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ABsrRAcr

$amples of Champlain Sea sediment from St-Barnab6, Quebec, near the Canadian Shield contact of the Champlain Sea basin,
and from Henryville, Quebec, near the Appalachia-n Mountains contact, are dominated by the tectosilicates (M-82Vo). At
Henryville, quartz and plagioclase are dominant, with lesser K-feldspar; among the phyllosilicates, the 4-0.5 pm fraction con-
tains, in decreasing order, chlorite, illite, and expandable clay, except in the near-surface weathered zone, where the expandable
clay is in greatest quantity. In the <0.5 pm fraction, expandable clay also dsminztes in the surface and basal zones ofthe sedi-
ment. At St-Barnab6, plagioclase is dominant, witl lesser amounts of quartz and K-feldspar; the phyllositicate cornponent of the
zl-0.5 p,m fraction is dominated by iflite, with much lower proportions of chlorite and expandable clay at all depths, whereas in
the <0.5 pm fraction, the proportion of expandable clay increases relative to illite and chlorite, although it generally is not
dominant. The sensitiviry of the sediment decreases as the relative abundance of expandable clays increases. Oxide concentra-
tions are low, on the order of I 7o of the total sample; although relatively more abundant in the smaller size-fractions, the quantity
increases at a lesser rate than the surface area. The relatively small amount of oxides present suggesb that, at these levels, they
probably affect soil behavior by a cementing action that is analogous to a "spot welding" process at interparticle contacts.

Keywords: Champlain Sea, Leda clay, minsplsgy, geot€chnical behavior, size fractionation, tectosilicates, expandable clays,
oxide ming1al5, Quebec.

Sorwrans

Les 6chantillons de sddiment ddpos6s dans 12 6s1 Qhamplain I St-Barnab6, Qu6bec, prbs de la bordure de ce bassin avec le
Bouclier Canadien, et A Henr,'ville, Qu6bec, prds de sa bordure avec la chaine des Appalaches, contiennent surtout des
tectosilicates (47-32Vo). AHettyville, quartz et plagioclase pr6dominent, et le feldspath potassique est accessoire, tandis que les
phyllosilicates pr6sents dans la fraction 4-{.5 pm sont, en ordre d6croissant d'importance, chlorite, illite, et argile gonflante, sauf
dans la couche lessiv6e prbs de Ia surface, oI l'argile gonflante est la plus importante. Dans la fraction <0.5 pm, I'argite gonflante
est encore dominante dans la couche de surface et h la base de la s6quence de s6diments. A St-Barnab6, le plagioclase est
dominant, le quartz et le feldspath potassique 6tant accessoires; parni les phyllosilicates dans la fraction 4-0.5 pm, I'illite est
dominante par rapport A la cblorite et I'argile gonflante e toutes les profondeun, tandis que dans la fraction <0.5 pm, la proponion
d'argile gonflante augmente par rapport a I'ilite et A la chlorite, quoiqu'elle n'est pas dsminante en g6n6ral. La sensibilit6 du
s6dimentdiminuedmesurequ'augmentelaproportiond'argilegon-f1ante.[aconcentrationd'oxydesestfaible, del'ordredeLVo
de I'6chantillon. Quoiqu'en g6n6ral plus abondant dans les fractions I granulomdtrie plus fine, la quantitd augmente moins
rapidement que I'aire de la surface des sddiments. La proportion relativement faible des oxydes fait penser qu'ils agissent comme
ciment dans les sols d6riv6s de ces sddiments, d'un fagon analogue tr une soudure ponctuelle aux contacts entre particules.

(Iraduit par Ia R6daction)

Mots'clesi mer Champlain, argile Leda, mindralogie, comportement g6otechnique, fractionnement par taille de grains,
teclosilicates, argiles gonflantes, oxydes, Qu6bec.

