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Water analysis: Particle characterization

Gary G. Leppard

Abstract

Ultra-small particles in aquatic ecosystems are responsible for much of the transport and
transformations of contaminants. These colloidal particles (0.001 to 1.0 um least
diameter) are physically unstable, by virtue of their being ultra-stall, thus causing .
electrical phenomena to dominate their aggregation/disaggregation behaviour. They
tend to aggregate sporitaneously when perturbed by physico-chemical changes in
nature, thus altering their own settling properties and chemical activities. It is generally
accepted that ultra-small particles must be characterized better than they have been, for
an improved uhderstanding of their important roles in aquatic ecosystems. The state-of-
the-art technology for characterizing these particles has just been established; much of it
by NWRI. This article reviews the new technology, and its “tunable” nature for use in a
great variety of water types.
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Analyse de I’eau : caractérisation des particules

Gary G. Leppard

Résumé

Dans les écosystemes aquatiques, les particules ultra-fines sont largement
responsables du transport et de la transformation des contaminants. Ces partlcules
colloidales (de 0,001 a'1,0 um de diametre) sont physiquement instables, en raison de
leur taille ultra-fine; et sont donc & P'origine des phénomeénes électriques qui régissent
leur agrégation et leur désagrégation. Dans la nature, elles ont tendance a s'agréger
spontanément lorsqu’elles sont perturbées par des changements physicochimiques, ce
qui modifie leurs propriétés sédimentaires et leurs activités chimiques. Si l'on veut mieux
comprendre I'importance de leur réle dans les écosystémes aquatiques, il convient de
mieux les caractériser. La technologie de pointe en matiére de caractérisation des
particules vient juste d'étre établie, en grande partie par 'INRE. Cet article se penche
sur la nouvelle technologie et sur le fait qu’elle s’adapte a une grande variéte ’
d’écosystemes aquatiques.




NWRI RESEARCH SUMMARY

Plain language title
Chacterization of ultra-small particles in water

What is the problem and what do sicentists already know about it?
Nanoparticles and microparticles in aquatic ecosystems are responsible for much of
the transport and transformation of both contaminants and substances of importance

to biogeochemical cycles. These colloidal particles (0.001 to 1.0 Um diameter) are
physically unstable, by virtue of being ultra-small, and tend to aggregate
spontaneously when perturbed in nature, thus altering their own settling properties
and chemical activities. It is generally accepted that such particles must be
characterized better than they have been, for a better understanding of their important
roles. The state-of-the-ait technology for characterizing these particles has just been
established, much of it by NWRI, and is currently being “tuned” for use globally with
a wide variety of aquatic ecosystems. “

Why did NWRI do this study?
The author was invited by the Encyclopedia of Analytical Science to write this state-
of-the-art review.

What were the results?
The Editors have already accepted the preliminary version of the review, without
revision, thus short-circuiting the process which was established to yield a final
_version for submission to the Editors after management approval, The “results”
indicate a high interest and demand for the information.

The results, in the form of a synthesis, will be used by anyone (government,
university, private) who consults the “Encyclopedia” for this kind of information.

Who were our main partners in the study?
I have co-published the basis for this review with more than eighty different scientists
over the past dozen years; these many scientists and their organizations and granting
agencies are all partners.
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Sommaire des recherches de I'INRE

Titre en langage clair
Caractérisation de particules ultra-fines dans I’eau.

Quel est le probléme et que savent les chercheurs a ce sujet?
Dans les écosystémes aquatiques, les nanoparticules et les microparticules sont
largement responsables du transport et de la transformation des contaminants et des
principales substances dans les cycles biogéochimiques. Ces particules colloidales
(de 0,001 4 1,0 um de diamétre) sont physiquement instables, en raison de leur taille
ultra-fine; dans la nature, elles ont tendance a-s’agréger spontanément lorsqu’elles
sont perturbées, ce qui modifie leurs propriétés sédimentaires et leurs activités
chimiques. Si 1’on veut mieux comprendre 1’importance du role de ces particules, il
convient de mieux les caractériser. La technologie de pointe en matiére de
caractérisation des particules vient juste d’étre établie, en grande partie par I'INRE, et
s’adapte 2 une grande variété d’écosysteémes aquatiques dans le monde.

