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Anthropogenic inputs of the heavy 
metals and nutrient elements are UP to 
100 times those of the natural inputs. 
Natural loadings parallel the 
sedimentation rates and anthropogenic 
loadings parallel the population and 
degree of industrialization of each 
drainage basin. Evidence is presented 
that atmospheric inputs are significant. 
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Abstrecl 
The concentration of organic matter. 
major elements and trace elements 
were determined in 14 cores from Lakes 
0nta:io. Erie and Huron. The chemistry 
of the cores was related tothe sediment 
particle size. Eh, pH, chronology and 
location. Surface elemental 
concentrations were normalized to the 
baseline Al concentration at each 
location to correct for surface 
enrichments of organic matter and 
carbonates. 

Concentrations of Si, Al. K, Na and Mg. 
which represent the major mineral 
species in the sediments, are generally 
uniform in each core. Surface 
enrichments of Hg, Pb, Zn, Cd. Cu, 
organic-C. Nand P areobserved at most 
locations; their concentrations are 
generally much greater above the 
Ambrosia horizon (ca. 120 BP). 
irrespective of the depth of the horizon. 
The enrichment of these elements is 
attributed mainly to the increasing 
anthropogenic loading to the sediments 
in recent years. Increasing carbonate 
concentrations at some of the locations 
is believed to be due to present-day 
calcite precipitation. Concentration 
profiles for Mn. Fe and S are related to 
the sediment Eh and may be accounted 
for by diagenetic-mobilization 

teneur de Al dans le s6diment, qui a 618 
depose avant 1850 A.D.. pour corriger 
de I'enrichissement de la surface en C 
organique et C carbonate. 

Les teneurs en Si. Al, K. Na et Mg, qui 
representant les principaux minerauxdu 
ediment, sont uniformes en general 
dans chaque carotte. L'enrichissement 
de la surface en Hg. Pb, Zn, Cd. Cu. C 
organique. N et Pa 416 observe A la 
majorit6 des endroits, ainsi que les 
teneurs les plus hautes situees au- 
dessus de I'horizon de Ambrosia (ca. 
1850 A.D.), independant de la taille de 
I'horizon. L'enrichissement de ces 
Blements est caus4 en grand mesure 
par un apport anthropogenique 
croissant dans les sediments depuis ca. 
1850. L'enrichissement des carbonates 
6 quelques endroits est cause par la 
precipitation recente de la calcite. Les 
profils de teneur en Mn. Feet S sont lies 
a I'Eh du sediment et sont le resultat de 
la mobilisation de ces elements dans 
I'eau des pores. 

Les apports naturels el 
anthropogenique de substances 
nutritiveset de metaux lourdsont 616 
calculbs. Les apports naturels sont 
pareil les taux recents de 
sedimentation et les apports 
anthropogenique son1 pareil A la 
quantite des habitants et des industries 
dan les bassins drainages de chaque 
lac. Les apports atmospherique 
representent une source importante de 
metaux lourds. 

lntroductlon 
During the last 60 years, changes in the 
biota and environment have taken place 
in each of the Great Lakes. The 
increases in aqueous chemical 
concentrations and plankton together 
with changing fish and benthicfaunal 
populations in the lakes can be 
attributed directly or indirectly to man's 
activities in the drainage basin of each 
lake (Beeton. 1965; 1969). The relative 
changes in the environment of Lakes 
Ontario. Erie and Huron can be seen 
from the increases in dissolved solids 
over the last 60 years. Total dissolved 
solids have increased 43 per cent in 
Lakes Ontario and Erie as compared 
with only a nine per cent increase in 
Lake Huron (Beeton. 1969). 

Sediment studies have also 
demonstrated the changing 
environments of Lakes Ontario. Erieand 
Huron. Enrichment of organic carbon, 
nitrogen and phosphorus in the surface 
sediments of Lakes Ontario and Erieare 
attributed mainly to increasing nutrient 
inputs to the lake since around 1900 
(Kemp. 1971 : Kemp el al.. 1972.1974). 
Mercury enrichment in the surface 
sediments of Lakes Ontario and Erie is 
also attributed to increasing mercury 
inputs to the lakes (Thomas. 1972.1973: 
Walterselal. ,1972:KovacikandWalters. 
1973; Kemp el  a/., 1974; Wolery and 
Walters, 1974). The major increases in 
mercury and nutrient loadings to the 
sediments of Lakes Ontario and Erieare 
estimated to have taken place since 
1950. On the other hand. nutrient and 
mercury loadings to the surface 
sediments of Lake Huron are much less 
than to Lakes Ontario and Erie (Kempet 
a/.. 1974). In particular. loadingsto 
northern Lake Huron are very small 
relative to the Lower Lakes. Thus, the 
sedimentsof the three lakes are well- 
suited lor a comparative geochemistry 
study, where the impact of man's 
activities in the drainage basin can be 
superimposed on the natural 
geochemical processes. 

In order to interpret the geochemistry 
of the recent sediments of Lakes 
Ontario. Erieand Huron, it is necessary 
to establish a time-scale for sediment 
deposition. The increase in Ambrosia 
pollen ( I  20 years BP) and the decline in 
Casfanea pollen (ca. 35-40 years BPI 
provide the chronologic framework 
necessary for the sediment studies 
(Anderson. 1974; Kemp etal. 1974). The 



high sedimentation rates found at these 
sediment locations and the probable 
absence of reworking of the sediments 
below three cm at the deeper locations 
(Kemp eta/., 1972) allows preservation 
of the anthropogenic record at these 
sediment locations. It is thus possible to 
relate present-day levels of 
geochemical elements with the natural 
pre-cuitural levels and also to compare 
sediment profiles from Lake Huron. 
where man's activities in the drainage 
basin are small, with those from Lakes 
Ontario and Erie. For thissymposium we 
describe the results of exploratory 
studies on the distribution of organic 
matter, major elements and trace 
elements in 14 cores from Lakes 
Ontario. Erie and Huron. Elemental 
concentrations are evaluated 
Statistically and related to the sediment 
particle size, redox potential, pH, 
chronology and location of sampling 
site. The objectives of our present 
studies are threefold: 1 )Toascertainthe 
extent of man's activities in the drainage 
basins of the lakes by determining the 
changes in sediment chemical 
composition with time; 2 )  To estimate 
the present-day anthropogenic and 
natural inputs of organic matter, major 
elements and trace elements to the 
sediments of the three lakes; 3) To 
attempt to evaluate the chemical 
composition of the sediments in terms of 
sedimentary geochemical processes. 
Part of thesestudies has been published 
previously, particularly with reference to 
Lake Erie (Kemp etal., 1976: Kemp and 
Thomas. 1976). 

The distribution, composition and 
characteristics of the surface sediments 
of Lakes Ontario. Erie and Huron have 
been described previously (Lewis. 1966: 
Thomas et a/, 1972,1973,1976). 
Sedimentation rates were found to be 
variable at the 14 core locations ranging 
from high values in Lake Erieto 
intermediate in Lake Ontario to low in 
Lake Huron (Kemp el al. 1974). Trace 
metals were determined in sediment 
cores at eight Lake Erie locations 
recently (Waiters et. al. 1974). The 
authors found significant enrichments in 
Cr, Cd, Zn, Ni. Sb. As, Hg and Cu in each 
of the cores. 

