slurries confined 
/ ' 

, 
in disposai areas. A comprehensive pp.hys.icochemical characterization of the lake bottom 

sediment appears to be a prerequisite for further research into optimum disposai methods of 

poil uted dredged materials. 

6.5 Appl ication Examples 

6.5. 1 Penetration of Gravit y CorerS' lnto Overconsol idated Sediments 

The undrained shear strength of nearshore cohesive sediments rnoy occasionally 

reach very stiff to hard values, 2000 to 4000 psf (96 to 192 kN/m2), as a result of previous 

subaerial exposure and des iccat ion . 

, The penetration of the corer due to its static weight con be estimoted From the 

bearing capacity equation for a cylindrical pile (Terzaghi and Peck, 1967, Eq. 34.1, 

p. 225) but taking into account bath the inside and outside skin friction, . I.e.: 

(5) 
7 .: 1 where Qd, :: required load (tons or kg) 

~ 

t#MIt .w 



o 

o 

, 
-'..c. . 

___ L ___________ _ 

- 97-

q = bearing capacity per unit area of the sediment beneath the base of p < 

the corer (psf or kN/m2) 

A = cutting 5hoe area (sq in. or cm
2

) 
c 

f = skin ffiction (psf or kN/m
2

) s 

.. = radius of corer (in. or cm) 

Of = penetration depth (ft or m) 

2 
Assume r = 3 in. (7.62 cm) and Ac = 2.82 sq in. (18.2 cm .). The cutting 

'\ shoe area compl ies with 0 recommended cross-sectional area for offshore 

. . 2 
corers (Rosfelder and Marshall, 1967). Assume further f = 2000 psf (96 k;N/m ), 

5 

which is the maximum value for dense gravel and Întermediate value for very 

stiff clays (Terzaghi and Peck, 1.967, p. 563). 

For computat ion of q , Eq. 33. 13, T erzagh i ond Peck 1 1967, p. 223 , may be 
p 

used, i.e.: 

.J (6) 

where c (cohesion). = Su (undrained sheàr strength) for an undrained (P = 0) 

condition. Assume Su = 4000 psf (192 kN/m 2) • 

ri ;;:; submerged unit weight of the sediment 1 e.9. 67.6 pèf (1 .08 g/cm 3) 

. and Ne' Nq and N (( are bearing capacity factors, which ,are dimensionless 

quantities depending only on /i .. 

Substituting into Eq. (6)- yielcls: 

N = 5.14 N = 1.0 c q 
N =0 

6 

" 

p q • an i' ,'Mil! 

! 

1 
l 

1 
f 
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and 

, qp = 24740 psf (1188 kN/m2) 
fi' 

Then, substituting into E'q. (5), the I~d required for 1-ft (0.3 -~) 

penetration is: 

Qd = 3.38 tons or 3066 kg 

The result demonstrates why attempts ta sample overconsol idated Pleistocene , . 
'" to 

sediments with gravity core'rs are rarely successful. The amount of penetration is almost 
éi? . ' ~ 

completely controlled by the skin friction. 

6.5.2 Consolidation of t~e Surficial Recent Mud in a Confined Disposai Area 

~ssume a 20 ft (6.1 .-m) thick layer cl the Recent mud stored in a diked disposai 

area., The consolidation behaviour of this material is as éstablished by the consolidation 
• J 

, 

test carriecl out on Sample 2-2, 8orehole 13193, Fig. 12.1. 

• ThEm the amount of consolidation Scan be estimated From the following equation 

(T erzagh i and Peck ,',1967, Eq. 13.8, p. 72):" 
• 
Cc p+AP ----S = H ----------- log -------------
1 + e 

o 
P 

where H is the initial thickness of the-sediment, i.e. 20 ft (6.1 m) 

C = compression index, i.e. 1.55 (Fig. 12.1) 
c . 

e = void ratio at surface pressure, say, 0.1 tsf, i.e. 3.17 (Fig.. 12.1) o ' , 

(7) 

:11 

i 
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p = surface pressure, in this case 0.1 tsf (9.6 kN/m2 ) ,', 

1 .: 2 
tl p= pressure surcharge; e.g. 0.3 tsf (28.8 kN/m ) 

Substituting the above parameters into Eq: (7) yields: 

s=· 7.43 log 4.0 

s = 4.47- ft or 1.36 m 

Time to reach 60 per, cent consol idation con be estimated From the FolJowing 

equation (Terzaghi and Peck, 1967, Eq. 25.10, p. 180): 

t =' 0.28 
H

2 

c 
v 

(8) 

where the coeffic ient" of consolidation c = 2 x 10-4 crrf /sec (Fig. 12.1) 
v , 

• SubstitJting into Eq. (8) yie Ids: 

t = 6029 days = 16.5 years (for single drainage) 
-' 

, . 
The results for 5 and t demonstrate why diked disposai oreas fiHed with fine-groined 

dredge spoil (e.g. those built around Detroit and Toledo) cannat be used for construction 
1:"' 

purposes. 