I E-mnil addressas: rberry@geology.sdsu.edu, ken_torrance@carleton.ca
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Inrnopuc"uott

Fine-grained products of late Pleistocene glacial ero-
sion were deposited in ths Qhamplain Sea, a marine in-
vasion of the modern St. l.awrence and Ottawa River
valleys, and extending south into the Lake Champlain
basin (Gadd 1.962, 1986). The exposed marine
sediments of the St. l,awrence Basin, for which the com-
mon collective term is Leda clay, but which are more
accurately designated by the names of individual sub-
basins (Goldthwait: Lower St. Lawrence beyond

Quebec City, Laflamme: Saguenay, and Champlain:
inland from Quebec City), are prone to slope failure and
may exhibit quick-clay behavior, resulting in large land-
slides. This susceptibility to failure leads to great inter-
est by engineers and land-use planners. The mineralogy,
grain-size distribution, pore-water chemistry and
geotechnical behavior of Champlain Sea deposits have
been studie4 but a thorough mineralogical investiga-
tion, with fractionation of the sediment into multiple
class-sizes and consideration of mineralogical changes
through the weathering cnrst has not previously been

conducted in parallel with the other factors. The pur-
pose of this study is to link the results of detailed min-
eralogical analyses to geochemical and geotechnical
factors in order to obtain further insight into the con-
trols of variations in sensitivity of these marine
sediments. Torranceos (1983) prefened definition of
quick clay as exhibiting a sensitivity greater than 30 and
a remolded strength below 0.5 kPa(i.e.,liquid behavior)
is adopted.

B ncxcnouNlD INFoRMATIoN

Papers by Torrance ( 1 983, I 98 8, I99O), Locat et al.
(1984) and Locat (1996) contain the most comprehen-
sive reviews of mineralogical information and hypoth-
eses pertaining to quick clay in general, and the St.
Lawrence Basin deposits in particular. They also con-
tain extensive references (not duplicated here) to other
related work on the behavior of these sediments.
Whereas the suite of minerals that is present in the St.
Lawrence Basin marine clays is well documented by
fhese extensive references, and the relative abundances
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and range of abundances of the primary minerals are
generally reliable (feldspars > quartz > amphiboles), as
is the relative amount of primary minerals to phyllo-
silicateso the use of an extremely aggressive chemical
procedure to extract and quantify "amorphous" miner-
als invalidates the results concerning phyllosilicates and
oxide minerals (Iorrance 1995).

An extensive set ofmineralogicalo textural, geotech-
nical and chemical data serves as the basis for this pa-
per. The data were obtained by analysis of undisturbed
core samples taken from Henryville and St-Barnab6 and
a near-surface grab sample collected from the bottom
of a newly constructed ditch at Ste-Seraphine, all in the
province of Quebec. Figure 1 shows site locations. At
Henryville, the core samples represent the complete
depth-sequence. At St-Barnab6, the core samples repre-
sent only the top few meters of a very deep deposit. No
large landslides have occuned near the Henryville site
(topographic reasons)o whereas the SfBarnaM samples
come from an undisturbed site in an area with intense
prehistoric landslide activity Surow 1972).

PnocBpunss

Core-sampling intervals were selected on the basis
of the drill logs in order that the samples encompass a
range of sensitivity. Core segments and samFling posi-
tions are shown in Table l. Although samples with high
and low sensitivity were analyzed, sections of the cores
with the highest sensitivity were not recognized until
too late in the project to adjust the sampling interval.
Missing the zones of highest sensitivity was unfortu-
nate, but does not affect the interpretation ofthe results.

Samples of approximately 0.25 kg were dispersed in
deionized water and size-fractionated utilizing Stokesos
Law into the following fractions: >16, lH,4-2,24.5
and <0.5 pm. Each sample was analyzed for propor-
tions of qua-rtz, plagioclase and K-feldspar utilizing

TABLE I. SAMPLINGDEPIIIII AND INTERVALS FOR
HENRYVILIE AND sr-gARI.tABE coREs

Heryvillecm St-Brmb6m

standard-addition techniques and X-ray diffraction.
Each size fraction of each sample was analyzed, semi-
quantitatively, for clay mineral content (illite, chlorite,
kaolinite and expandable clays). No attempt was made
to estimate the relative abundances of expandable clay
mins14ls, but it became clear that smectite-group min-
erals, particularly montuorillonite, predominate. Trends
in clay-mineral abundance were calculated in terms of
Clay Index Numbers (CINs) (Berry 198J), which are
related to peak intensities (by area) of l0 A (glycolated)
for illite, 14 A (heat-treated) for chlorite, 7 A (heat-
treated) for kaolinite, and the difference in intensities of
the 10 A (glycolated) and the 10 A (heat-treated) peaks
for expandable clay minerals (see Appendix). Although
actual abundances of individual clay minerals were not
determined, increases and decreases in relative abun-
dsnces ofcoDstituent clay minerals are accurately meas-
ured. In this way, changes in clay mineralogy may be
compared with changes in other pararneters.