Sediment cores were used to 
determine the accumulation of major. 
minor and trace constituents in southern 
Lake Michigan sediments (Shimp et al, 
1970,1971 :Leland el a/. 1973). Surface 
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Figure 1 
Sfallon locatrons and surlrc~al sed~menl 
d,strrbubon ln Lakes Onlarro, Erre andHuron 

Table I 
Sarn~le  locabons and present-dav sed~menlalron rates a! the 14 corlng staBons 

Mean 
Annual 

Present-day Accumulation 
Sample Locatlon Water Sedlmematlon of 

Strtlon Depth Rate Sedlment 
Number Lat. N. Long. W. (m) (gm-2yr-1) (mm) 

Lake Huron 
1 45" 37 5 81 " 52 73 56 147 0 7 
2 45" 0 1 82" 3 1  245 157 0 9 
3 43" 47 95 82' 07 15 91 325 1 4  

- - -  

Lake Erle 
4 41°457 '  82' 59 2' 11 3580 7 6 
5 41 " 56.78' 82O 49.90' 12 3465 6.7 
6 41" 41 8' 82' 44.2' 11 847 1.1 
7 41" 32.6' 82' 33.3' 14 1109 2.7 
8 42" 02'  81 ' 36.2' 24 1190 5 1 
9 42'3219' 79'3963' 58 5049 134  

Lake Ontarlo 
10 43" 19.96' 79- 43.64' 33 452 1 0  
11 43" 24.1 0' 79' 26.66' 101 420 2 0 
12 43" 33.0' 78O 10.4' 186 423 2 1 
13 44O 30 7' 769 54 0' 225 366 2 0 
14 44O 04 71' 76" 24.72' 26 1156 5 4 
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enrichments of Cu. Hg. Pb and Zn were 
found in the Lake Michigan sediments. 
Apparently these trace elements are 
sorbed onto suspended particles which 
are transported by water and deposited 
in the regions of active sedimentation 
(Leland eta/.. 1973). Regression 
analyses indicated a relationship 
between trace element concentrations 
and quantifies of organic matter and iron 
oxide in the Michigan sediments. 
Enrichment of Cu and Ni in sediment 
cores in the Wanapitei River were 
related to industrial inputs from Sudbury, 
Ontario (Hutchinson el a/, 1976). 

Methods 
Surficial sediment samples were 
collected at 14 sample locations in 
Lakes Ontario. Erie and Huron (Fig. 1 
and Table I).The sampleswere obtained 
with a modified Benthos gravity triple 
corer (Kemp efal,. 1971 ). Eh and pH 
values were measured within two hours 
of retrieval of the triple corer, on one of 
the cores. Sediment from the same core 
and a second core was then 
immediately freeze dried and stored for 
geochemical analysis. The remaining 
core was stored at 4'Cand sub- 
sampled later for analysis of sediment 
particle size and Ambrosia and 
Caslanea pollen content. Sub-sampling 
of the cores, sample preparation. Eh and 
pH measurements, determination of 
water content, pollen counts, organic 
carbon, carbonate carbon, total 
nitrogen, mercury and sediment particle 
size have been previously described 
(Kemp el a/, 1972; 1974). 

Total major element analysisfor Na, K, 
Ca, Mg, Fe. Mn. P. S. Ti, Al and Si was 
carried out by X-ray fluorescence, using 
a Philips PW 12200 semi-automatic 
X-Ray 1 "orescence spectrometer on 
Pe et~zed samDles Callbratlon was 
based on lake sediment standards of 
similar matrix with correction for inter- 
element interference. Trace elements, 
extractable in concentrated HCI, were 
determined on a Techtron AA-5 atomic 
absorption spectrophotometer. The 
freeze-dried samples were extracted in 
hot concentrated HCI (ca. 90%) for 20 
minutes and the leachate analysedfor 
Pb, Cu. Zn. Cd, Be and V. The extraction 
method was tested against other 
extraction methods (eg., aqua regia. 
conc. nitric acid) and found to yield 
consistent results. The method extracts 
the same quantity of the trace metals 

from the Great Lakes sediment as 
aqua regia. 

Surface Sediment Distribution In 
Lakes Ontarlo, Erie and Huron 
A recent overview of the glacial and 
post-glacial evolution of the Great Lakes 
has been given by Sly and Thomas 
(1 974). The recent sediment distribution 
is intimately related to past events and a 
very general sequence as a background 
to the discussion of the surficial 
materials in the lakes may betaken as 
follows: 1) Deposition of last galcial tills 
during final northward ablation of 
Wisconsin Ice. 2) Formation of high level 
glacial lakes ponded to the north by the 
retreating ice mass, with southerly 
outflow drainage. 3) Continuation of 
northward ice retreat freeing the 
northern exits from Lake Erie to Ontario. 
Lake Ontario to the St. Lawrence River 
and Lake Huron to the Onawa Valley. 
Lake levels dropped to a low level stage. 
4) Isostatic uplift, closed drainage of 
Lake Huron to the Onawa Valley and 
raised the outlet sills at the Niagara 
River and the St. Lawrence resulting in a 
continuing deepening of the lakes to the 
present levels. 

In terms of lake sediments, the 
following general correlations can be 
made against the above enumeration: 
a) Deposition of the last glacial tills with 
ice ablation forming tills varying in colour 
from medium grey to brown, and 
composed of boulders, cobbles and 
pebbles in a stiff, sand, silt, clay matrix. 
Where tills are exposed to sub-aqueous 
erosion, winnowing of the finer com- 
ponents has resulted in the formation of 
lag or residual gravel deposits. 
b) Deposition of glaciolacustrine 
sequences, often varved clays, with 
occasional ice-rafted erratics: mostly 
composed of clay materials derived 
from the reworking of exposed glacial 
tills. These clays are generally medium 
to light grey in colour, red at some 
locations and low in organic materials. 
Where glaciolacustrine claysare 
exposed on the lake bed to erosional 
energy, the deposits are capped with a 
lag sand ranging from two to six cms 
in thickness. 
C) Continued deposition of fine clayey 
sediments (rarely varved) in the more 
central and deepest parts of the lake 
basins. Ameliorating climate Conditions, 
resulting in increasing lake productivity 
produced higher levels of organic matter 

with associated dark grey sediment 
colouration. 
d) Continued deposition of fine clayey 
sediments increasing in thickness with 
outward transgression of these 
sediments over okler deposits 
(glaciolacustrine clays, tills and glacial 
features). 

The distribution of surficial materials 
in Lakes Huron. Erie and Ontario is 
shown in Figure 2. Thedistribution maps 
were compiled from echosounding 
records (Kelvin Hughes. M.S.-26 
operating at 14.25 kilohertz) with surface 
sediment grab samples as control 
(Thomas et a/. 1972.1973). General 
similarities in thedistributionof materials 
can be observed due to the recent 
geologic evolution discussed above and 
lake bathymetry. Glacial till and bedrock 
were not differentiated in the 
interpretation of the echograms though 
in general it can be stated that surface 
bedrock occurrence is relatively 
restricted in the Great Lakes. 

Till occurs predominantly in the 
shallow water nearshore zone around 
the periphery of the lakes (Fig. 2) and in 
shallow water areas in the onshore 
regions of Lake Huron. The tills are 
overlain by glacio-lacustrine clays 
which areexposed immediately offshore 
of the tills and on the flanks of the off- 
shoretilloccurrencesin LakeHuron(Fig. 
2). In Lakes Erie and Ontario offshore 
occurrences of glacio-lacustrine clays 
occur as low amplitude bathymetric 
highs exposed as cross-lake sills 
perpendicular to the main axis of the 
lakes. These glacio-lacustrine cross 
lake sills have been used as natural 
partitions subdividing the offshore 
regionsof the lakes into discrete 
depositional basins (Thomas et a/, 
1972; Thomas et a/,. 1976) A similar 
cross lake sill occurs in the northwestern 
part of Lake Huron (Fig. 2) again 
effectively subdividing the northern part 
of the lake into two major basins 
(Thomas el a/., 1973). The offshore 
deep, or deeper water regions of all three 
lakes are characterized by the 
accumulation of modern muds which 
texturally consist of silty claysandclays. 
These modern mud deposits overlie 
glacio-lacustrine clays conformably in 
the deep water areas and are 
transgressing the older deposits at the 
individual basin margins. This trans- 
gressive modern sequence is related to 
basin infiliing under conditions of rising 
water levels (Sly and Thomas, 1974). 