6.5.3 Penetration of Jack-Up Dril1ing 'P1atform ihto the Recent Mud • 
"- ~ 

The Following analysis foll ow~ a ~t~od ";oposed by Gemetihardt and Fo<:ht (1970) 
, . 

who obtained close aCreement between ,theoreticol predfctions-and observed ~rfarmance of 
-' " ' • .j' t . 

large mariné platforms. The -method disregards the effect of' ski" friction alon9 embe~ded 

, , 
1 .• 
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, . 
legs since it is assumed that the diameter of the legs is appreciably s'maller thon the 

diametet of footings. On the other hand, no reduction of shear stl"elngtr'values is 

considered to account for the effect of locol distvrbonce .around ' the legs and the footing. ç~ 

(T erzaghi arls' Peck, 1967)., ' 
/ t 1 t 

Assume a circular 6-ft (1.83-m) dia. footing and the she~r strength profile as 
, 

establ ished by IClboratory va ne measurement~ 'on' sarnples Jrom ~rehole 13156 (Fig. 9.2.1). 

used, 

, . 
A bearing ca poe it y equation for round footing (Gemenhardt and Fcicht, 1970) is 

+(fIO q == C NI 
U c 

where e = 5 (psf or kN/m2) for on undroine'd ( p = 0) condition 
u 

o = footiDg penetration (ft or m) 

N 1 = dimensionJess bebriflg capocity factor computed according to the 
c . 

~) 

fo/lowing -equation (Sk~mpton, 1951): 
o 

N~ == 6.0 (1 + 0.2 -lf- ) , 

On the basis of the empirical ev,idence, N 1 
C , 0 

9;Oat'à -8- ratloof2.5(Skernpton, 1951). 
oJ 0 ' 

# B == .footing diamefer, i.e. 6 ft or, 1 .83 m 

is 1 imited to a maximum value of 

, First, the ultimate bearing capacity vs. depth relationship has to be establ ished. 
Il 

This is done by'arb,itratily selecting 0 and then calculating q from Eq. (9). The 5 value" 
, , 1 U U 

used is the one determined one diamefer (B) b~low the depth,Oi e .~. for 0= 10. ft, Su 

measured at 16ft is used. 

11 ' 

\ 



o 

If - 101 -

.,('lo. 

The q values are computed and tabulated below for values of 0 = 10, 30 and 50 ft. 
u 

'.1 

Table 13" Theoretical bearing capocities q u for different penetrations 0 

D Su (D+6) D N' ~I 
q c 

from Fig. B From Fig. u 

9.2. l 9.2.1 

ft m psf kN/m2 pd gcm- 3 psf kN/m
2 

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 1698 83.3 

50 15.2 200* 9.60* 8.3 9.0 32.6 0.52 3430 164.7 

* Disregarding the obviotls effect of core disturbance during sompling (see Fig. 9.2.1) 

~e q values con be found, if required, using the same procedure. The relationship 
'.- u 

can be approximated by a logarithmic curve fit of the form: 

o = a + b log q (11) 
u 

Using the selected values of 0 and computed values of q ,the best fitting curve 
u , 

has the following coefficients: 

0= -157.9 + 58.6109 qu ; ~ (coefficient of determination) = 0.997 

The footing penetration con be estimated from a footing load, whicb--depends on the 

total weight of the drilling platform. For example, if the footing load is 100 tons (90720 kg), 

the value of qu is obtained by dividing this load by the footing area. Using the footing lood 

of 100 tons, the footing penetration is obtained from Eq .(11): 

o = 67.7 ft or 20.6 m 

,-----------------

\ 

l~ ~ 
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The resul t demonstrates why the Consumers' Gas Company experienced probtems with 

their jack-up drilJing 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 

dota moy be appl ied. As mentioned in Section 1 . l, the intricacy ci similor problems requires 

a tho .... ough foundation onalysis, which hos not been attempted within the scope of this thesis. 

6.6. Recommendations for Future Research 

There is a need for more frequent appl ication of phy~icochemical' and minerological 

methods to the probYems of soil mechanics, especially to those that deal with clay-size 

sediments. 

The limitation of soil mechanics tests has become particularly apparent during , 

/ 

investigations that have aimed to determine the causes ci "quick" behaviour of the Norwegian 

and Canadian sensitive clays. Recent discussions (Mit~hell and Houston, 1969; Gillot 

1971 ; Sangrey 1 1972; McKyes..!!.~., 1973; Cabrera and Smalley 1 1973) have revealed an 

unexpected complexity of the quickclay problem, as wèll os the existence of several plausible 

explanotions for the very high sensitivity of naturol quickclays. 

The influence of organic motter upon geotechnical praperties of days hcne been 

studied e.9. by Schmidt (1965) and Frankl in !!. ~ 1 (1973), however more research is needec:t 

ta determine whether organic motter acts os a mechanical admixture or is chemically complex,ed 

with crystalline and amorphous constituents in clay sediments. 