Pourqum I'INRE a-t-il effectué cette étude?
L’Encyclopedia of Analytical Science a invité I’ auteur a rédiger cet article sur la
technologie de pointe.

Quels sont les résultats? _
Les directeurs de publication ont déja accepté la version préliminaire de 1’article, sans
révision, et court-circuité ainsi le processus établi pour produire une version finale 2
présenter aux directeurs de publication aprés 1’approbation des gestionnaires. Il existe
un grand intérét et une forte demande de renseigneitients a 1’égard des résultats.

Comment ces résultats seront-ils utilisés?
Les metnbres du gouvernement, les universitaires et les institutions privées pourront
constulter la synthése des résultats dans I’encyclopédie.

Quels étaient nos principaux partenaires dans cette étude?
En collaboration avec plus de quatre-vmgts scientifiques, j’ai publi€ la base de cet
article au cours des douze derniéres années; ces nombreux scientifiques, les
organisations pour lesquels ils travaillent et les organismes subventionnaires sont des
partenaires du projet.
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_ ABSTRACT

Marine Geology, 37 (1980) 231—240 ’

; . 231
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

GEOCHEMISTRY OF A SUBARCTIC SALT MARSH ENVIRONMENT

WALTER A; GLOOSCHENKO and JOHN A. CAPOBIANCO*

Process Research Division, National Water Research Institute, P.O. Box 5050, Burlington,
Ont. L7R 4A6 (Canada)

(Received May 25, 1979; revised and accepted December 12, 1979)

Glooschenko, W.A. and Capobianco, J.A., 1980. Geochemistry of a subaretic salt marsh
envirohinent. Mar, Geol., 37: 231—240.

Sediment and soil samples were collected along three transects located in a subartic
salt marsh at North.Point on the southwest coast of Jifiies Bay, Ont. Canada. Samples
were analysed for major elements (Ti, Mg, Ca, K, Na, Fe, Mn, Si, Al, P and 8) and trace
metals (Cu, Pb, Ni, Co, Cd, Cr, Hg and Zn). In addition, inorganic and organic carbon,

clay mineralogy, and particle size were determined. Results were subjected to a geological
factor-analysis program. i ]

In general, the elemental composition of sediments reflected the contributions from
major sources of bedrock in the area, Paleozoic carbonates, and Canadian Shield igheous and
metamorphic rocks. Important factors controlling elemental composition appear to be:

(1) the composition of parent material, (2) chemical/physical changes which occur during
erosion and transportation, and (3) chemical/physical chariges which oceur in situ, either
during sedimentation or diagenesis. .

INTRODUCTION

In geochemical studies of marine environments, the nearshore or “non-
pelagic” environment has been relatively neglected. Nearshore environments
have mainly been subjected to sedimentological studies of a more textural,
structural and mineralogical nature (Calvert, 1978). However, there is much
current interest in nearshore sedimentary environments, especially in terms
of the geochemistry of potentially toxic trace metals (Loring, 1975, 1976;
Windom, 1976; Grieve and Fletcher, 1976; Jaffe and Walters, 1977). Little
geochemical research has been done in the salt marsh environment.

Salt marshes are of particular geochemical interest as they area transitional
zone from marine or brackish water intertidal flats across a supratidal zone
terminating in either fresh-water wetlands or terrestrial upland ecosystems.
This salinity gradient is paralleled by a vegetation gradient (Glooschenko,
1978), thus offering the geochemist an opportunity to detérmine the influ-
ence of vegetation developmeént upon sediment geochemistry. In the case

*Present address: Department of Analytical Cheristry, University of Genev’a, Switzerland.

0028-3227/80/0000—0000/302.25 © Elsevier Scientific Publishing Company
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of the present study carried out on the James Bay coast, which is experi-
encing uplift due to isostatic rebound (Webber et al., 1970; Hunter, 1970),
the influence of time upon diagenesis can also possibly be studied.