The core sample locations are 
chosen to be representative of the 
various sub-basins of fine-grained 
postglacial sediment accumulation in 
the three lakes (Fig. 2). Station 1, in 
South Bay. Lake Huron is selected to 
represent a Great Lakes sediment 
location unaffected by cultural 
influences (Kemp etal. 1972). As the 
core profiles are similar at a number of 
the locations. Me resuns for only six of 
the sample locations are shown (Figs. 3 
to 8). The profiles for each Ontario core 
are very similar to each other and station 
13 ischosenas beingtypical forthe lake. 
In Lake Erie, where the sedimentation 
rate is more variable, profiles are shown 
for stations 4.8 and 9. The profiles at 
station 1 are similar to those for station 2 
and cores from stations 2 and 3 are 
shown for Lake Huron. The core results 

are presented and discussed under 
three separate headings: I )  the physical 
characteristics of the sediments. 2 )  the 
chemical composition and enrichment 
of the sediment, and 3) natural and 
anthropogenic accumulation of the 
elements in the sediments. 

Physical Characterlstks and Gmernl 
Deterlptlon of the Sediments 
The fine-grained sediments in each of 
the three lakes are generally similar in 
their physical characteristics. This is 
mainly due to the more or less unilorm 
source of inorganic sediment materials 
from the drainage basinsand tothe 
similar environments of deposition. The 
sediments at each location consist 
characteristically of a reddish-brown 
floc from zero to a few mm thickness at 
the sediment-water interface overlying a 

son gray to dark gray ooze. The 
sediment which is soft in the top few cm 
becomes increasingly firmer with depth 
of burial. The colour and firmness of the 
sediments are reflected by the water 
contents and redox potentials observed 
(Figs. 3 to 8). The water contents 
decrease from surface values of around 
90 per cent water by weight in the 
sediment to around 50 to 60 per cent 
water at a depth of one meter. 
Additionally variations in water content 
in each core parallel the sediment 
particle size distribution with the 
coarser sediments having lower water 
contents. The decrease in water content 
from the interface reflectsthe increasing 
Compaction of the sediment with depth 
of burial. 

TILL AND BEDROCK 

GLACIOLACUSTRINE SEDIMENTS 

MILES 

. 6 

Figure 2 
Surficial sediment distributbn in Lakes 
Ontario. Erie and Huron. 
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The Eh decreases from around 0.100 
to 0200 volts in the reddish-brown 
surface layer to around zero vons at 20 
cm at each of the locations, with the 
exception of station 8. The most 
negative values are found in the Lake 
Ontario cores where values of around 
-0.200 voks occur between five and 15 
cm (Fi. 8).These negative zones have a 
dark gray cobur and smell of H,S. The 
sediment cobur and Eh indicatethat the 
positive surface zone contains hydrated 
iron oxides wlhthe black reducedzones 
containingiron sulphides(Hough. 1958). 
Exposure of Me dark gray reduced 
sediment to air oxidizes the dark gray 
sediment to a brown colour. The 
hypolimnion water of the central basin of 
Lake Erie was anoxic at the time of 
collection of the core at station 8 in 
August 1970. It can be seen that the Eh 
is negative at the sediment-water 
interface and is most reduced between 
one and three cm (Fig. 6). A core 
collected at the same location in May 
1971, when the hypolimnion waters 
were saturated with oxygen, yielded an 
Eh profile similartothat of station 13(Fig. 
8). demonstrating the seasonal 
variations possible in sediment Eh near 
the water-interface. Oxygendepletion of 
the hypolimnion waters only occurs to 
any extent in the western and central 
basins of Lake Erie (Beeton. 1965) 
affecting the chemical composilion of 
the sediments at stations 4.5,6,7 and 8. 
Mobilization of Mn and Fe is particularly 
!mportant under reauclng cond~t ons 
IMackeretn. 1966) an0 lsd~scussed In 
ihe next section. More extensive 
discussions of redox potential in the 
Great Lakes surface sediments may be 
found in Mortimer (1 971 1. Vanderpost 
(1 972) and Kemp et a/. (1 972). 

The sediment pH is variable. In most 
cases the sediment pH tends to 
decrease from values around 7.0 to 7.5 
at the sediment-water interface to 
uniform values betweeen 6.7 and 7.0 at 
1 m (Figs. 3 108). The decrease in pH in 
the cores is presumably due to 
decomposition of sediment organic 
matter and release of CH,. CO, and 
NH,. to the interstitial waters (Kemp 
el a/., 1972). 

The sediment particle sizedistribution 
is generally uniform in each core and 
variesonly slightly from location to 
location (Figs. 3 to 8). The sediments 
consist of 50 lo 75 per cent clay size 
materials with silt size sediment 

comprising mostof the remainder. The 
sediments are more siity at stations 4.5. 
6.10 and 14. These locations are in 
regions of shallow water or are close 10 
the edge of sub-basins of fine-grained 
sediment and are thus subject togreater 
depositional energies (Fig. 1. Table I). 
The high clay-size contents suggest that 
deposition of sediment occurs under low 
energy condlions at most of the 
locations. 

Mineralogical examination of the 
surface sediments (0-1 cm) at each 
location shows that the sediments 
consist mainly of quartz, feldspars. 

carbonates, organic matter and clay 
minerals. Thomas (1 969) demonstrated 
a high degree of correlation between the 
clay size fraction and clay mineral 
contents of fine-grained Great Lakes 
sediments and it is believedthata similar 
situation exists at these locations. The 
clay minerals consist of around 70 to 80 
per cent illle and 20 to 30 per cent 
chlorite and kaolinite. Calcite and 
dolomite are thedominant carbonates in 
the surface sediments of Lakes Huron 
and Erie with calcite, only, being present 
in Lake Ontario. The latter observation 
will be discussed in the next %?section. In 

Flgure 3 
Concentratron vs depth profiles for sediment 
composition at station 2, Lake Huron. 



general, the mineralogy of the surface 
sediments is similar at each location. 

Microscopic examination 01 the 
surface sediments (0-1 cm) also shows 
that fly ash is also present in varying 
amounts at each location. The fly ash is 
derivedfrom local industrial sourcesand 
from the extensive s h i ~ ~ i n a  trafficon the . .  - 
lakes. Aithough fly ash concentrations 
were not determined quantitatively, a 
qualilative examination indicates that 
concentrations are greatest in Lakes 
Erie and Ontario, which are closer to the 
major industrial centres. Examination of 
sections of core at the Ambrosia horizon 
(ca. 120 years BP) in Ontario and Erie 
cores showonly trace amountsof fly ash 
presumably due to the early shipping 
traffic in the lakes. These latter findings 
require further examination. 