The effect of amorphous material upon th& physical behaviour of doy sediments hos not 

-~ -------~·---~~------------.. -•• -•• - .... mAil: ..... Ùt5.Idf.oII-=Silx .. -lIlIzliIIIIIII ... r.cilll?lIiIÎntllll-MlIIiIIIlIIIIlm .. _______ IIWlilrili.iilWo .. 
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c 
been satisfactQrily explained and, os Jones and Uehara (1973) pointed out, the explonations 

proposed ore largely speculative. 

Many offshore engineering problèms 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 consol idation or a triaxial cell. Thus a need arises to study mechanics of very 

soft clay-water mixtures for which the knowledge of mineralagical and chemical composition 

is essentiel. In addition, new testing methods and instruments have to be developed 

(Migniot, 1968; Salem and Krizek, 1973; Einsele..!! ~., 1974). 

o 
\ 

\ , 

o • 
o 
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CHAPTER 7 

CONCLUStON 

The principal findings resulting from the field and laboratory investigation of Recent 

and Pleistocene sediments ,encountered in the central basin of Lake Erie ore: 

l • Among five different sompl ing 'methods employed during the offshore 

borehole investigation, coring with the Christensen somplel was found to give the mc:>st 

satisfactory results. 

2. The surficial Recent mud, the Pie istocene glacio-Iacustrine clay, and the 

P Jeistocene clayey till have geotechnical properties that closely reflect their depositional 

history. The sediments con be best distinguished by their different plasticity. The undrained 
o 

shear strength correlates weil with the natural water content but"oQ'f. with the, plasticity of the . , . 

sediment$. The Pleistocene sediments encountered in the nearsh'ore area above elevation 

440 ft (134 m) have been preconsolidated, most probably by suboerial desiccation during 

fow-'Iake stages of Early Lake Erie. The till de~it of the Erieau moraine is aiso over-
?, 

consolidate~, possibly due ta the weight of a glacier sheet. The surficial Recent mud has 

~he character!stics of a normally consolidated sediment, however in the upper portion it is 
, 

more compressible thon average normally con$Olic:lated days. This pbenomenon' is at-

tributed ta the high plastic ity of the deposit. Grain size analyses revealed that the glacio-

" 
lacustrine deposit generally contains a higher percentage of clay-size frdcti& thon the 
. . 

surficial mud, indicating that the plasticity i5 not primarily inftluenced by the content of 

clay-size part Id es • A graduai decrease in mean partiele size with depth within the 
'. '.' 
'" 
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s urfiéial mud was also noted. 

3. Complementary analyses ~f totll carbon content showèd that carbonates are 

leached From the upper portion of the Recent mud depasit. The carbonate content within 

the Recent mud was found to increase gradually with depth of burial. The total carbon . -
and oxidizable matter values determined for the 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 aAd Pleistocene sediments have been confirmed by subsequent 

quantitative analyses carrie~ out at CCIW on samples from Boreholes 13156 and 13194. 

Val~es of oxidizable motter content were found ~o decrease graduait y with depth within the 

Recent mud column, while constant value$ were obtained for the pleistocene deposits. 

Determinations of s~cific surfa,ce area by ethylene glycol retention indicated inconspicuous 

decrease of amorphous material content with depth, and the results were found to be in 

agreement with electron-optical observa! ions • 

4~ The predominant clay mineraI in both Recent and Pleistocene sediments is 

illite which appears to be little affected by weathering, as evidenced by dÏ$tinct X-ray 

diffraction peaks obtained for aH specimens. On the contrary, chlorite, which is present 

as the second most abundant clay minerai, is poorly crystallized in the weathered horizon ) J - v " 

of t~e surficial mud. Thé oxidation of chlorite Î5 believed to be responsible for the presence 

of smectite, the occurrence of which wos proven by glycolation, ond'interlayered minerais 

in the weathered horizon. A series c:J X-ray ~iffraction anal yses on wet, oir-dried, and 

rewetted specimens yielded results thot ogree with the interpretation of the measured 

p~asticity. For the Recent mud these tests indicated significont collapse c:J peaks with 

1 • 



o 

- 106-
,) 

high d-spacings upon air drying with only partial expansion of these spacings of ter rewetting. 

The diffraction traces of the lo~plasticity till showed no significant change after air drying 

OAd glycolation. A similor insensitivity to air drying and glycolation was later established 
,li 

for the glacio-Iacustrine deposit. Potassium saturation and heating of specimens to 500 and 

600°C indicated that the minerai with the first-order basal reflection at 14 ~ is essentially 

" an iron-rich chlorite. Minor amounts of vermicul ite were detected in the weathereti horizon ...... 

of the Recent mud. Diffraction analyses of specimens treated with hydrochloric acid revealed 

that kaol in ite, if present, occurs only in negligible amounts. 