The mineralogy of the iron and aluminum oxides was
investigated by the use of dithionite-citrate (DC) and
acid ammonium oxalate (AAO) extractions (Sheldrick
1984) on all the size fractions smaller than 4 pm, and
by M0ssbauer spectroscopic investigations of separate
core samples (not segregated by size) from I and 9.7 m
depths at St-Barnab6 and from I and 4 m depths at
Henryville.

Details concerning some of the analytical procedures
performed on the core samples are presented in a Labo-
ratory Technique Report @erry 1987). The following
procedures are included in the report and summarized
in the Appendix, adapted from that report: l) Size sepa-
ration of the samples, 2) X-ray analysis for clay miner-
als, 3) calculation of CIN numbers for clay minerals, 4)
X-ray analysis for quartz, plagioclase and K-feldspar,
and 5) standard-addition techniques for reduction of data
conceming the tectosilicates.

Reswrs AND DrscussroN

Grain size and, sorting

The median phi grain-size of the core samples ranges
ftom 8.0 phi to 9.3 phi (3.9 to 1.62 pm), with Henryville
being slightly finer than St-Barnabe material. The
median phi grain size for the Ste-S6raphine sample is
6.0 phi (15.6 U,m). Phi sorting and median grain-size
values for all samples are presented in Table 2. Phi sort-
ing varies from I . 85 to 4. I 5 . The cumulative weight per-
cents for the various size-fractions of each sample are
presented in Table 3, These samples have their median
grain-size in the coarse clay to fine silt range. The some-
what finer grain-size and better sorting at Henryville
compared to St-BarnaM probably reflect the more distal
location of Henryville relative to the retreating
Laurentide ice sheets, which contributed so greatly to
the sediments.

l . @ -  1 . t 0 m
2.80-2.9Oa
5.05 -  5 .15  m
7.V2 -7 .15  n

1.02 - l.15 n
3 .UZ -3 .17  m
6.05 -6.22n

9.@-9.15  n
ll.20- 11.37 m

Top
Top
Top
ToP
Top

6 m
9 m
l l  n

Top lm
Bofiom 3 m

Top 5E
Top 7m

l m
3 m

Cohffi h"ading8: I : Dopth mgo of m segrned, 2: Aliquot positio4 3; Srnple
dept! (br pupow ofplottiag).
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TABLE 2. MEDIAN GRAIN.STT AND SORTING.
HENRYVtrI.E ST-BARNABE AND STE.SERAPHINE SAMPLES

TABLE 3. SIZE FRACTIONS OF THE SAMPLFS

Depth(n) >l6pm l6+|ln 4-2w 2-{.5 Hm <0.5 pE

St-B8m8b6 @re

St-B[Dab6 Ste-S((aphine

1.62 9.3 3.05
t.97 9.0 3.X
1.62 9.3 2.35

I

J

7
9
l 1

2.U 8.8 3.?5 15.6 6.0 6.0
3.40 8.2 3.75

3.4 t.2 3.4s

3.90 8.0 4.15
3.40 8.2 3.@

25.9
20.2
20.0
lE.4
17.7

l o .J

t3.4
1 r ,

15 .3
t4.3

I t'1.9
3 29.2
6 30.0

9 38.0
1 l  36 .5

I t .3
18.4
t'7.'1
I  1 .8
t2.o

2t.6
18.8
20.1
t6.4
19.5

2.75 8.5 1.85

Cotffi hq'{ingr: l: SgrTle d€'pth, in E, 2: Medim pgaia+izo (pn), 3: lvledie gmin-
sizs (0), a: 0 rcrtiog.

Non-clay silicate minerals

In agreement with Locat (1996) and others (Torrance
1988), we find that the tectosilicate minerals (principally
quartz, K-feldspar and plagioclase) dominate the
Champlain Sea sediments. Only the sample taken at five
meters below the surface from the Henryville core con-
tains less than 50 wt.% tectosilicates (47Vo). Other sam-
ples contain as much u 82Vo tectosilicates by weight.
Table 4 presents the distribution of tectosilicates in sam-
ples ftom the Henryville and St-Barnab6 cores and in
the Ste-S€raphine grab sample, as well as the details of
ttre variations in mineral proportions. When broken
down into relative abundances of individual minerals.