Chernlcal Composltlon and 
Enrkhrnent 01 the Sedlrnent 
Although the physical characteristicsof 
the sediment in the three lakes are 
generally similar, the chemical 
composition of thecores is variable from 
lake to lake (Figs. 3 to 8). A number of 
patterns emerge on examination of the 
chi?mical profiles. These patterns are 
most obvious in the Lake Ontario 
profiles, where concentration 
differences are more extreme (Fig. 8). 
A number of elements show marked 
enrichments at the sediment-water 
interface relative to their concentrations 
at the Ambrosia horizon. Hg. Pb, Zn. 
organic-C. N. Mn and P show this trend 
most noticeably. Si, Al, K, Na, Mg and Fe 
concentrations are relatively constant 
except near the sediment-water 
interface where variations compensate 
for the increasesandlor decreases in 
organic rnaner and carbonates. 
Sediment enrichment factors (SEF) 
have been calculated for each element 
in the 14 cores (Kemp el ab. 1976) and 
the values are shown in Table II. For 
comparative purposesthe elements are 
arranged into six separate groupings, 
each having similar SEF trends. The 
groupings are designated: conservative 
(Si. K. Ti. Na and Mg); enriched (Hg, Pb. 
Zn. Cd and Cu): nutrient (organic-C. N 
and P): carbonate (C0,-C. Ca): mobile 
(Fe. Mn and S): and miscellaneous (Be 
andV): as previously described by Kemp 
era1 (1976). 

The core data, consisting of 31 
variables measured on 156 samples. 
was split into the following seven groups: 

-AII samples 
-Each lake separately 
-Recent samples, early-colonial 
samples and pre-colonial samples for 
all the lakes. 
Mean, standard deviation and 

correlation coefficient matrices were 
computed for each group, and the most 
significant correlations are discussed. 
Conservative elements. As defined 
previously, (Kemp elab, 1976) Si, Al, K, 
Na and Mg have been assigned tothis 
grouping of elements. Their zero SEF 
values indicate that the concentretionof 
these elements in the sediments has 

remained essentially constant. In the 
case of Na. Mg and possibly Ti some 
positive SEF values can be seen. 
particularly in Lake Ontario (Table 11). 
This implies that these elements are not 
wholly conservative in nature and have 
been enriched in Lake Ontario to some 
extent. However, in general terms and 
from the statistical analysis discussed 
subsequently, these elements fit the 
requirements for inclusion in the 
Conservative element grouping. With 
the exception of carbon, iron and 
Calcium, these elements are the most 
abundant in the sediment materials and 

Figure 4 
Concenlratbn vs depth profiles for sedirnenl 
composilion a1 slalion 3, Lake Huron. 
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Table II 
Sediment enrichment lactors (SEF) lor the elemenls at !he 14 corng stalbns. Values b e t w n  0 . 2  and +0.2 are desgnafed 
as zero in the table. 

Conservative Elements 
0 0 0 

Enriched Elements 
22.8 4 3  13.2 

Nutrient Elements 
0.8 0.5 1.1 

carbonate Elements 
C0,-C 0 0.3 0.8 -0.5 0 -0.4 -0.4 58.0 0 1 7  4.7 18.7 14.4 55.7 
Ca 0 0.5 0.4 0 0 -0.3 -0.4 4.3 -0.3 12  10.8 10.7 13.3 7.9 

Mobile Elements 
Fe 0 0 0 0 0.3 0 0.3 0.3 0 0 0 0 0.3 0 
Mn 2.3 2.5 1.8 0.4 0 0.4 0.4 2.7 1.1 0.4 4.5 4.2 9.3 1.0 
S -0.6 0 0 0.3 0.7 0 3  0 8.2 1 0  0 6 0.5 1.7 0.8 2.3 

Miscellaneous Elements 
Bc 0.3 0 0 0.4 0 5 1 0  0.5 0.6 0.3 0 0 0 0 0 
V 0 6  0 0 0 1.1 1 5  0.7 0.3 0.7 0 3  0 0 0.5 0.5 

reflect the major mineralogical species 
derived from terrigenous sources. 

A linear correlation matrix, based on 
all samples, for the conservative 
elements and including silt and clay size 
fractions isgiven in Table Ill. It can be 
seen that Al shows strong positive 
relationships to K and clay and a lesser 
positive relationship to Ti. This is in 
agreement with the earlier observation 
that Al is indicative of the clav mineral 
content with the relationship bf AI to K 
confirming the dominance of illite as 
determined by X-ray diffraction (Lewis. 
1966: Thomas e l  a/., 1972,1973). The 
relationship of Al to Ti suggests that 
titanium isclay-lanice-bound, probably 
in illite as discussed by Dolcater 
e l  a1 (1 970). 

Both Si and Na show a poor 
relationship with the other Conservative 
elements and no positive interpretation 
can be made with respect to these 
elements. Mg shows a good positive 

Table Ill 
Correlaf~on coefl~crenl rnalr~x lor all 156 samples 

Silt-Size Clay-Ske 
Al K TI Na Mg Fractlon FncHon 

~- ~ 

relationship with silt and a negative 
relationship with clay (Table Ill). On the 
basisof the SEF values (Table II) it 
appears that Mg is behaving as a 
Conservative element and is hence 
included in this grouping. However. the 
relationship of Mg to silt, suggeststhat 
Mg represents a detrital dolomite 
contribution and is discussed 
subsequently under the section on 
Carbonate elements. 

Enriched elemenls. These elements 
(Hg. Pb, etc.) form the smallest group in 
the sediment accounting for less than 
0.1 per cent of the sediment materials. 
However, they are a most significant 
group as most of the metals are toxic in 
high concentrationsand it is important to 
understand their geochemical cycles in 
the surface sediments (Wood, 1974). 
The Enriched elements are 
characterized by small concentrations 



below the Ambrosia horuon and 
generally much higher concentrations 
above the horizon (Figs. 3 to 8). 

Enrichment of a chemical element at 
the interface may be due totwo possible 
factors: 1) Anthropogenic loading of the 
sediments in recent years. 
2) Diagenesis and/or upward migration 
of chemical species in the pore waters 
(Thomas. 1972; Kemp et a/, 1972). As 
the Hg profiles in these lakes (Kemp et 
a!. 1974) and the trace element profiles 
in Lake Erie (Walters el a/.. 1974). the 
enrichments are believed to be mainly 
due to the first factor. Similar 

Enriched elements, shows that they are 
rarely exponential but that they fluctuate 
or even decrease near the interface 
(Figs. 3 to 8). This is presumably a resun 
of the fluctuating anthropogenic inputs 
of materials to the sediments. 
bioturbation and physical mixing. 

Surface enrichment of trace elements 
could also be related to organic matter 
increases in the sediment, whereby 
trace elements are concentrated in the 
organic fraction. This possibility is 
discussed later. It is not possible to 
determine the extent of trace element 
enrichment due to any particular 

mechanism on the basisof thisstudy. 
Until the cycles of the trace elements in 
theGreat Lakes sediment are better 
understood, it is proposed that the 
enrichmentsof Hg. Pb. Zn. Cd and Cu 
are mainly a result of increasing 
anthropogenic inputs in recent years. 
although it is recognized that surface 
enrichment may also be modified by 
mixing of the uppermost layers 
of sediment. 

conclusions have been drawn recently 
forthe increases in Hg.Pb.Zn.Cuand Cr 
in Lake Michigan (Leland el a/, 1973). 
Pb. Zn, Cu. Cd, Ni and Cr in the 
Wisconsin lakes (Iskandar and Keeney, 
1974). Cd, Pb. Zn and Cu in the Baltic 
Sea (Erlenkeuser eta/., 1974) and for Pb. 
Cr. Cd, Zn Cu. Ag. V and Mo in the 
southern California coastal sediments 
(Bruland et a/., 1974). 