In order to study these potential interactions of vegetation growth and
time upon sediment chemistry, this study of major and tface-element distri-
butions was begun on a subarctic salt marsh located on James Bay.

ENVIRONMENTAL SETTING

The present study was carried out in a coastal salt marsh located at North
Point, Ontario, Canada (51°29N, 80°27W), which is on the southwestern
shore of James Bay, approximately 27 km NE of the town of Moosonee
(Fig.1). The climate of the area is subarctic with a dominant upland vegéta-
tion of northern boreal forest and large inland areas of bog and fen peatlands.
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In each of these zones, ten randomly selected sediment saniples were collected

The study site is in the Hudson Bay Lowlands, a vast peatland located on
the area originally under the marine waters of the Tyrrell Sea, which existed
in the Hudson Bay basin during and following deglaciation (Lee, 1968).
After deglaciation, upwarping of the land took place leading to a recession of
the sea to the present Hudson/James Bay system. The present coastline is
characteriz‘ed by intensive salt marsh development (Glooschenko and Martini,
1978).

The area is underlain by Paleozoic rocks of Ordovician, Silurian and
Devonian age. Rock types present are mainly sandstones, shales, limestones;
dolomites and evaporites. Outcrops are sparse. The lowlands are surrounded
by the Precambrian Superior Province of the Canadian Shield, characterized
by large areas of granites and gneisses, along with inliers of highly deformed
metamorphosed rocks which are remnants of ancient sedimentary and vol-
canic sequences. Small intrusions of alkali and ultrabasic intrusive rocks may
occur (Whitmore and Liberty, 1968). o '

In terms of marine geology, little research has been done in James Bay,
with most work having been done in Hudson Bay (Pelletier, 1968; Pelletier
et al., 1968). Research here has emphasized bathymetry and sediment des-
cription in terms of texture and color; geochemical parameters measured
have been limited to 6rganic and CaCOj; content. James Bay was not included
in the survey. - i

The North Point shoreline is flat with slopes of approximately 0.6 m/km.
Extensive silty tidal flats are present, which are reworked by ice scouring
during periods of thaw. Ice rafting of rock materials was-observed to be an
important depositional process. Coastal beach ridges aré present at North
Point, both transverse and longitudinal types. The former type forms a major,
wide headland with bedrock near the surface. The latter type is roughly
parallel to the coastline, composed of gravels and sands piled up by storm

waves with some wind and ice modification. These ridges serve to trap sediments
and form protected ateas where salt marshes can develop. This area is des-
cribed in more detail by Glooschenko and Martini (1978), while Glooschenko
(1978) has described the vegetation zonation and plant biomass distribution

at one site,

FIELD AND ANALYTICAL METHODS
Sampling

During May 19786, three transects of approximately 1 km distance were
surveyed using a transit and stadia rod. The lines began in the ‘intertidal flats,
seaward of the zone where vegetation colonisation started, and were run to
the edge of willow thickets on old beach ridges. Due to the lack of nearby
bench marks, all elevations are relative, During August 197 6, a vegetation
study was conducted in the area by one of the authors (Glooschenko, 1978)

and along each transect six distinct zones of vegetation were found (Table I).
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TABLE 1

Description of sampling sites

Site number Description of vegetation zone
NP/A-1 high intertidal zone of vegetative colonization by grass, Puceinellia
phryganodes )
-2 high intertidal-supratidal flats with salt marsh vegetation
-3 zone between beach ridges characterized by salt marsh vegetation
-4 salt marsh vegetation complex @
-5 salt marsh zone of brackish/salt water ponds and salt pans
-6 transitional zoiie of poorly drained gleysol soils with fresh-water
vegetation ”

NP/B-1, 2, 3,4 . same as NP/A 1—4, respectively
-6 brackish watér ponds dominated by sedges (Carex spp.)

