Mercury in the Sediments of the Gulf of St. Lawrence
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In sediments collected from the Saguenay fjord. the St. Lawrence estuary. and open Guif of St.
Lawrence, total mercury varies with sediment texture and location from 10to 12 300 ppb(average
386 pphb). The highest concentrations occur in the Saguenay fjord (average 2980 ppb) and the
lowest in the open Gulf of St. Lawrence (average 150 ppb). The concentration of mercury
increases with decreasing grain size. the highest concentrations oceur in the fine-grained sedi-
ments of the submarine troughs and shelf valleys and the lowest in the sandy shelf sediments.
Analyses of the sediments from the Saguenay fjord. where mercury values range from 12 300 ppb
at its head to =500 ppb in the lower reaches. indicate that most of the mercury (70 to 90% of the
total) is held by the organic matier in the sediments. The distribution of mercury in the fiord is
apparently controlled by the downstream dispersal from local industrial sources of mercury-rich
organic matter. most likely of terrestrial origin because of its high C/N ratic. In the S1. Lawrence
estuary where mercury values range from 30 to 950 ppb. and in the open Gulf where correlations
between variables are lower and scattered anomalies exist. analyses indicate that mercury
accumulates along with the fine-grained inorganic and organic matter in response 1o the present
depositional processes. The distribution of mercury appears 10 be controlled by the sedimenta-
tion pattern. Terrestrial organic matter and industrial waste originaling in the Saguenay drainage
area have the strongest influence on its distribution.

’. . Dans des sédiments collectionnés dans le fjord du Saguenay. {estuaire du Saint-Laurent et le
Goife Saint-Laurent. le contenu total en mercure varie de 10 2 12 300 ppb (386 ppb de moyvennei,
en fonction de la texture des sédiments et de la localisation. Les concentrations les plus élevées
sont rencontrées dans je fjord du Saguenay (2980 ppb de movenne) et les plus faibles dans le Golfe

‘ Saint-Laurent {150 ppb de moyenne). Les concentrations en mercure augmentent avec la diminu-
tion de Ja tzille des particules: les congentrations les plus élevées se trouvent duns les sédiments

grains fins des dépressions sous marines el des valieées et les concentrations les plus fuibles dans
les sédiments sablonneux des plateaux. Les analvses des sédiments du ford du Siguenay. ot les
teneurs en mercure varient de 2300 ppb au sommet & > 500 ppb dans ses etendues les plus
basses. indiquent que la majorité du mercure (70 4 905 du total) est retenue par la mavere
arganigue des sédiments. La distribution du mercure dans le fjord est apparemment controlée par
les dispersions apporiées, par le courant. des industries Jocales produisant de la matiere organi-
gue riche en mercure: le rapport C/N élevé indique que cette matiere orgunique est fort proba-
blement d"origine terrestre. Dans 1" estuaire du Saini-Laurentou {es teneurs en mercure varfent de
30 & 950 ppb. et dans le Golfe ol ies corrélations entre jes variables sont plus faibles et ot des
anomalies sont enregistrées. les analyses indiguent que le mercure s accumule avec les fines
particules de matiere organique et inorganigue en réponse au procédé de dépot actuel. La
distribution du mercure nous parait étre controlée par le modele de sédimentation. La matiere
organique terrestre et les débris industriels provenant de la zone de drainage du Saguenay
exercent les influences les plus fortes sur sa distribution. [ Traduit par le journal}