The increase in elemental 
concentrations appears to commence 
at the Ambrosia horizon at most of the 
locations, lending primary support to this 
argument. For example, i t  can be seen 
that the Pb concentration increasesat8. 
17.25,27.75 and 19 cm at stations 2.3. 
4,8.9 and 13 respectively (Figs. 3 to 8). 
With the exception of station 4, the rises 
coincide with the Ambrosia horizon. As 
the physical characteristics are 
generally similar at each station, the 
observed Pb enrichment is unlikely to 
have resulted from upward migration of 
the element. Further support is given by 
the steady increase in Hg and Pb SEF 
valuesfrom the north tothe south in 
Lake Huron (stations 1 to 3), together 
with the larger Hg and PbSEF values 
found in Lakes Ontario and Erie 
(Table 11). 

Diagenetic-mobilization mechanisms 
have been proposed by a number of 
authors to explain exponential elemental 
concentration curves such as are 
observed for Pb in these cores (e.g.. 
Manheim. 1970; Berner. 1971 ; Lasaga 
and Holland, 1976). These mechanisms 
assume steady-state conditions, which 
cannot be applied at most of our 
locations. The accelerating 
sedimentation rates (Kemp el a/. 1974) 
and the exponential increase in Flgure 5 
anthropogenic loading to the lakes Concentratim vs deplh profiles tor st 
(Beeton, 1969) preclude steady-state cornposifion a1 sfation 4, Lake Erie. 
conditions. Also, a close examination of 
the concentration curves of the 
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Tme IV 
Average menlralkn~s of lhe Enr~ched ekrnenls in the recenl andpre-cobnial sediments, suspendedparliculale maller and bluffs 
(Concentrations are expressed with respect lo lhe dry weight of sedimenl.) 

Wre Huron M e  Erb Lake Ontarlo 
Ek~nmt Sedhnls &dhems s.dlnmts All Nlagara 

Rccanl Pro-co1onl.l R-nl Prccolonbl Wen t  Re-cdonbl rlwrs Rlwr Blutfs 
No. ot rrmpln (3) (3) (6) (6) (5) (5) (28) (1) (16) 

Table IV provides a summary of mean 
concentrations for the recent sediments 
(0-1 cm) and the precolonial sediments 
(sub-samples below the Ambrosia 
horizon) for the three lakes. The recent 
sedimentsof Lake Ontario show the 
highest mean concentrations for all the 
Enriched elements. The high Ontario 
values parallel the higher organic 
concentrations in the lake (Kemp. 1971 ). 

Studies were initiated in 1974 on 
suspended particulate matter and bluff 
sampks from the drainage basins of the 
lakes. Some preliminary results for Lake 
Ontario are shown in Table IV. 

case of Hg, the sediment samples were 
collected in 1971 and the particulate 
samples in 1974, and it is possible that 
these resuns reflect a diminishing 
anthropogenic input of Hg to Lake 
Ontario due to recent controls curtailing 
Hg inputs to the Great Lakes. 

Statistically, a high degree of 
correlation can be demonstrated 
between the indivaual elements in this 
grouping (Table V). These elements in 
turn co-vary with organic-C, listed as a 
Nutrient element. The relationship of the 
Enriched elements to the organic matter 
may well be indicative of complexing 

(Glooschenko e l  al.. 1973). It can be 
seen from the profiles that organic4 
increases only very slightly from the 
base of the core to the water interface in 
Lake Huron (Figs. 3and 4). This small 
increase is presumably due mainly to 
natural diagenesis at the sediment- 
water interface. A comparison of the 
Huron profiles and SEF values with 
those from Lakes Ontario and Erie 
indicates that natural decomposition is 
likely to account for only a small part of 
the surface organic enrichments in the 
latter lakes. 

The statistical relationships observed 
Suspended particulate samples were andlor adsorption by organic matter as between the nutrient elements (organic- 
collected near the mouths of all rivers suaaested for southern Lake Michiaan C. Nand P). Fe. Mn. Al. K and the clav 
entering the Canadian shore of Lake 
Ontario (Thomas, unpublished data). As 
the Niagara River contributes 80 per 
cent of the inflowing river water to the 
lake, these results are shown separately. 
Resuns are also shown for the mean of 
16 bluff locations around the lake, where 
silt-size bluff material is eroding rapidly 
into the lake (Kemp, unpublished data). 

The pre-colonial or natural 
background levels of Hg. Pb and Cd in 
Lake Ontarioare similar to thosefound 
in the bluffs (Table IV), indicating that 

by-ghimp el al., (1 971 )or may reflect 
increased anthropogenic loading wRh 
time paralleled by increasing organic 
detritus inputs due to increased nutrient 
supply and associated primary 
productivity in the lakes. 

Nufrienl elemenls Included under this 
category are organic-C. Nand P. The 
Nutrient elements, as organic matter 
category are organic-C. Nand P. The 
Nutrient elements, as organic matter 
and phosphorus make up the third 

. .  . 
~ ~ ~, 

size fraction are summarized in the 
correlation matrixgiven in Table VI. As 
described by previous authors (e.g.. 
Stangenberg. 1949; Hutchinson and 
Vallentyne. 1955; Tadajewski, 1966; 
Kemp. 1971 ).organic-C and N showan 
almost perfect relationship. The 
previously reported relationship of 
organic-Cto clay (e.g.. Trask 1932; Van 
Straaten. 1954; Bordovski. 1965: 
Thomas el a/, 1972.1973) is not seen. 
This lack of a clay, organic-C 
relationship is attributed to the 

these elements are sealmentea WthoLt largest g ro~p of materials in tne recent lncreas ng organlc carbon load ng totne 
any further aterarlon tak.na place Tne sea menrs accoLnt na for LO to 10 oer seofmenr w~th tlme Lnder conolr onsof 
cokentrations of Zn and 6" however 
are enriched in the pre-colonial 
sediments relative to the bluffs 
indicating that these elements have 
been concentrated in the lake sediment 
by natural lacustrine processes. With the 
exception of Hg, the concentrations of 
the suspended sediment samples areall 
in the same range as the surface 
sediments. This would suggest that the 
present-day riverborne particulates 
have a similar composition to the 
surface sediments of Lake Ontario as 
has been shown previously for Lake 
Michigan (Leland eta/. 1973). In the 

cent of the sediment b; weight. 
Examination of the SEF values (Table II) 
and the individual core profilesfor these 
elements (Figs. 3 to 8) show surface 
enrichment throughout the three lakes. 
This enrichment has been ascribed 
mainly to anthropogenic loading of P 
with theensuing increase in the 
productivity of the lakes (Kemp 
el a/. 1974). 

The small SEF values for organic-C in 
Lake Huron reflect mainly the natural 
decomposition of organic matter at the 
sediment-water interface, as nutrient 
inputs have not increased significantiy 

increasing trophic level and, as such, is 
independent of a proportionately 
constant deposition of clay. 

Table V 
Correlation coeflicienlmatrix lor all 156 
samples. 

Hg Pb Zn Cd Cu 

Org-C 497 687 614 530 547 
Hg 747 781 661 675 
Pb 929 805  837 



Tab* VI 
Correlation coellicrentmatrix for all 156 samples 

The relationships of P with the other 
elements is not entirely clear (Table VI). 

Clay-Size 
N P Fe Mn A1 K Fraction 

The high degree of correlation between 
Fe and P noted by many previous 
authors (e.g.. Williams et a/.. 1971 1 is not 
seen. Here the P appears to be 
partitioned with Fe, Mn. Al and clay 
suggesting that P uptake is occurring in 

~ ~ 

Fe 265 634 721 762 the finer sediment fraction due to 
Mn 019 -059 423 adsorption by the hydrated oxidesof Fe, 

Mn and possibly Al. 
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Flgure 6 
Concenlrafion vs depth profiles lor sediment 
c~mpo~ifion at stallon 8, Lake Erie. 