-6 . same as NP/A-6
NP/C-1 same as NP/A, B-1
-2 same as NP/A-5
-3 same as NP/A, B-6, site is located on low gravelly ridge
-4 same as NP/B-5 )
-5 mildly brackish water ponds dominatéd by fresh-water vegetation

-6 old beach ridge with willow thickets

_ to adepth of 10 cm by use of a hand trowel. This depth was chosen as it
represented the root zone of plant species. The samples were mixed together
in the field, i.e., an integrated random stratified sampling procedure was used.
Some in situ pH’s were measured in the field by use of a calibrated pH meter
and were in the range of 7.2—8.8, the highest measurements being found in
pans where salts accumulate, and lowest pH’s in fresh-water areas. However, .
problems were encountered with the pH meter in the field, and only alimited
number of sites were available for pH measurements. For the same reason,
Eh measurements were not taken. The root zone was characterized by oxi-
dizing conditions near living plant-roots; however, all samples indicated
localized reducing conditions within a few centimetres of the surface visually
by either brown or gray mottling or black, H;S-rich layers as indicated by odor.

_ Sample preparation and analysis

Samples were preliminarily air-dried in the field. Upon return to the labora-
tory, the samples were freeze-dried and sieved through a 20-mesh screen
(0.84 mm) to remove larger plant fragments, shells, pebbles, etc. The samples
were then ground to approximately 200-mesh size (0.74 mm) for XRF
analysis. '

The elements Ti, Mg, Ca, K, Na, Fe, Mn, Si, Al, P and S were determined
by X-ray fluotrescence using a Phillips P.W. 1220C automatic spectrometer,
thus representing a total elemental analysis. The trace elements Cu, Pb, Ni,
Co, Cd, Cr and Zn were run by digesting 2.5 g of sediment with a mixture of
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HCI/HNO,(1 + 1), and using a Techtton AA-b5 atomic absorption spectro-
photometer. Analytical results were subjected to the factor-analysis computer
program of Cameron (1967) developed for geochemical data, and a linear-
correlation coefficient matrix was produiced between variables,

Particle-size analysis was done before grinding by the short pipette analysis

procedure (Rukavina and Duncan, 1970). X-ray diffraction analyses were
carried out with a Phillips X-ray diffractometer (CuK, radiation) using
ground samples (200 mesh-size). The samples were analysed using a powder-
pack technique.

Mercury was determined by use of flameless atomic abséi'ption (Capobianco,
1976). Carbon, both inorganic and organic, was determined by a Leco
induction furnace carbon analyser (Capobianco, 1974). :

RESULTS AND DISCUSSION
Elemental composition of North Point samples

The results of elemental composition of samples are summarized in Table II
along with results of particle-size analysis. Several points are obvious. In
terms of “average” oceanic sediments (El Wakeel and Riley, 1961), North
Point sediments are higher in Ca and Mg and lower in Si, Al, Fe and Mn,
while Na, K, Ti and P are quite similar. This, probably, is in part due to the
influence of Paleozoic carbonates in the area as a source material for sedi-
ment formation. The beach ridge gravels from the site are enriched in Si and
Ca compared to sediments and soils, but contain less Al, Na, K, Mn and Ti.
Thus, it appears that weathering processes of such gravels tend to remove
Ca by dissolution, and Si either by weathering of quartz and/or clay-mineral
genesis. The latter would be supported by the increase of Al, Na, K, Mn and
Ti in the sediments or soils compared to the beach ridge material which acts
as a parent material for soil development along with nearshore sediments.

Little data are available on chemical composition of rocks in the area, .
except for the Supetior Province rocks described by Eade et al. ( 1966) and
Shaw et al. (1976). Using these data in conjunction with geochemical data of
Turekian and Wedepohl (1961), it appeats that the major elemental composi-
tion of sediments and soils in the present study is closely approximated by
assuming a roughly equal mixture of limestone and either Superior Province
rocks or “average” shale, except that Na and Ti appear to be somewhat
lower in our samples. The lower values of Ti may be due to lack of basaltic
debris in the area (Chester and Aston, 1976).