TABLE 4. PROPORfiON OF TECTOSILICATE MINERAIS

Dupth (m) K-foldspr Plagi@le auanz

St-Bmab6@re

H€myvile m

3 2 3
5 2 9

3 3 0

Ste-seBphine

I

5
7

H€myvileffi

19.0 14.0

lE .0
t.0

28.9

Ste-S&aphire

18.3 10.0

quartz and plagioclase are present in equal and domi-
nant amounts in the Henryville core samples, whereas
plagioclase dominates in the St-Barnabd samples.
Amphibole was found in trace amounts (4Vo) in aJI
samples except the one meter (weathered) sample from
the Henryville core.

Tectosilicates heavily dominate the >4 pm size-frac-
tions of all samples; the24 pm size-fraction contains
an approximately equal mixture of clay minelal5 and
tectosilicates, whereas clay minerals heavily dsmin4te
the 4 pm size-fractions. In total, clay minerals make
up a minority fraction of the constituent mineral suite.
The proportion of the tectosilicates varies only slightly
with depth in both the Henryville and the St-Barnab6
cores, Betweenlocation variability in mode, grain size,
and relative abundances of minerals are attributed to
differences in source area. The proximity of Henryville
to the Appalachian Belt, with its relatively phyllo-
silicate-rich sedimentary and metamorphic rocks, allows
for a finer-grained Appalachian-derived sediment to mix
with the dominantly igneous Canadian Shield source.
The Canadian Shield is essentially the exclusive source
of the minerals at St-Barnab6.

CIny minerals

The CINs for the size ftactions of all samples are
presented in Table 5. Clay minerals do not occur in sig-
nificant quantities in size fractions greater than 4 pm in
any sample and will not be discussed.

The St-Bamab6 selg samples show little variation
in clay-mineral assemblage with depth in the 4--2 pm
(Fie.2u Table 5), urd24.5 pm size-fractions (Iable
5), which are similar. Illite clearly dominates over
chlorite and expandable clay minerals in the 4-{.5 p,m

16.0
35.0
36.5

t2.o
16.0
1 .0
0.9

23.O 32.O

n.o 27.0
25.0 30.0
t9.2 14.6

I

6
o

1 l

t3 29 t7 59
8 4 0 1 6 6 4
15 43 24 a2
22 3r 16 76
t8 23 23 64

?5 52
31 65
21 4',1
3 l s

The prcportion of the miasals is erywed in molo
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size fractions at all depths. Chlorite and expandable clay
minerals (chiefly montnorillonite) are present in ap-
proximately equalo but minor, amounts in the 4{,5 U,m
size-fractions at all depths. The clay-minqal composi-
tion of the <0.5 pm fractions at St-Barnab6 varies
greatly with depth (Fig. 2b,Table 5). No clay mineral
dominates at all depths of this finest size-fraction, but
illite remains generally more abundaxt than chlorite and
expandable clay minerals. In general, where the abun-
dance of illite increases, the abundance of expandable
clay minerals (principally montrnorillonite) decreases,
and vice versa.

The Henryville core samples show little variation in
clay-mineral assemblage with depth in the 4-2 pm
(Fig. 3a, Table 5), and 2-0.5 pm (Table 5) size-frac-
tions below one meter. These size fractions are similar.
Below one meter, chlorite dominates the clay mineral
suite of these fractions, with illite only slightly less
abundant; expandable clay minerals (principally

TABLE 5. CIN VALUES FOR CI"{Y MINERAIJ

2 W lll Cbl KIn I Exp III Cbl Kln

St-Bmab6 Hmyvills

monnnorillonite) are present in minor amounts in all
5amples. In the sample taken at one meter, the 4-2 and
2-0.5 pm size-fractions are dominated by expandable
clay minerals, with concomitantly lesser amounts of
illite and chlorite. Notations on the drill logs related to
color and consistency ofthe recovered material suggest
that materials at this depth in the Henryville core are at
the bottom of the modern soil zone and have experi-
enced sigrrificant alteration by weathering. Differences
in clay mineralogy of the 4-0.5 pm size-fraction be-
tween the sample taken at a depth of one meter and the
rest of the core are consistent with such weathering. The
assemblage of the clay minglals of the <0.5 pm frac-
tions at Henrywille shows a great deal of variation with
depth (Fig. 3b, Table 5). No clay mineral dominates at
all depths of this finest size-fraction. Interestingly,
expandable clays dominate toward the surface and the
base of the deposit, and illite and chlorite dominate
through the middle portion.