5. The scanning electron microgra'phs showed that the Pleistocene sediments 

have lower amorphous mate ria 1 content thon the surficial mud. Silt size particles with 

apparent cementation bonds were found. within the lower zone of the Recent mud, which is 

choracterized by relatively high shear strength, sensitivity, and carbonate content values. 

Subsequent electron-optical studies carriéd out at CCIW have revealed that carbonates 

at thi! level are abundant in the clay-size fraction of the sediment. 

6. The geotechnicdl· data can be used to estimate laka bottom hardness and its . 
penetration - resistance due to static weight. The physicochemical tests of bottom sediments 

c may be appl ied to studies of cohesive sediment transport and ta predictions of dredged 

materia! behaviour. 

\ 

\ 

'. 
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APPENDICES 

A, Description of Samplers USed during the 1972 Borehole Hwèifigotion 

A.l The Alpine Free-Falling Piston Sampler (1200 lb) 

The free-fall ing piston coring apparatus, manufactured by the Alpine Geophysical 

Associates Inc. of Norwood, N, J ., was used on ail boreholes for sampi ing of the uppermost 

soft bot tom sediments. The sampler and the basic operating pl'inclples are shown in Fig. 8.1, 

and in Plates 5 to 12, The sampler was borrowed from the CCIWand was slightly moclified 

by HQGA in order to improve the quai ity of recovered cores, The modification consisted in 

replacing the existing cutter with a thin-wall cutter, The sampler éonsists of a 1200-lb 

(544-kg) head weight with guide fins, a triggering mechanism, and lO-ft (3-m) long coring, 

tubes, which are connected by steel coupl ings (Plate 7), Up to 60 ft (18 m) of tubing was 

used ct sites where thick deposits of soft Recent sedimènts were expected. A 2 . 25-in (5~mm) 

· I.'D. plastic liner flts m~gly into the c",ing tubes (Plate 6). Prior to C~h. piston is 

installed at the bottom c:J the coring tube just above the core retainer. The piston is then 

, fastened to a wire leading through' the eoring tubes and the head weight to a come-Cl-long, 

which : ::I:~:::::::~: :sh::~ ~t :0 fall_: . 

1. A required leng;h of coring tu~ wcs estimated based on the expected 

thickness of soft sedimenb. The previovs experienèe of the CCIW personnel with the 

sampler indicated thot the sompler usuCllly stops its penetration within the uppermost foot 

of the Pleistocene glClcÎOo"lacustrine, sediments. 

i 
;. 



~ .... _H.".1l ta."IJS1lW , , 

o 

o 

", •• :c _ lit ....... t ar 

----~ ----...,,-------- ----

• , 

- 1J9-

2. Following the assembly of the coring tubes, thepiston, anàthe cutting 

edge, a triggering mechanism was fastened to thè piston wire leaving a 10-ft (3-m) slack 

(scapa) wire as shown in Fig. 8. la. The installation of a safety pin prevented accidentai 

triggering. The trigger weight was then attached to the triggering mechanism, and the 

sampler was prepared for lowering. 

3. By means,pf the stationary crane and two hand winches, the sampler was 
_/ r 

brought to a vertical! ~sition. The safety pin was removed and the sa~pler slowly lowered 

into the water. As shawn on Fig. 8. le, the length of the trigger weight wire was pre-

calculated to keep the trigger weight 10ft (3 m) below the cutting edge c:i 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 sufficient impact force. (T~e. 

triggering wcs occasionally accomplished by another method, which was found generolly more 

reliable th an self-triggering. In this method, another wire was ottoched to the triggering 

orm. This wire was then abruptly pulled From the deck when the cutting edge was 10 ft 

(3 m) abeve lake bottom, thus releasing the sa"lRler). 

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 holsted slowly by the crane. The penetration depth was estimated From 

two inde pendent meosurements. The first one was based Or:! thé distance travelled by the 

piston inside the tubing before it reached the piston stop, located immediately below the 
'\ 

head weight. This distance Y!'os quite difficult to measure, since the sampler and the wire 

were usualfy quite far from the" sicle of the ship. The end ci the piston travel 'was noticed as 

, ' 
• Aits ; iLi ;: t -' . 
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a sudden pull ta the wire, which during further hauling carried the full weight « the sampler. 

The second measurement was the langth of mud coverÎng the outside « the coring tu~, 
which wa~ measured after the samp(er was brought up on deck. The second measurement 

"';as considered ta be more rel iable and therefore recorcled, with the first one used as a 

check. Af.ter several trials, it was concluded that the use of the core retainer (Plate 9) was 
-il , 

necessary in order ta prevent partial or total loss of a core during hoisting. 
, 

6. Finally, the sampler was hoisted to the deck level, and tumed to horizontal 

position, again using the hand winches. The sections of the sampler were then dismantled, 
Il (1 

\, and the liner extruded from the cori~be. The cores were eut with a hac~ saw ta 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 lak~ bottom temperature of 4oC. 