Trace elements can be compared with those of nearshore muds (Wedepohl,
1960), marine argillaceous sediments (Potter et al., 1963) and southeastern
U.S. salt marshes (Windom, 1976). Trace-metal values are based upon a
HCI/HNO, digestion, and are not a total elemental analysis, and as such,
results are not directly compared to these published references. Trace-
element compositions are roughly of the same order of magnitude except for
Cr, Co and Ni, which are, somewhat higher than the other authors’ data.
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TABLE II

Suitimary of e_lgmental composition of samples (dry-weight basis)

.....

Mean Range Std. dev.

Silt (%) 70.0 4.72—82.6 9.46
Clay (%) 21.2 11.10—42.3 - 17.69
Sand (%) 8.9 2.60—33.4 8.40
Inorganic carbon (%) 4.0 2.80—5.0 0.47

- Orgaiic carbon (%) 2.8 0.80—9.7 2.22
Ti (%) 0.30 0.20—0.44 0.09
Mg (%) 3.10 2.63—3.83 0.27
Ca (%) 15.23 8.99—33.40 6.63
K (%) 1.63 1,19—1.96 0.17
Na (%) 0.67 0.01—1.27 0.44
Fe (%) 1.63 0.98—38.66 0.61
Mn (%) 0.07 0.03—0.18 0.04
Si (%) 14,05 11.24—19.569" 212
Al (%) 4.36 3.18—5.91 0.98
P (%) 0.07 0.02—0.11 0.04
S(%) 0.05 0.01—0.07 0.02
Cu (ug/kg) 13.3 7.70—22.9 4.3
Pb (ugfkg) 22.7 11.90—28.5 5.2
Ni (ng/ke) 23.4 13.70—44.1 9.1
Co (ug/ke) 11.9 7.50—20.5 2.9
Cd (ug/kg) 14 0.60—2.0 0.4
Zn (ug/ke) 36.0 22.40—58.2 8.8
Cr (sgl/kg) 16.2 8.560—29.2 6.9
Hg (ag/ke) 0.052 0.041—0.093 0.014
Factors controlling element distribution

The results of elemental analyses were subjected to a multiple correlation

analysis. Due to its complexity, a copy of these results is available from the
authors. However, these data are not easy to interpret due to the larger
amount of data, possible lack of causal felationships between two variables
that are significantly correlated with each other, and masking of negative
correlation coefficients by dominant positive correlations (Spencer et al.,
1968). For interpretation of such geochemical data, the use of factor analysis
has been used by many investigators (see Spencer et al., 1968; Loring, 1975;
Calvert, 1976; Dean and Gorham, 1976; Grieve and Fletcher, 1976). Qur
results based upon a varimax rotation, are presented in Table IIL Loadings
below 0.468 (P < 0.05) are omitted.

The factor loadings do give an indication o
associations. Factor 1 appears to separate basic clay alumino-silicates and
[ carbonate minerals (+loading) from quartz and acidic feldspars (=loading).
Factor 2 has no significant +loadings and the —loadings suggest Fe-organic
carbon-P-trace-ietal interaction. This does not appear to be strictly due to
organic-matter—trace-metal complexes. In terms of the trace-metal associa-

f factors controﬂj:ﬁg elemental

TABLE III

" Varimax rotatior

_Parametey

‘ b

Me

Ca

K

Na

Fe

Mn

Si

Al

} 4

S

Cu

Pb

Ni

Co

Cd

Zn

Cr

Hg
Elevation -
Distance

% Variance éxplai
by factor
Cumulative % vari

Note: factors <

tion, significa
Cu and Ni, w!
significant ne
associated ¢
dominant cot
but Fe-hydra:
positive corre -
adsorbed to s
oxidestobei:
etal.,1968;(
to oceanic sy
this role, as it
Factor 3 is
appears to be
diffraction. (
1962). Then
tance from t!
as g combina
fresh-water i;