Differences in the relative abundance of illite and
chlorite in the 4-o.5 p,m fractions of the Henryville and
St-Barnab6 core samples probably reflect sources ofthe
sediment. The St-Barnab6 samples are dominated by

CIN ( Clay Mlneral Indlcator Numbe4
0 1 0 m 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0

-2

.3

'4

Frc. 2, Variations in clay mineralogy with depth at St-
Barnab6 in a) the24 pm size fraction, and b) tle 0.5 pm
size fraction. hoportions of the phyllosilicates are shown
as follows: expandable clay, ........... ill ite,
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illite (mica), and show little variation in clay minepls
of the 24 pm size fraction with depth. Except at one
meterbelow the surface (where weathering is an impor-
tant factor), expandable clays are the least abundant
constituent. The clay minsralogy of the St-Bamabe core
reflects a Canadian Shield, glacially derived, source of
sediment. In comparison, the 4-2 pm fraction of the
Henryville core samples shows chlorite as a dominant
mineral and less illite. Chlorite is equal to or less than
illite in the 2-0.5 pm ftaction. At Henryville, the clay
minerals present in the sample at I meter depth reflect
weathering more than sediment source, with expandable
clays dominating in all the <4 pm size-fractions. Aside
from the previously noled drill-log indications of soil
and weathering at that depth, the uniform dominance
by expandable clays in all fine fractions is more typical
of. an in situ oigSn of the suite of clay minerals. Were
sediment source a major control on the suite of clay
minerals at the one meter depth, one would find differ-
ences in clay mineralogy from one size fraction to an-
othero related to sorting by particle size during transport
from a distant source-area. As with the erain-size at-

CIN ( Clay Mlneral Indlcator Number)
10 20 s0 N 50 60 70 80 90 100

2-4 Mlcrometer Fracdon

e.
o
6 - 2
a
$ - a
€
f i +
3

6 {
dl

€ o
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-7

FIc. 3. Variations in clay minsralsgy rflith depth at Henryville
in a) the24;r,m size fraction, and b) the 0.5 pm size frac-
tion. Proportions of the phyllosilicates are shown as fol-
lows: _ expandable clay, ........... illite, _._._._._.
cblorite.

tributes, the more distal location (100 km) of Henryville
relative to the Canadian Shield and is closer proximity
(30 km) to the Appalachian Mountains affects the clay-
mineral assemblage in a manner that reflects an Appa-
lachian sediment source in addition to the dominant
Canadian Shield source.

The <0.5 p,m size-fractions of both the Henryville
and St-Barnab6 core samples show a high degree of
variability in clay-minspl assemblage with depth be-
low surface. Given the small quantify of this size frac-
tion in all samples, and the increased susceptibility of
fine-grained minerals to alteration (by diagenesis or re-
action with groundwater), definitive attribution of these
variations to any particular cause is difficult. The greater
emount of expanclable clay minerals in the <0.5 pm size
fraction atthe 7 meter depth of the Henryville core may
reflect a greater import nce of a fine-grained, weath-
ered (soil) Appalachian Mountains source for the sedi-
ment at that depth.

Tlte 4-2 p,m size fraction of the Ste-S6raphine ditch-
bottom sample (a shallow-water sedimento about 15 km
from the Appalachian front) contains essentially equal
gmounts of illite and chlorite (CINs of 47 and 45, re-
spectively) and little more than traces ofexpandable clay
minerals (chiefly monEnorillonite) and kaolinite (CINs
of 2and6, respectively). The <0.5 pm fraction contains
illite as the principal mineral (CIN of 40) with progres-
sively lesser amounts of chlorite (CIN of 34) and
expandable clay minerals (CIN of26).

Our clay-mingral analyses differ from those of Locat
(1996) for marine sediments from 17 other sites in the
St. Lawrence Basin (table 6) in that we find a smectite
mineral (monfinorillonite), as opposed to vermiculite,
to be the dominant expandable clay mineral present.
Smectite-group mine14l5 are relatively easy to identify,
but Moore & Reynolds (1997, p. 159) referred to
vermiculite as the "Bad Boy'o of clay minerals and
stated, "It is difficult to identi| positively because of
its variable characteristics". We follow the recommen-
dation of Moore & Reynolds (1997, p. I 6 1) and use the
term "expandables" when dealing with smectite-group
minerals and vermiculite in soilso and we note which
clay minslal dominates the expandable component. We
also agree with the statement of Hughes et al. (1994,
p. 37) "....we have thought that ion-exchange and simi-
lar fteatrnents are often necessary second steps, but these
treaments often 'create' clay minerals that do not match
natural ones". We refrained from treating our samples
with cations such as K or Mg in order to avoid creating
a clay mineral not present in the natural sample. When
one compares the data in Wilson's (1987) Tables 2.5
through 2. I 0, one sees just how easily a smectite can be
confirsed with vermiculite after treament with various
cations. We nonetheless have full confidence in the rela-
tive proportions of tectosilicates to phyllosilicates re-
ported by Locat (1996).
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TABLE 6. PIIYI-IOSILICAIE CONTENTS e/o) OF MARINE SEDIMENTS TABLE 7. PROPORTION OF Fe AND Al O)<IDES (wt.7o) EXTRACTED
AT SMFI IN THB ST. I.AWRENCE BASIN' FROM SELECTED SZE.FRACTIONS OF TIIE ST-BARNABE