Carbonate elements. The Carbonate 
grouping of elements, which includes Ca 
and C0,-C and, as discussed 
previousty. Mg, make up the second 
largest group in the sediments. 
accounting for up to 15 per cent of the 
materials. The SEF values (Table II) for 
these elements show lirstly, that Mg 
remains constant with time, confirmed 
by the individual core profiles (Figs. 3 to 
8), and secondly, that the remaining 
three elementsshow surface 
enrichment in Lakes Huron, Ontario and 
the central basin of Lake Erie with a loss 
in the western and eastern basins of 
Lake Erie. These SEF patterns are best 
illustrated by the core profilesfor Caand 
GO3-C in the three lakes. Ca and GO3-C 
concentrations are fairly uniform and 
low in Lake Huron and central Lake Erie 
(Figs. 3.4.6). decrease towards the 
surface in western and eastern Lake 
Erie (Figs. 5.7) and increasetovery high 
surface concentrations above the 
Ambros~a horizon in Lake Ontario 
(Fig. 8) .  

The carbonate element distribution in 
the cores is poorly understood at the 
present time. The very high surface 
concentrationsof carbonates in Lake 
Ontario are difficult to explain and the 
limited evidence we have to date is 
contradictory. X-ray diffraction 
examination of the surface sediments of 
Lake Ontario shows a well-defined 
calcite peak. However, examination with 
an optical microscope of the sand and 
coarse-silt fraction of these sediments 
does not disclose the presence of 
detrital calcite even though it would be 
expected in these fractions. It appears 
that the calcite is limited to the finer size 
fraction - an anomalous situation that 
suggests that it may be present as fine- 
grained authigenic calcite. High 
concentrations of Ca and Mg in the 
Ontario pore waters have been 
attributed to dissolution of detrital 



Geoscience Canada. Vohrne 3. Number 3. August. 1976 201 

carbonates (Weilsr. 1973). However. 
Weiler also found that the interstitial 
waters were saturated with respect to 
calcite and conditions favoured calcite 
precipitation. At this stage, it would 
appear that detrital carbonates are 
dissolving in Lake Ontario and that 
calcite is being precipitated in large 
quanitites either in the lake or at the 
sediment-water interface. 

The generaliy low surface 
concentrations of Ca and C0,-C in 
Lakes Huron and Erie also require 
explanation. In Lake Huron, low surface 
carbonate COnCenhatiOnS could be due 
to the generally low sedimentation rates 
and dissolution of detrital carbonate as 
proposed for Lake Superior (Dell. 1973). 
In Lake Erie, where sedimentation rates 
are rapid, low surface carbonate 
concentrations may be due to the high 
organic loading to the sedimentsat our 
locations in recent years (see next 
section). It is possible that bdh detrital 
and precipitated carbonates are 
dissolved under the acidic conditions 
which follow in situ decomposition of 
organic matter at the sediment-water 
interface. 

The linear correlation matrix for the 
Carbonate elements and the silt size 
fraction is given in Table VII. The 
coefficients indicate the presence of 
calcite (C0,-C to Ca) and subsidiary 
dolomite (C0,-C to Mg), both showing a 
moderate degree of relationship to the 
silt size fraction. The relationship 
between carbonates and silt has been 
previously found for the surface 
sediments of Lakes Ontario and Huron 
(Thomas et al., 1972.1973). The 
correlation matrices would thus suggest 
that calcite and dolomite are present in 
the sediments and are associated with 
the sin size fraction. The carbonate 
cycle in these lakesappears to be very 
interesting and, as is obvious from this 
discussion. requires much more 
detailed investigation; in particular, 
studies on carbon and oxygen isotopes 

Table Vll 
Correlaflon coellicienlmafr~x lor aN 156 
samples. 

Silt-Size 
Ca Mg Fradlon 

should be used to clarify the 
mechanisms controlling the carbonate 
sources, distribution, precipitation 
and dissolution. 

Mobikelements. On the basisof the SEF 
values relative to the observed core 
profiles S. Mn and Fe have been 
assigned to the Mobile group of 
elements. The term mobile, herein, is 
used to designate those elements 
which, due to variation in the physical- 
chemical propertiisof the core, are 
subject to dissolution, and migration in 

the interstitial waters. These elements 
account for five per cent of the total 
sediment by weight. Because of their 
mobility they can substantially influence 
the bottom waters of the lakes. 

The vertical profiles of Mn in thecores 
can be broken dorm into two distinct 
groups: those that showa large increase 
at the sediment-water interface from a 
background level of around 0.1 per cent 
and those that remain uniform with 
depth. Upward migration of soluble Mn 
under reducing conditions in sediment 
pore waters with surface precipitation is 

C0,-C 807 452 ,367 
Ca 264 249 Figure 7 

Mg 413 
Concentration vs depth profiles tor sedlmenr 
composlf~on at statbn 9. Lake Erle. 



well known (e.g.. Mackereth. 1966; 
Weiler. 1973). This condition is best 
illustrated by the core profiles for Lake 
Huron (Figs. 3,4),eastern Lake Erie (Fig. 
7) and Lake Ontario (Fig. 8). At these 
deep water locations, where the 
hypolimnion waters are well oxygenated 
at all times. Mntendsto be concentrated - ~ 

in the surface oxidized sediments. 
Similar profiles are also found at stations 
1 in Lake Huron and 11 and 12 in 
Lake Ontario. 

Surface enrichment of Mn is not found 
in western and central Lake Erie 
(stations 4,5.6 and 7) and Lake Ontario 
(stations I 0  and 14). At these locations. 
the seasonal redox conditions (oxygen 
depletion in summer months. 
accompanied by negative redox 
potentials) are such that overall 
precipitation of upward migrating Mn is 
not occurring and the bulk of the Mn is 
being lost to the overlying waters. This 
situation is well illustrated by station 4 in 
western Lake Erie (Fg. 5). Anoxic 
conditions in the hypolimnion waters of 
western and central Lake Erie (Beeton, 
1965)account forthe lossol Mnfromthe 
sediment interface at these locations. 
Presumably seasonal anoxic conditions 
must also exist at stations 10 and 14 in 
Lake Ontario to yield the linear Mn 
profiles found at these locations. A more 
general account of Mn in the sediments 
of the Great Lakes has been presented 
by Sly and Thomas (1 974) who noted the 
sensitivity of both Mn and Fe to the 
trophic levels of individual lakes within 
the system. 

The studies of Burns and Ross (1 972) 
have demonstrated the significance of 
the regeneration of soluble Fe from the 
sediments of central Lake Erie under 
anoxic hypolimnion conditions 
indicative of the mobile nature of this 
element. The SEF valuesfor total Fe 
(Table II) and the core profiles (Figs3 to 
8) suggest that this element may be 
better placed with the Conservative 
elements with the exception of stations 
5.7 and 8from Lake Erie. As the levelsof 
total Fe in the sediments average 4.3 per 
cent for all of the core samples, when 
compared to the mean of 0.1 5 per cent 
for Mn, it can be seen that only a small 
percentage release of the total Fe 
concentration is highly significant. 