237

TABLE 11

Vanmax rotation~=North Point geochemistry

Parameter Factor
1 2 3

»
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Note: factors < 0,468 omitted,

tion, significant positive correlations with organic carbon were found with
Cu and Ni, which is similar to the results of Calvert and Price (1970). A

on ‘ significant negative correlation was exhibited by Cr which appears to be
1e 1 associated motre with clay fractions. Thus, organic matter may not be the
dominant controlling factor affectmg distribution of these trace metals,
35 but Fe-hydrated oxides could be important also as evidenced by significant
‘ Positive correlations between Fe and Cu, Ni and Zn. Phosphorus could be
adsorbed to such iron oxides (Hirst, 1962). Other studies have shown Mn
is i oxides to be important in controlling trace-metal concentrations (see Spencer
15; etal., 1968; Calvert, 1976). However, our Mn values were quitelow compared
' to oceanic systems (Table III) and, therefore, Mn may not be important in
i8 - this role, as in more oceanic sedimentary environments.
1 - Factor 3 is of interest. The positive loading component, Cr, K and clay,
tal | appears to be related to clays, perhaps illite, which was detected by X-ray
_ diffraction. Chromium also tends to be associated with clay fractions (Hifst,
).  § 1962). The negative loading of factor 3 is a combination of elevation, dis-
e ? 1 tance from the tidal flats, and organic carbon. This factor can be interpreted
to f as a combination of two controls: (1) the contrast between marine and
a- i | fresh-water influences pedogenesis as soil formation is proceeding on sedi-
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ments that become exposed to increased drainage, and (2) terrestrial vege-

tation development. _ A
These first three factors account for 72.56% of the variance. The other five
factors account for 21.6% of the variance and tend to give little added informa-
tion. Factor 4 appears to be a positive carbonate factor vs. organic carbon, P and?
Hg. Factor 518 most likely Pb vs. Cr as host minerals. The factor-6 loading 3
appears to be a silt vs. clay factor. Factor 7 has only a positive component
in which the metals Cd and Co could be associated with sulfides based upon
itive correlation, while factor 8 is unclear. These observa-

a significant posi
tions are supported by mineralogical analyses of pebbles and light and heavy

minerals of sands from North Point (Martini and Protz, 1978). Pebbles are
composed mainly of mafic volcanics, limestones and dolostones, with less
than 10% of granitoid pebbles, hematitic tocks and mollusc shell fragments.
Dominant particlesin the sand fraction were homnblende, magnetite, ilmienite,
igneous and metamorphic rock fragments and amphiboles.

X-ray diffraction analyses showed that all the sediments had a similar
mineralogy containing such light minerals as quartz, feldspars and plagio-
clase (Na, Ca), and biotite. Also abundant are dolomite and calcite. The
major clay mine fals found-in the samples were chlorite, illite and kaolinite.
,Montjmorilloni_te was not present, but is found in older soils in the interior
of the Hudson Bay Lowlands where longer time periods are available for
‘genesis of this clay mineral (Martini and Protz, 1978).

In terms of the influence of distance from the tidal flats, i.e., the length of
time, the only significant factors found were clay (7 = —0.469, p < 0.05),
organic catbon (r = 0.695, p < 0.01), and mercury (r =—0.716,p < 0.01).
Thus, organic carbon is increasing probably by plant growth and incorpora-
tion of organic matter into the sediments. No major effect of time can be

observed in our data, but these marshes are young, probably less than
9200—300 years based on uplift rates, so not enough time for geochemical
changes to be.obServed as influenced by vegetation development.

CONCLUSIONS
Studies on the geochemistry £ sediments from the North Point salt
marshes indicate that the parent material from which the sediments were
derived, i.e., Paleozoic carbonates vs. Canadian Shield igneous and meta-
morphic rocks, is the major con trolling factor detefmining elemental
composition of these materials. Othér factors, such as acid vs. basic nature
of alumino-silicates, hydrated iron oxides, clay and sand content, sulfides
and organic matter influence sediment composition within the salt marsh
in terms of total elemental composition. However, since the marsh sedi-
ments and soil represent a system changing through time, exposure to saline
vs. fresh water, and thus varying redox potential, one would expect stich sedi-
ments to change in terms of soluble and exchangeable cations and anions.
Studies are in progress subjecting these sediments and soils to soil chemical

methods to further interpret these changes.