A.2 The Benthos Grdvity 5ampler 
1 

The sampler was used for sampi ing -of the top sediment, and core up ta 6 ft (1 • Sm) 
" 

long were recovered. The cores were collected for sedimentological and palynological studies 

carried out by the CCIW and conseq~ntly the cores w~re not used for geotechnical tests. 
t\ ' 

The sbmpler'~hown in Fig. 8.2 consists basically cl a head weight and a2.!rin (64-mm) 1.0. 

';y plastic 1 ~ner equipped at the lower end with a stainless steel cutter. The sampler has a dise; 

valve w~~h is left open in a vertical position during lowering. Prior ta hoi~ding, the valve 
, 

is closed by releJlsing a locking pin, which is attached to a thin line operated From the deck. 

The Benthos cores were logged and stored in a similor manner as the Alpine cores. 

1. 
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A.3 The Thin-WaH Opèn'Orive' Sàmpler (Shètby) 

The sampler consits of a,5-in.(127-mm) 0.0. open steel tube wÎth a topered cutting 

edge, as shawn in Fig. 8.3. The sampler is mounted ta the sampler head with four Allan 

screws. The sampler head is equipped with two vent hales and a ch1k valve. 

The sampling was accompl tshed by mechanically driving the sampler downward in· one 

contintlous ~ve. After the sampler had been driven ta the required depth, the drill rads 

and the sampler were rotated in order to shear off the bottam of the sample. The samples 

were then brought to the deck, and immediately sealed with beeswox. 

The<sall'lpler 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 r~overed. The 1~in.(46-cm) long'sampling tubes were used in 

B?rehole No. 13156. Later in the proj'ect, 5 -ft (1 53-c'm) long tubes became avoilable but 

these were oot tried out since, as mentioned ebrlier, preference was given to other sa,!,pling 

methods. 
(~ 

A.4 The Chri5tensen Thin-Wall Sleeve Sampler 

The sampler clesigned by HQGA especially for the project, was manufacfured for 

Consumers l Gas Company by'Christensen oiarriond Products Ltd. of Edmonton, Alberto. The 

principal features of'the sampler are shawn in Fig. 8.4., The sempler head contains four vent 

.. 

holes and a tapered valve seating. Th~ check valve is a 7.2-in. (lS.3-cm) long,l-ln. (2.54-cm) 

dlameter steel rod, which is dropped fl'om the surface prior ta recovery. The valve ensures 

1 

l, 
1 
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that tluring hoisting hydrostatic pressure does not push the 'sample out of the coring tube. 

The coring tube consists of a 4.75-in. (121-mm) 0.0. outer bdrrel which contains a 3.75-

in r95-mm) 1. D. plastic liner. 5 - ft (1 • 52-m) 1009 and 3<hft (9 . 14-m) long barrels were 

available; the latter was generally used more frequently thon the former: The cutter of the 

sampler contoins the core basket of a similor type as the one used in the Alpine sampler. 

At the beginning ci the investigation program, the Christensen sampler was not avoiloble, 

and in the meontime the performance of other somplers was tested. On the second borehole 

(No. 13161), the use of the Christensen sampler was found to result in a simple and ropid 

coring method. Furthermore, it was noted that the quai ity of samples was at least as 900d 9s 

'of those obtained by means of other samplers, and hence the Christensen sampler was employed 

exclusivelyon 011 following boreholes for deeper coring using the National T 20 drilling rig, 

while the coring with the Shelby sampler and the Osterberg sampler was discontinued. 

ln soft sediments continuous3.75-in. (95-m~iometer cores up to 20 ft (6.1m) in length 

were recovered. Oifficulties were encountered during the coring of stlff and very stiff till 

• 
deposits owing to'lack of mechanical or hydraulic equipment that eould exert an additional 

, . 
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 ci the soil exceeded the gra-

" 
vitational force of the sampler. The cores,contained in the plastic liner, were eut to 5-ft 

~ 

(1 .52-m) long sample sections seoled with improvised pldstic caps and friction tapes and 

stored in the refrigerator on the drillship. 
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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. Tbe principal features of the sampler are a fixed 

piston attached to a hollow piston rod, an outer barrel, an inner sampling tube, and a movable 

piston si iding inside the outer barrel. Initially, the sampler wcs lowered to the b~ttom of the 

8 5/8-in. (21.9-cm) dia. casing. The piston at the lower en,d of the sampler prevented any 

sediment entering the sampi ing tube during lowering. The sampi ing tube was then forced 

into S;ediment br water pumped through the drill rods (Fig. a.Sb). When the movable piston 

descended to the fixed piston, i.e. when the sampling tube was fully extruded (Fig. 8.5c), 

'/Jater began to escape out of the sampler through the hale in the piston rod and the vent. 