The upward migration and 
precipitation of Fe, to some extent, can 
be seen in theSEFvaluesatstations5,7 
and 8 (Table 11). In these cores the Eh 

values at the surface range from 0 to 
approximately 100 millivolts. These 
conditions appear to be such that 
upward migrating iron has been 
partially retained in the surface 
sediment. For example, at station 8 (Fig. 
6) in the central basin of Lake Erie there 
is a decrease in the surface Mn 
paralleled by a minor decrease in Fe 
which, when normalized for Al, gives rise 
to an SEF valueof0.3. At station4 (Fig. 5) 
in the seasonally anoxic western basin 
of Lake Erie, the profiles for Fe and Mn 
are very similar and this core is 

representative of a situation in which 
soluble Fe had been released 
subsequent to Mn to the overlying 
bonom waters as described by Burns 
and Ross ( I  972). In other cores. for 
example. station 2 (Fig. 3). under oxic 
conditions. Mn has been precipitated in 
the surficial sediment. Immediately 
below the rise in Mn a minor increase in 
the Fe profile can be seen. This implies 
upward migration of both Fe and Mn with 
sequential preciptation firstly of Fe and 
then Mn relative to the increasing redox 
potential in the uppermost part of the 

Figure 8 
Concenlralion vs depth profiles for sedimenl 
composition a1 slar,on 13, Lake Ontario. 
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core. More detailed studisare required. 
particulary in determining the forms and 
valence state of the Fe in order to make a 
more definite interpretation of the Fe 
mobiliation. 

Tdal S generally increases with depth 
relative to a decreasing redox potential 
in the cores (Figs. 3 to 8). Statistically. S 
shows a significant inverse correlation 
with Eh (r=0.522) and with organic-C 
(r=0.531). These correlations suggest 
that the classic relationship exists 
whereby decreasing redox potential 
induced by the bacterial oxidation of 
organic maner resuns in thereduction of 
FeD and S0.2- with the formation of iron 
sulphides (Zobel. 1946). Reduction of 
S0,2- has been observed in the surface 
sediments of Lake Erie, after 

N.tunl and Anthropownk 
*ccumuht.tlon of Eknwnta in th. 
Sedlnrmb 
By utilizing the SEF values, we have 
been able to determine the degree of 
enrichment of the heavy metals and 
nutrients. These values, however, do not 
fully reflect the changes that have taken 
place at each location as variations in 
sedimentation rate have not been taken 
into account. In order to compare each 
sample on an equal basis, the chemical 
data is combined with the sedimentation 
rate data previously reported (Kemp 
et aL, 1974).The sediment loading is 
broken down into a natural sediment 
input and an anthropcgenic input. 

The present-day sedimentation rates 
(Table I) were calculated assuming a 

concentratiis mainly represent 
diagenetic-rnobilizationchanges,as has 
been discussed previously. 

The breakdown of the heavy metal 
and nutrient loading into natural and 
anthropogenic inputs demonstrates the 
large differences between the 14 
sample locations and the three lakes 
(Table VIII). It can be seen that the 
anthropogenic loading of heavy metals 
and nutrients is low in Lake Huron, very 
high in Lake Erie and intermediate in 
Lake Ontario, paralklingthe populations 
of the respective drainage basins. As 
with the SEF values, discussed 
previousty, the Enriched and Nutrient 
elements are accumulating at much 
higher anthropcgenic levels in Lakes 
Erie and Ontario than for Lake Huron. 

sedlmentatlon of an algal blwm(Menon constant rate above the Castanea Fluxesof Hg. Pb. Zn. CdandCushowan 
elal. 1971 )and S0.2. concentratons hor~zon ~n Lakes Ontarlo and Er~e and increase from statlon 1 10 Lake Huron. . ~ 

werd found to decrease from thesurface 
in a number of cores from Lake Ontario 
(Weiler, 1973) and Lake Erie (Nriagu, 
1975). These findings. together with the 
colour changes mentioned previously. 
indicate that fresh organic matter is 
being decomposed at the water 
interface with the formation of iron 

the Ambrosia horizon in Lake Huron. 
Sedimentation rates are expressed as 
g/m2/yr and are calculated by dividing 
the dry weight of sediment per square 
metre of column, between time horizons 
by the estimated time interval (Kemp 
etal, 1974). The specific gravity of the 
sediment is assumed to be 2.6 for these 

which is far removed from urban 
influences, to station 3 in the southern 
portion of the lake, which is under the 
influence of inputs from Saginaw Bay. 
Organic carbon shows a similar trend at 
the 3 locations, correlating with the 
lakewide chlorophyll determinations. 
where primary productivity was shown 

sulphdes ln the reduced zone of calculatons(Lew1s. 1966) The natural to be greatest ln southern Lake Huron 
sedlment A more soecd~c account of sediment ln~uts have been calculated [Glooschenko et al. 1973) A 

~ ~ 

the sulphur cycle and diagenetic 
changes in S near the sediment-water 
interface in Lake Erie has been 
presented recently by Nriagu (1 975). 

Miscellaneous elements. Be and V have 
been included under this category 
primarily due to the variability oftheir 
concentration profiles (Fig. 3 to 8). The 
concentration of these elements in the 
Great Lakes sediments does not appear 
to provide a clear trend in enrichment. 
The SEF values would indicate however 
that there is a small enrichment of these 
elements in Lakes Ontario and Erie 
(Table 11). The enrichment of V would be 
in agreement with observations of V 

by multiplying the present-day 
sedimentation rate by the normalized 
surface (0-1 cm) elemental 
concentrations. This assumes that the 
natural elemental input has the same 
ratio to Al as the baseline ratio belowthe 
Ambrosia horizon and is therefore 
independent of the sedimentation. The 
anthropogenic input is then calculated 
by multiplying the difference between 
the total and normalized elemental 
considerations at the surface by the 
sedimentation rate. For these 
calculations, it is assumed that the 
high surface concentrations of the 
enriched and nutrient elements are 
solely due to anthropogenic inputs. 

comparison of station 3 in Lake Huron 
with stations 10-1 3 in Lake Ontario, 
where sedimentation rates are similar. 
demonstrates the much greater 
anthropogenic input to the Ontario 
sediments. 

The natural sediment loadings parallel 
the varying sedimentation rates at each 
of the 14 sample locations. It can be 
seen that natural inputs of trace nutrient 
elements at station 3 in Lake Huron are 
similar tothose ofthemain basin of Lake 
Ontario (Table VIII).The natural loading 
of Pb, Zn. Cd and Cu in southern Lake 
Huron and Lake Ontario is similar to that 
found in the California coastal basin 
sediments, where sedimentation rates 

enr chment in me Calllorn a coastal Antnropogenlc an0 natbral .np~lts ofthe are ofthe same oroer of magnltbde 
sediments i Brblano el a1 19741 Enr~ched and Nutr ent elements are (Table VII.) However.the anthrOD0QenlC . 

It is possibk, however, that these 
elements may occur as accessory 
elements in the clay mineralsand are of 
detrital origin. As the enrichments are 
small, the elements are maintained as 
Miscellaneous pending a more detailed 
assessment of the surficial sediment 
geochemistry. 

shown in Table VIII.The Great Lakes' 
results arecompared with thosefound in 
the California coastal basin sediments 
(Bruland et al., 1974) and the average 
annual atmospheric precipitation over 
Lake Ontario for 1970-71 (Shiomi and 
Kunk. 1973). Although there is probably 
a large natural and anthropogenic 
contribution of Fe. Mn and Stothe lakes. 
the Mobile elements are not included in 
the calculations as their surface 

inputs of these heavy metals ard fa; 
greater in the Lake Ontario sediments. 
Anthropogenic inputs of 8.0.2.2.1.2 and 
0.058pg/cm2/yr. for Zn. Pb. Cu and Cd 
respectively, have recently been 
estimated for Baltic Sea sediments 
(Erknkeuser etal, 1974). The latter 
values are intermediate between the 
California sediments and those from 
Lake Ontario. The Lake Erie 
anthropogenic inputs are much larger 



TabkVIII 
Presenl-day naluralandanlh~opogenrc inputs 01 the Enriched and Nutrrent elements at the 14 sample locations 

Lake Huron Erie Ontario California LakeOntario -- A Coasbl Ralntall 
1 2 3 4 5 6 7 8 9 '10 11 12 13 14' Easlns (Shlomoand 