AND HENRYVILLE CORESAMPLFS

w nl're Phyl
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Oxide minerals

The weight percent of iron and aluminum oxides,
expressed as Fe2O3 and Al2O3, extracted by the DC and
AAO procedures from size fractions that were (4 pm,
are presented in Table 7, with the Fe2O3 results plotted
in Figures 4a, b. With minor exceptions for iron oxide,
the extractable Fe and Al oxides increase as the particle
s2e decreases.

Interpretation of the results of selective dissolution
procedures is not completely straighforward. Treatment
with DC is known to dissolve hematite, goethite and
ferrihydrite, but DC is not a good solvent for magnetite.
AAO is known to dissolve magnetite and ferrihydrite,
but is not a good solvent for hematite or goethite
(Sheldrick 1984). It is not certain how completely rhe
limitations of DC and AAO apply to magnetite, hematite
and goethite at the very small particle-sizes present in
these samples (Torrance 1990), but M<issbauer
spectroscopy of sediment from St-L6on (near St-
Barnabd) demonstrated that DC was able to deplete

n

magnetite to below the detection limit (fonance et al.
1986). Both DC and AAO are aggressive against layer
silicates @orggaard 1988), with AAO, because of its
acidity, being the more aggessive. This almost certainly
contributes to the high rates of extraction from the <0.5
p,m fraction in these sarnples, especially of aluminum
oxides by AAO. This problem and the consistently
smaller amounts of aluminum oxides extracted relative
to iron oxides extracted suggest that aluminrrm oxides
are unlikely to be of significance to the geotechnical
behavior. Regardless of these problems with the selec-
tive dissolution procedures, the relative amounts ofiron
oxide extracted by DC and AAO suggest that magnetite
is an important component of the iron oxide minerals
below 3 m at St-Barnab6 and in the 7 m 5ample at
Henryville. The ratio of magnetite to other iron oxides
is higher at St-Barnab6.

The presence of magnetite (partially oxidized to
hematite) has been confirmed by Mtissbauer spectro-
scopy in samples from 4 m in the Henryville core and
from 9.7 m in the St-Barnab6 core (L.H. Bowen, pers.
commun., 1992). Magnetite was not detected at 1 m
depth at St-Bamab6 (probably because of destruction
by weathering). The lesser amount of Fe extracted by
AAO than by DC at 1 m at St-Barnab6 also suggests
oxidative destruction of any magnetite originally
present,
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Gporncrmcar StcNnrcaNcE

The current mineralogical investigation represents
the fust report of the minslal6gy of Champlain Sea
sediments in which the silt and clay fractions have both
been separated" in which the clay-sized ftaction has been
divided into 2-{.5 p,m and <0.5 pm subsets, ard in
which the iron oxides have been investigated by a com-
bination of Mtissbauer spectroscopy and only moder-
ately aggressive agents of chemical extraction. The very
great overestimations of the quantities of iron and
aluminum oxides arising from use of a procedure in-
volving very aggressive extraction (multiple altemations
of strong acid and strong base) on the Champlain Sea
sediments, which most previous investigators have
adopted, was discussed by Torrance (1995).

As indicated in the introduction, the main geotech-
nical problems with the Champlain Sea sedimens de-
rive from the high sensitivities and quick-clay behavior
that these marine sediments may exhibit after the pore
water salinity has been reduced to low values (4%o, ts
has occurred at these sites). Tomas (1987) performed a
range ofgeoteshnical tests on the same cores as inves-
tigated herein; pertinent results are included, along with
selected results from these mineralogical investigations,
in Table 8, in order to allow assessment of how minera-
logical differences may explain some of the behavioral
differences, Caution must be exercised in this process
because of the range of other factors that may be in-
volved (Torrance 1983), and the fact that the relatively
small number of samples analyzed do not exhibit the
fi.rll range of properties and behavior exhibited by the
Champlain clays.