The sampler was then rotated through 360 degrees to shear off the sample From sediment 

underneath, and 1 ifted From the borehole. The sampling tubes were sealed with beeswax and 

stored in the refrigerator. For laboratory testing, 2-ft (61-cm) long steel sampling tubes were 

cut to short sections sin ce it was felt that the extraction of the whole sample From the tube 
v 

would result in considerable disturbance of the clayey sediment. 
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B. General Features of Modern Offsnore Sàm'plèrs 

Recent research in marine sedimentology and marine geotechnique has resulted 

in some new designs of offshore sampi ers that give favourable promises with respect to 

improved offshore undisturbed coring. 

Offshore equiprnent d potential use for geotechnical investigations can be divided 

into four princ ipal categories: 

(1) Single-entry sampi ers, usually attached to cables and raised and lowered 

by means of cranes and winches loèated dboard a supporting vessel. 

(2) Multiple-entry samplers, requiring a fixed platform which enables the 

use of onshore drilling or coring techniques. 

(3) Bottom-rest remotely éontrolled platforms. 

(4) Equipment for underwater in situ testing. 

B.l Single"'Entry Samplers 

The single-entry samplers ore widely employed in shallow and deep oceanographical 

and limnological investigations. The main types incl~de gravit y samplers, piston-gravity 

samplers, propelled samplers, and vi~ration samplers. Research trend aims at the design r:J 

large-diameter samplers, the reduction of wall friction, the experimentation wi~ various 

driving methods, and the development of more efficient core catchers, release systems, 

pistons, and check valves.. Con1pI'ehensive summories <k thes9 trends were presented by 
'-

Rosfelder and Marshall (1967), NOorany (1972), and Ling (1972). 
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Modern grO~it~ samplers are ",uaUy èquipped with noncor1Osive inside liners ~ 
and cutters meeting requirements for thin-wall sampi ers (Table 4). Rectangulpr core barrels 

have a higher flexural strength than the circular barrels made of the some amount of material, 

i. e. the y are Inore economical (Rosfelder and Marshall, 1967). The rectongular cross 

section also inhibits rotation of the sampler during penetration. Severol new designs of 
-1 

core catchers have "een deveJoped. A swinging spade is used in the Reiseneck sampler 
1 

(Noorany, 1972), c10sing 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 

sompler, consisting of a nylon sleeve curtoin which seals the lower end of the barrel pri1r 

to recovery, was developed by Werner (1973). 
.. 

Ptsfon gravit y samplers on the average achieve deeper penetration than gravit y 

, . 
samplers of comparable weight or diameter, and the suction of a piston decreoses the pos-

siblfity of core loss during retrievol. On the other hond, piston movements during pené-
• l 

tration and retrieval can produce serious disturbance of core samples. A promising design 
. 

is the IISphincter ll corer developed by Kermabon ~ al. (1966). Jhe sampler is equipped with 

a watertight nylon core catcher, a split piston, which prèvents the up'ward pull of the piston . 
during the raising operation, and a relatively light electrical triggering system. An 

improved version of the JlSphincterli corer includes a recoiless piston which is campletely 

independent of the.- main cable (Kermabon and Cortis, '1969). A piston immobilizer based 

on a dlfferent design was developed by Benthos, Inc. (Ling, 1972). Internai waU friction 

can be sigl1ificantly reduced vIIen core conve}'Ors are "used. The core conve)'Ors unreel 

inside the sampler at a rate equaJ to the penetration of the sompler. The conveyors can 
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consist of steel foil strips as i/1 the Swedish foit sompler (Kiellman ond 'Kollstellius, 1950) 
o , 

or of 0 flexible high tensile strength liner (Rosfelder ond Morshall, 1967). 

The, Norwegioo Geotechnical Institute deVJtl&p.ed.a '9as-propelled piston sampler 

(Andresen ..!!. ~, 1967) which is designed to penetrate soft Pot;.>m sediments due to its 
~ 

own weight. A maximum pen tion depthof32 ft (9.7 m) was reported. After the sampter 

cornes to rest, a 2.1-in. (54-mm)t 'n-woll sa pling tube' 5.5 ft (1.65 m) in length is driven 

into the sediment by 90S pressure gene ""'-""~y the ignition of a salid rocket propellont. 
"-

The piston system closely resembles that of the Osterberg sompler (Appendix A.5, Fig. 8.5). 

B.2 Multiple-Entry Somplers 

, The multiple-entry somplers are commonly used with onshore drflling rigs mounted 

on fixed plotforms" e.g. spudded barges, jack-up elevatecl platforms, and sunken barges. 

Thin-woll piston samplers of larger diameters (approximately 3 in. = 76 mm) app~r to be 

best suited for undisturbed/sompling. Long open-drive sampi ers, e.g. similar to the 

Christensen design (Appendix A.4, Fig_ 8.4), can bè~sed ot sites where rapid sompling is 

r.eqJJired ancf the high qua lit y of cores is not absa lutely necessary. The c:oring with multiple-

-entry samplers is usually expensive qnd time-consuming. On,the,other hand, repeated 

sampling allows the penetration of sediment strata to predetermined depths and the reeovery 
) 

of samples with minimum disturbance. The s.ystem app~ therèfote suitable for detailed 

foundation investig,ation in shallow waters. 