(Brulandel Kuntz. 1973) 
Elements Input (Inputs mug cm 2yr ' a[. 1974) 

Enriched Elements 
HS A 0 0001' 0.005 0.49 028 0056 0068 011 0.147 0022 0144 0111 0.142 0122 - 

N 0004 0001 0002 002 007 0.004 0007 001 002 0003 0002 0001 0002 0009 - 
Pb A 0 8  1 5  4.2 34.4 143 5 4  6 8  151 443 6 9  8 1  7 4  7 4  307 1 6  1 4  

N 0 8  0.5 0 7  107 164 1.6 2 7  2 3  121 1 0  1 0  1 0  0.8 2 2  0 5  
Zn A 0 7  2 0  5 7  81.2 30.6 109 124 381 1131 109 169 203 221 396  2 1  5 3 

N I 6  1 2  1 7  3 1 8 4 3 1  6.5 8 9 1 1 8  526 3.5 3 7  3 3  3.6 8 8  5 2  
Cd A 0 0 0 3 0 0 2  0 9  0.9 0.2 0 1  0 4  1 2  0 0 9 0 2  0 2  0.2 0 5  007 0 09 

N 002 001 005  0.6 0.5 004 0 2  0 1  0 5  008 005 003 003 005 014 
Cu A 0 2  0 4  1 4  130 6 9  2 6  2.9 4 3  126 3 1  2 9  2 6  2 7  6 0  1 3  0 4  

N 0 4  0 6  0 8  9 4 1 1 5  1 9  2 6  3 6  163 1 4  1 7  1 5  1 3  3 1  1 6  

A lndlcates Anthropogenlc Inputs. N lndlcates Natural lnputs 

than IheLakeOntarioand marine inputs. 
The larger anthropogenic loadings in 
Lakes Erie and Ontario are presumably 
a function of their proximity to large 
centres of population and the restriction 
of a lacustrine system, where the 
sediments within a limited area act as a 
sink for the contaminants entering 
the lake. 

For a geochemical model of the lakes, 
it is necessary to have information on the 
sources, dispersion and sinks of the 
chemical elements entering the 
drainage basins. At the present time. 
information is fragmentary on the 
sources and dispersion pathways of the 
anthropogenic heavy metal and nutrient 
loads to the lake sediments. 

The source of the sediment materials 
can only be inferred at the present time. 
AS was mentioned previously, the 
natural sediment input is primarily 
derived from the till cover in thc drainage 
basinsof the lake while the 
anthropogenic inputs aremainly derived 
from urban and industrial sources. In a 
study of Lake Michigan. Winchester and 
Nifong (1 971) estimated that the 
atmospheric contribution of Cu to the 
lake equalled that of all river inputsand 
that for Zn, the atmospheric input was 
eight times that of all rivers. The source 
of these contaminants was mainly from 
the Chicago urban and industrial 

complex. Bruland el a/, (1 974) also 
concluded that atmospheric sources 
could account for the anthropogenic 
loading of Pb,Zn and Cutothe California 
coastal sediments. Similarly. 
atmospheric sources, derived from 
fossil fuel consumption, were 
considered to be the major source of 
heavy metal pollution in the Baltic Sea 
sediments (Erlenkeuser eta', 1974). 
The large cities of Detroit, Cleveland. 
Buffalo and Toronto can provide similar 
atmospheric sources for Lakes Erie 
and Ontario. 

Primary productivity is low at the two 
northern locations in Lake Huron 
(station 1 and 2). These locations are a 
considerable distance from industrial 
and urban sources and the 
anthropogenic inputs must primarily 
originate from atmospheric loading. 
Rainfall data are not available for Lake 
Huron. However, utilizing the average 
rainfall data for Lake Ontario it can be 
seen that the anthropogenic sediment 
inputs of Pb. Zn. Cd. Cu. Nand P for 
stations 1 and 2 are in the same range as 
the Ontario atmospheric precipitation 
data (Table VIII).Shiomi and Kuntz 
(1 973) found that atmospheric 
precipitation values were high at their 
sample location near Kingston, which is 
far removed from the major industrial 
and urban areas of the Lake Ontario 

basin. It isthusassumedthattheOntario 
precipitation values would be probably 
similar to those lor northern Lake Huron. 
It would then appear that the 
anthropogenic inputs of Pb, Zn, Cd. Cu. 
Nand P in northern Lake Huron could 
correspond to a baseline sediment 
loading that could be expected in the 
Great Lakes region originating from 
atmospheric sources. Superimposed on 
these baseline values one would expect 
larger atmospheric inputs closer to 
industrial or urban sources. It is also 

1 
noted that the Ontario precipitation data 
are very similar to the atmospheric 
fluxes estimated for the California 
coastal sediments (Bruland et a/. 1974). 

A comparison of the Lake Ontario 
rainfall data with the anthropogenic 

1 
inputs to southern Lake Huron. Lake Erie 
and Lake Ontario, indicatesthat the 
baseline atmospheric inputs are likely to 
contributeonly a rninor portion of the 
heavy metal loading to Lake Erie, but a 
more Substantial portion to the southern 
Lake Huron and Lake Ontario 
sediments. The difference between the 
baseline atmospheric inputs and the 
total anthropogenic inputs, originates 
from river inputs and local atmospheric 
sources. The presence of fly ash in the 
sediments also indicates that 
atmospheric inputs of dry particulate 
matter could contribute substantially to 
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the heavy metal bading. At this stage it is 
not possible to pin-point the sources of 
the anthropogenk heavy metals and 
nutrients to these lakes more precisely. 
The present evidence suggeststhat 
atmospheric inputs are an important 
source of trace elements to the Great 
Lakes. Much more detailed studies will 
be required to determine the individual 
sources of the metals. 

The dispersion pathways of the 
anthropogenk materials in these lakes 
are also poorly understood. Substances 
that enter the lake are subjected to 
physical transportation processes and 
may be dispersed over wide areas 
before being transferred out of the water 
mass into the sediments. Mercury 
distributions in these lakes have shown 
that the Hg in Me sediments is related to 
general surface water circulation and 
that it is mainly deposited at the 
downstream locations in each lake 
(Thomas. 1974). 

Examination of the data for Lakes 
Ontario and Erie shows that the largest 
anthropogenic inputs are at stations 4,5 
and 9 in Lake Erieand I 4  in LakeOntario 
(Table VIII). Statlions 9 and 14 are both a 
considerable distance from the major 
source areas of Detroit and Cleveland 
for Lake Erie and Buffalo and Toronto for 
Lake Ontario. However, proximity to 
source does not apparently influence 
the anthropogenic loading to these 
offshore locations. The uniformity of the 

sedimentation rate is hghestand are not 
dependent on proximity to the source 
areas. The high sedimentation rates in 
the eastern basin of Lake Erie and the 
Kingston basin of Lake Ontario are 
presumably a function of their easterly 
locations. The prevailing westerly winds 
and the west to east flow of the lake 
systems towards the Atlantic Ocean 
enables the most easterly basins to 
act as sinks for the fine-grained 
suspended material. 

Chau et al., (1 970) found a correlation 
between trace element concentrations 
and chlorophylla in Lake Ontario waters 
suggesting that the biological foodchain 
is concentrating part of the heavy metal 
input to the lake. It isnotcertainfrom this 
study to what extent the anthropogenk 
heavy metal inputs are associated with 
the autochthonous organic maner, fine- 
grained clay particles or with fly ash 
particles. The fly ash in the sediments, 
the demonstration of atmospheric 
loading to the lakes and the down- 
stream location of heavy metal inputs 
indicates that the dispersion pathways 
are complex and require careful study. 
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