Both the Henryville and the St-Bamabd cores exhibit
their highest remolded strength and liquid limit and their
lowest sensitivity at the I m depth. Whereas the remolded
strength and sensitivity measurements are partially ex-
plained on the basis of the lower water content near the
surface, the increase in liquid limit is best explained by
the decreased pH, the higher proportion of exchange-
able Ca and Mg, the production of expanding clay min-
erals as weathering proceeded, and by the oxidizing
conditions (Tomas 1987) at this depth. The l-m-depth
samples are definitely located within the zone of
pedological weathering.

The geotechnical properties at the two sites are sub-
stantially different below I m. Remoulded shear-
strength, water content and liquid limit are higher at
Henryville, whereas the liquidity index and sensitivity
are lower. Extractable oxide conlents are approximately
the same in the two cores and do not appear to account
for the differences. The greater amount of clay-sized
particles, the smaller proportion of tectosilicates, and the
tendency for more expanding clay minerals at Henry-
villeo considered together, would be expected to result
in the liquid limit being higher, which in tum would lead
to a higher content of water in the sediment for compa-
rable overburden conditions.
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Dspdh (m)

TABLE 8. SIJMMARY OF KgY DATA FOR
THE ST.BARNABE AT{D HENRYVILLE CORBS

at St-Barnab6, if the remolded snength trend continues
with depth. Its probable presence is suggested by nearby
large flowslide scars (Karrow 1972).

We will not succ ,mb to the temptation to search for
all the possible correlations among the geotechnical
properties at each site and the chemical and mineralogi-
cal parameters, wirh the hope of attributing a cause to
each relationship. The total nur6g1 ef samples analyzed
and the number of factors that can influence behavior
make such an approach very risky, particularly where
correlations are weak. Rather, we will attempt to throw
light on the importance of the two factors investigated
in considerable detail that were found to be problematic
in previous investigations, namely the role of expand-
ing clays and the role of oxide minelals.

The role of expanding clays will be elucidated
through use of the "Relative Importance of Expandable
Clay" index (RIEC) for each sample. The RIEC is de-
rived by multiplying the percentage of each size-frac-
tion <16 pm in the sample by the CIN for the
expandable clay in that fraction and adding the prod-
ucts for all the <16 pm size-ftactions. These values are
tabulated in Table 8. (Note that the RIEC does not give
the Vo expandable clay in the samples, but rather it indi-
cates the relative amounts.) If the RIEC values for both
sites are plottd versus the sensitivity (Fig. 5), the data

-l- <leFmsirernction
-.l" aumsirePnctio

0 1 0 2 0 3 0 4 0 5 0 6 0

RIEC

FIG. 5. Sensitivity yersus RIEC (Relative Importance of
Expandable Clay) index for <16 ;r,m and <2 p.m size
fractions.
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Below the weathering cnrsl the Henryville and St-
Barnab6 cores are not similar'. Sensitivity ranges be-
tween 4 and 10 at Henryville, but is greater rhan l7 at
St-Barnab6, where it generally increases with depth,
over the depth investigated. The remolded strength is
low for both cores, below the one meter depth, but gen-
erally slightly higher at Henryville. Quick clay (sensi-
tivity >30, remolded strength <0.5 kPa) is not present at
Henryville, but will be present at slightly greater depth
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represent a continuum and exhibit a strong relationship
whereby the sensitivity decreases as the RIEC increases.
Similar calculations for the total proportion of non-
swelling clays would show the reverse relationship. One
ofthe reviewers has suggested that the remoulded shear
strengths for lower-sensitivity samples are too high (as
a consequence of too little remoulding). This is a possi-
bility that is now impossible to check, but if the liquid-
ity index is calculated and plotted versus rhe RIEC, the
ftend remains, although not quite as strongly expressed.
These RIEC relationships support the assertions by
Quigley (1980) and Torrance (1983) that the presence
of increasing quantities of expandable clays in the ma-
rine clays works against the development of high sensi-
tivities.