• 
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The sompling operation nonnally requires a string of casing)owered through the 
~ . 

water column and the soft bot,m sediments. Since the casing has ln withst?nd dynamic 

loads due to waves and currents, the-maximum J:ecommended length of a bottom-embedded 

casing (Ling, 1972) is in the orcier of 150 ft (45 m). The use of drilling mud is recommended 

for sampling in cohesionless sediments, otherwise cores are frequently Jost by washout during 

retrieval. The drilUng mud also inhibits core disturbance by preventing water seepage 

through oohesionless sediments. 

\ 

B.3 Bottom-Rest Platforms 

Several remotely controlled submersible platforms whiœh appear suitable for 

geotechnical sompling were discussed by Rosfelder and Marshall (1967), Noorony (1972), 

Tirey (1972); and Ling (1972). The platforms are principolly used in waters deeper thon 

100 ft (30 m). Power is transmitt~ 10 the ~Iatfonns hydrauli cal/y, pn~umatically, or' 

electrically. A remote control eJiminates the necessity of a stabilized platform and 
'l 

, oonsequently coring is less limited by adverse weather conditions. The platfojms can be 

operated in wave height~ o~8 to 10 ft (2.5 to 3 m) f~m vessels as smoll as 76 ft (21m) in 

length (Tirey, 1972). 

An example of a submersible vibration platform is the Alpine Vibraoore (Babcock 

and Miller, 1972) which is suitable for penetration of.1rnse c;ohesionless or hard cohesive 

sediments. The air-powered Vieraoore opera tes in the ma~imum depth of 2~ ft (61 m) and 

takes 3.5 -in. (87.5-mm) dia. SQmples co!1tained in plastic liners. The maximum sampling , 

• 
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length is 40 ft (12.2 m). During ooring, a vibratory hammer,powered by.an on-board 

compressor, slides clown along a supportfng H-beam without rotation; oonsequentfy ft 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 (Ung, .1972)developed <,!' 

by Conrad-Stork, Haa,rlem, Holland, and the Dutch Geologic~1 Survey Department. The 

platf6rm contains a rotary dri lIing devi ce and a ratating supply disc with twelve 13-ft (4-m) 

long barrels. The GeodoFF Il combines two penetration methods; in soft sediments the 

barrel is advanced by pushing, in hqrd sediments ooring is achieved by rotary drilling. 

The maximum penetration is 157 ft (48 m) intô ,the sediment. A similar outomatic sampler 

has been designed by Texas A & M University (Noorany, 1972) which is capable of taking 

a 3-in. (76-mm) dia. sample 49.5 ft (15.1 m) in length. 

Tirey (1972) describ~ severol bottom-rest platforms whjch use rotary drilling 

~ penetration of hord sediment st,rata. Thes~ include the Wil'llpey driH (England), the 

Il')stitute Francois du Petrole drill (franee), the Wirth drill (Germany), and the "oken dri Il 

(Japan). 

8.4 Underwater ln Sit~ r#ting Equipment 

'" r' 

~he underwater !!!. situ testing of geotechnical properties cfosely resembles 

methods' used in onshore investigations. In'situ shèar strength of cOhesive sediments n 
"'\ --

. usually measured by vane shear devices (Richards et al., 1 t!J2) or cone penetrometel1 ...... ~ ~, 
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(Hirst ~~, 1972). 

ln general, ~~ test results are not influenced by sediment disturbance caused 

by sampling, and consequently measured values are often significantly hi9her than those 

measured in ~he' laboratory on core samples. The vane results ore readily convertible to 

undrained shear strength values. The cone results cannot be directly related to undrained 
J 

sheor strength but they provide a continuous profile of sediment resistance with depth. 

The ultimate bearing capacity of bottom sediments can be meosured witHan 

. 
urtqerwater plate beoring device (Noorany, 1972) with which applied loads and measured 

deformations are monitored From a surface vessel. Stress-straln properties of offshore 

sed~ments have been measured with Menard's pressure meter in underwater borings in water 

up to 2600 ft (792 m) deep (Noorany, 1 972). Of particular interest for ~situ testing of 

soft bottom sedfments is thè development of the Cambridge ~ Situ MeoslIring Deviee which 

monitors stress-strain behllviour'of sensitive clays. Th~ measuring probe is essentially a 
.' 1 t'" :. 

pressure meter combined with a miniature tonnelling machine, which drills its way through 

V 
the sediment and removes the material upward~ through the probe. As of No vem ber , 1973, 

the prototype was under further development to enable the use-of the deviee with a standard 

drilli ng rig (Wykeham Farrance Engin~erin9 Ltd., J 973). 