_1age, and (2) terrestrial vege-
of the variance. The other five
. tend to give little added informa-
te factor vs. organic carbon, P and
Iinerals. The factor-6 loading

only a positive component

iated with sulfides based upon
is unclear. These observa-

f pebbles and light and heavy
nd Protz, 1978). Pebbles are
1es and dolostones, with less

and molluse shell fragments.

thblende, magnetite, 1lmemte
amphlboles

e sediments had a similar

lllxartz, feldspars and plagio-
dolomite and calcite. The
2 chlorite, illite and kaolinite.
in older soils in the interior

e periods are available for
4 1978).
he tidal flats, i.e., the length of

Illay (r=—0.469, p < 0.05),
ury (r =—0.716, p < 0.01).
R4 plant growth and incorpora-
ajor effect of time can be
ung, probably less than
aough time for geochemical
!atio'n development.

om the North Point salt
i which the sediments were
1 Shield igneous and meta-
determining elemental
such as acid vs. basic nature
and sand content, sulfides
»sition within the salt marsh
ver, since the marsh sedi-
EZlugh time, exposure to saline
, ohe would expect such sedi-
ngeable cations and anions;
-nts and soils to soil chemical

239
ACKNOWLEDGEMENTS

The authors would like to acknowledge the assistance of the following
persons: M. Gregory and T. Mayer for helping with the geochemical analyses,
R. Sandilands for computer analyses of the data, and Dr. R.I1.G. Morrison
of the Canadian Wildlife Service for his hospitality at North Point. We also-
wish to thank Drs. J.0. Nriagu and L.D. Delorme for their positive com-
ments on the manuscript.

REFERENCES

Calvert, S.E., 1976. The mmeralogy and geochemistiy of hear-shore sediments. In: J.P.
Riley and R. Chester (Editots), Cheniiical Oceanography, 6. Academic Press New
York, N.Y,, 2nd ed., pp.187—280.

Calvert, S E. and Pnce, N.B., 1970. Minor metal contents of recent organic-rich sedi-
ments off South West Afnca Nature 227: 593—595.

Caineron, E.M., 1967. A computer program for factor analysis of geochemical and other
data. Geol. Surv. Can. Pap., 67-34. ’

Capobianco, J.A., 1974, Carbon analysis of lake sediments using a Leco IR-12 Analyzer.
Can. Cen. Inland Waters Internal Rep., Burlington, Ont., 10 pp.

Capobianco, J.A., 1976. A method for the “cold vapour'’ determination of mercury in
lake sediments, Can: Cent. Inland Waters Internal Rep., Burlington, Ont., 12 pp.

Chester, R. and Aston; S.R., 1976. The geochemistry of deep-sea sediments. In: J.P.
Riley and R. Chester (Edltors), Chemical Oceanography, 6. Amdemlc Press, New
York, N.Y,, 2nd ed., pp. 281—390

Dean, W E. and Gorham, E., 1976. Classification of Minnesota lakes by Q- and R-mode
factor analysis of sedlment mineralogy and geochemistry. In: D.R. Merriam (Editor),
Quantitative Techniques for the Analysis 6f Sediments. Pergamon Press, Toronto,
pp.67—71.

Eade, K.E., Fahrig, W.F. and Maxwell, J.A., 1966. Composition of crystalhne shield
rocks and fractionating effects of regxonal metamorphism. Nature, 211: 12451249,

El Wakeel, S.K. and Rlley, JP., 1961. Cheniical and mineralogical studies of deep-sea
sedxments. Geochim, Cosmochun. Acta, 25: 110~-1486.

Glooschenko, W.A., 1978. Above-ground biomass of vascular plants in a subarctic James
Bay salt marsh. Ca.n Field Nat., 92: 30~387.

Glooschenko, W.A. and Martini, I P 1978, Hudson Bay Lowlands ba,sehne study.
Proc. Coast. Zone "78 Symp., Am Soe. Civ. Eng., pp.363—379.

Grieve, D.A. and Fletcher, W.K.; 1976. Heavy metals in deltaic: sediments of the Fraser
River, British Columbia. Can, J. Earth Sci., 13: 1683—1693. )

Hirst, D.M., 1962. The geometry of modern sedlments from the Gulf of Patia, 2. The
location and distribution of trace elemnents. Geochim. Cosmochim. Acta, 26:
1147—1187.