The question arises as to whether the expandable
clays were present at the time of sediment accumula-
tion or have been derived by post-depositional weather-
ing. It seems probable that both scenarios are involved.
The higher RJEC values for the sample closest to the
top of core at each site is suggestive that at least some
of the expandable material in these samples is derived
by weathering since deposition. The relatively consist-
ent RIEC values at each site below the oxidized near-
surface zone are suggestive that some ofthe expandable
material was present at the time of deposition. The
higher RIECs at Henryville are consistent with contri-
butions of Appalachian sources to the sediment, as op-
posed to the Canadian Shield origin at St-Barnab6. The
Appalachian higllands were covered by ice for a shorter
period of time, during the Pleistocene, than was the
Canadian Shiel{ allowing for the generation of more
expandable soil clays. In addition, the rock types in the
Applachian highlands are more susceptible to weather-
ing and production of expandable clays in the soil than
those in the Canadian Shield.

The quantities of lron
and allminum oxides do not differ greatly among sam-
ples, and, in this limited number of samples, do not show
any strong relationship to any of the geotechnical pa-
rameters. We suspect that the aluminum extracted de-
rives principally from attack ofthe layer silicates by the
extracting agents, with the more acidic AAO extractant,
not surprisingly, being the more aggressive. The main
source of the iron (confirmed by the Mdssbauer results)
is from iron oxides produced by weathering or present
in the sediment since the time of sedimentation. Given
the improbability of conditions for the weathering of
other iron-bearing minslals and for the synthesis of
magnetite occurring throughout the sediments, the mag-
netite is almost certainly inherited ftom magnetite that
is present as an accessory mingral in both source areas
and has been present since sedimentation. Depositional
origin is also probably the case for most of the hematite
and goethite (most probably hematite is dominant) be-
low the weathering cnrsto because Tomas (1987) found
strongly reducing conditions below 2 m at St-Bamab6
and below 2.5 m at Henryville, conditions under which

hematite or goethite should not form. The amounts of
both aluminum and iron exfracted from the sediment"
with few exceptions, increase as the particle size de-
creases. The relative amounts of aluminum from the
different size-fractions seem reasonable for a time-de-
pendent process of extraction. The iron extraction by
citrate-dithionite is dependent on the arnount of reduc-
ing agent Q'{a dithionite) added (adequate for more than
the emount of iron oxides present in this instance), and
the procedure is designed to allow sufficient time for
essentially the full effect to be realized.

The very small particles of iron oxide present i-n these
sediments are considered to be associated with the sur-
faces of particles of the other rninerals in the system
(Lgken 1970, Yong & Ohtsubo 1987). Assuming this to
be the case, the trend to greater extraction of iron oxide
from the finer fractions is expected, but the relative
amounts extracted indicate somewhatless iron oxideper
unit surface area in the finer fractions. Calculations
based on reasonable assumptions for the size of the ox-
ide particles, as in Torrance (1990), indicate that only a
small ftaction of rhe particle surfaces in any of the size
ftactions are coated by oxides. Neutralization (by oxide
coatings) of a minority of the negative surface-charges
of the mineral grains should not be a major effect on
geotechnical behavior. The iron oxides more probably
serve as a cementing agent that increases the undisturbed
strength of these sediments, beyond that expected ftom
the effective sffesses they have experiencedo by being
strategically located around points of particle contact
and acting by a means analogous to "spot welding" of
metals,

CoNcr-usroNs

The principal conclusions from this investigation,
some new and some agreeing with those of previous
research by otlers, are summarized below. 1) The
sediments in the St-Bamab6 and Henryville core sam-
ples were confirmed to be neither predominandy s16y-
size in texture nor predominantly clay"mineral in
composition. 2) The suite of phyllosilicates present con-
sists dominantly of illite and chlorite, with some
smectite (most abundant where pedological weathering
has occurred). 3) The relative proportions of the vari-
ous tectosilicates and of the various phyllosilicates can
change substantiatly within a small range in depth, such
that a single sample does not necessarily yield a reliable
quantification of the relative abundances of minerals in
the sediments at a specific location.4) Inverse relation-
ships between expandable clays and sensitivity, and
between expandable clays and liquidity index, support
previous assertions that expandable clays work against
the development of high sensitivities. 5) kovenance
appears to play an important role in conholling the abun-
dance of expandable clay minerals below the zone of
weathering at the sites investigated, and in controlling
the relative abundances among the tectosilicates. 6) Al-
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though a modest positive correlation exists between iron
oxide contents and undisturbed strength of the sediments
in these cores, the ninimal amounts of iron oxide
present suggest that the effect is related to cementation
at points of contact of constituent mineral grains.
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