\ 
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C. X-radiography 

C.1 Use of X-radiogtaphy in Geotechnical Investigations 

o 

The use of X-radiogtaphs in geotechni~al investigations is an excellent aid for 

detailed logging ~f-boreholes, scheduling of laboratory testing progroms and sûbsequent 
<t 

. '" . interpretations of measured geotechnical properties. In the laboratory geotechnical work" 

the X-radiography has been further used for such purposes as localization of shear planes in 

unconfined compression, triaxial, vane, and direct shear tests (Sopp, 1964), study of stress-

strain behaviour of soils, determination of degree of consolidation of compressible sediment 
.;, 

loyers, detection of sample damage, and correlation of varve strotigraphy (KenneyandChan, 

1972). Thus it is evident that X-radiogtaphy represents a valuable tool for a geotechnical 

engineer, and that much useful information can be derived from this nondestructive method 

of sediment testing_ 
" 

Ali cores recovered during the borehole investigation described in this text were. 

X-royed prior to laboralory subsampling and testing in order te obt-ain information on 

stratigraphy, sedimentary structures, and the amount of sample disturbance. The cores wJre 

X-rayed within several days after their arrivai From the field. Silice cores were X-rGyed 

prior 10· extrusion, the quality of radipgraphs 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 hond, the rodiographs of cores enclosed in 
.~ ..,-

'1 

thick plastic liners (the Christensen cores) and steel tubes (the Shelby cores and the 

Osterberg cores) were barely sufficient for the studyof sediment stratigrophy and structure. 

, 

• 
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Four representative radiographs (Plates 17 fa 20) From two boreholes were 

se/ected 10 indicate the type of information tOOt has been obtained from radiograph 
'" 

excmination. In order to prepare radiograph prints From radiograph films, it ~as first 

necessary Jo make contact prints, which were then scaled down ft> small-size prints. In 

general, the direct observation of films yielded more detailed information on semple material 
p 

than the amount which can be derived from an examination of the small-siz~ prints. 

C.2 Instrumental Settings 

The rcdiographs were obtained by means of the X-ray equipment developed by 

C.H.F. Muller, Hamburg,West Germany (tube PV 7102/00, tripod tubestand PV 7080/00, 

and contro 1 oonso le PG 2(0). The radiographie fHm used was Kodak Industrex M, 14 in • 

x 17in. J 
The following procedure was used: 

Type of Sampler mA kV Exposure 
Time, Minutes 

Christensen 4 160 ' 4 

Shelby 4 180 20 

Alpine 4 100 21/4 

Osterberg 4 150 6 
'or,. 

Benthos 4 100 ,21/2 

Ali films were processed for ~ minutes in a developer, 4 minutes in a fixer, and 

50 minutes in a drier, The t~mperature of the ~.veloper and ,the fixer was held constant at 

6fP F (2oo C). 

• 
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D. X-ray Powder Diffraction -
D • 1 Specimen Preparation 

Specimen for X-ray powder diffraction analyses were prepored by a sedimentation-

on-glass slide technique, in whic~ a clay suspension is placed into an evaporating dish and 

• 
then is,allowed ta dry at room temperature. This technique, which is rapid and does nat 

-'1 

require special equipment, is commonly used for routine X-ray analysis work (Royse, 1970). 

The technique was criticized by Gibbs (1965) who pointed out tOOt the sedimentation of 

particles results in segregation due ta different particle sizes, and therefore, in a quantitative 

analysis, the technique yields higher values for montmorillonite relative ta illite and kaolinite. 

According ta Gibbs (1965), centrifuge~iented specimens give even higher values for mant-

marillonite, 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 sédimentation 

technique, nevertheless this technique wos used for the fol~wing reasons: 

1. The previous mineralogical work (Lewis, 1966) indicated that 

montmorillonite in Lake Erie clays is absent or present only in small amounts. 

2. ",--The smear technique, which Wâs tested in several initial trials gave 

na significant information wirh regard ta low 29, values 50 that diffraction traces showed 

na difference between '\igh plasticity and low-plasticity clays. 

3. The smear technique produced generally higher background scatter in 

comparlson wlth the sedime.,tation technique l and tended ta mask some low-intensity peaks. 

~ 
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D.2 Instrumental Settings 

After some experimentation with the 'operation of the Philips X-ray 

diffractometer, it was found t.hot the following settings yield required information 

within a reasonable length of time: 

Type of Radiation 

kV 

mA 

Divergence and 
Scattering Slits 

Receiving SUt 

Scanni ng Rate 

Scanning Range 

Counter Frequency 

lime Constant 

Chart Speed 

cu Kcx. , Ni filter, .Â.= 1.5418 

" 35 

20 

0.1 mm ... 

f>'j min. (rOutine scanning) 

1/8°/min. (slow scanning) 

o . " 
'P - 48 (untreated bulk and -2 micrcm specimens) 

~ - 2.f> (moist-never dried, glycolated, , 
potass; um saturoted, and furnace heated 
specimens) 

1~- 13° slow scanning 

2l' - 21' slow scanning 

, 100 count~second 

10 seconds 

0.5 in./min. 
0, 

,/ 

1 
s 

1 
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