Hunter, G.T., 1970. Postglacial uplift at Fort Albany, James Bay. Can; J. Earth Sei;,

7 547—548
Jaffe D. and Walters, J.K., 1977. Intertlda.l trace-metal concentrations in some sedi-
- ments from the Humber estuary. Sci. Total Environ., 7: 1—15.

Lee, H.A., 1968. Quaternaty géology, In: C.S. Beals (Edltor) Science, History and
Hudson Bay, vol. 2, Queen’s Printer, Ottawa, PP. 508—542.

Loring, D.H., 1975. Mercury in the sedlments of the Gulf of St. Lawrence. Can. J. Earth
Seci., 12: 1219—1237

Loring,- D.H., 1976. Distribution and partition of cobalt, nickel, chromium, and vanadium
in the sediments of the Saguenay fjord. Can. J; Earth Sci., 13: 1706—1718,

Loring, D.H. and Nota, D.J.G., 1973. Morphology and sediments of the Gilf of St.
Lawrence, Bull, Fish, Res, Bd. Can., 182: 147 pp. .




240

Martini, L.P. and Protz, R., 1978. Coastal geomorphology, sedimentology, and pedology
of Southern James Bay, Ontario, Canada, Dep. Land Resout. Sei., Univ. Guelph, Orit,,
Tech Mem., 78-1: 316 PP.

ment transport in Hudson Bay. In: P.J. Hood (Editor), Earth Science Symposmm on
Hudson Bay. Geol. Surv. Can. Pap., 68-53: 100—135.

Pelletier, B.R., Wagner, F.J.E. and Grant, A.C., 1968. Marine geology. In: C.S. Beals
(Editor), Sclence. History and Hudson Bay, 2. Queen’s Printer, Ottawa, pp.557—613.

Potter, E.P., Shimp, N.F. and Witters, J;, 1963. Trace elements in marine and freshwater
argnllaceous sediments. Geochim, Cosmochu-n Acta, 27: 669—694.

Rukavina, N. anid Duncan, G.A., 1970. F.A.8.T.—fast analysis of sediment texture. ‘Proc.
13th Conf. Great Lakes Res., 1970; pp.274—281.

Shaw, D.M., Dostal, J. and Keays, R.R., 1976. Additional estimates of continental
surface Precambrian Shield composition in Canada. Geochim. Cosmochim. Acta,

40: 73—83.

Spencer, D.W., Degeis, E.T. and.Kulbicki, G., 1968. Factors affecting element distribu-
_tion in sedithents. In: L.H. Ahrens (Editor), Origin and Distribution of the Elements,
Pergamon Press, Oxford, pp.981—-998.

Tureklan, K.K. and Wedepohl, K.A., 1961. Distribution of the elements in some major
units of the earth’s crust. Bull. Geol Soe. Am., 77; 176—192.

Webber, P.d., Rlchardson, M.W. and Andrews, J. T 1970. Postglacial uplift and substrate
age at Cape Henrietta Maria, southeastern Hudson Bay, Canada. Can. J, Earth Sei.,

7: 317—3825.
Wedepohl K.H., 1960. Spurenanalytische Untersuchungen an Tiefseetonen aus dem
" Atlantik. Geochlm. Cosmochim, Acta, 18: 200—231.

Whitmore, D.R.E. and Liberty, B.A., 1968 Bedrock geology and mineral déposits. In:

- C.S. Beals (Editor), Science, Hlstory, and Hudson Bay, 2. Queen’s Printer, Ottawa,
pp.543-557.

Windom, H.L., 1976. Geochemical interactions of heavy metals in southeastern salt

marsh envu'onments Environ. Prot. Agency (U.S.), Rép., EPA-600/3-76-023: 36 pp.




i

———14

=0

o
e

|

l

|

|

i

mﬂ

w

|

EI==0

lll

=2

|

]



Bl o™ G | Canadd

»