Introduction

levels of mercury, apparently derived from
High levels of mercury have been found in industrial sources, are also found in the sedi-
commercial fish from the Great Lakes, St. ments of the Great Lakes (Thomas 1972, 1973,
wrence River and estuary, and Saguenay 1974). Very little is known, however, about
fjord (Bligh 1970, 1972; Tam and Armstropg mercury levels in the St. Lawrence estuary,
972). Although some of the mercury is from Saguenay fjord, and the open Gulf of St
atural sources, most of it is believed to come Lawrence. This paper examines the abundance
] t}ltlally from industrial sources. The main and regional distribution of mercury in these
dustrial sources of mercury appear to be the areas and the factors that govern the dispersal
loralkali plants and pulp mills situated in of this element. The study is part of a series of
ese areas (Fimreite 1970; Trites 1971). High geochemical investigations which are being
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FiG. 1. Location of samples analyzed for mercury in the Gulf of St. Lawrence. Triangles refer to
samples for which complete statistical data are available.

carried on by the Marine Ecology Laboratory
at the Bedford Institute of Oceanography.

Field and Laboratory Methods

Sediment samples (455) were obtained from
different parts of the region with a Van Veen
(0.1m?) grab (Fig. 1). These were collected in
1961 (Cruise S-56 Bedford Institute), 1962 (S-62),
1964 (S8-79), 1965 (27-65), (B-65): 1967 (20-67, 24-
67), 1971 (71-027), 1972 (72-017), 1973 (73-012),
and 1974 (74-006), Core samples were collected
from the Saguenayfjordin 1973 (73-012) and 1974
(74-006) using a Ewing type piston corer with
a plastic liner {1.5in. (3.8 cm) diameter). The
grab samples were placed in plastic bags or
vials, stored in wax containers, and refrigerated
or frozen on board until returned to the
laboratory. Suspended matter samples were
collected and their concentrations determined
by Sundby (1974).

In the laboratory, representative portions of
the samples were air dried and stored in air-
tight bottles until used for sedimentological and

chemical analyses. Sedimentological analyses
of subsamples were carried out by the standard
combined sieve pipette method described by
Nota and Loring (1964). After removal of sea
salts, chemical analyses of subsamples for the
oxides of Si, Al, Ti, Fe, Mn, Ca, Mg, and K
were made by colorimetric methods similar to
those described by Riley (1958). After 1966,
these methods were replaced by atomic absorp-
tion techniques, described by Loring and Nota
(1973), using a Perkin-Eimer Model 303 atomic
absorption spectrometer. Acetic acid soluble
iron and manganese were also determined by
atomic absorption (Loring and Nota 1968).
Initial mercury analyses were begun in 1970
using the samples stored in air-tight glass
bottles. Samples collected in 1972-74 were kept
frozen and analyzed as soon as possible after
each cruise. Mercury was determined in duplicate
for each sample by digestion in 1:2 concentrated
HNO,:H,S0O, using the cold vapour atomic
absorption method similar to that described
by Hatch and Otto (1968). Repiicate analyses
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Fia. 2. Location of samples referred to in the text.
P

a sample with an average of 180 ppb
- standard deviation of +23 ppb (co-
eisent of variation of 12.8%). At a level of
410 ppb the standard deviation of replicate
analvses (6) was + 30 ppb, coefficient of varia-
tion of 7.3™. At a level of 9.5 ppm, the standard
deviation of replicate analysis (12) was £0.95
tecefficient of variation of 1077). Accuracy of the
anaivsis was established by the use of the rock
voodards G-1 and W-1 for which we obtained
2 within 4+ 107 of the value reported for
©ose standards.

Given the volatility of mercury, the validity
of analyzing for mercury in samples stored up
10 nine years is, of course, open to question.
This was recognized at the beginning of the
investigation in 1970, It was believed, however,
that the results would at least indicate the
refative abundance of mercury in the sediments
arid reveal the salient features of any regional
v~ ribution pattern that might exist. Besides,

wss of mercury during storage would give
low values, f.e., conservative results. After the
initial results were plotted, it was evident that

a regional distribution pattern existed and that
mercury anomalies were present in the Saguenay
fiord and the St. Lawrence estuary. On the basis
of this, new sampling programs were designed
to verify the previous results and to extend the
coverage. Thus, the initial distribution pattern
of mercury in the Saguenay fjord was based on
five samples obtained in 1964 and analyzed in
1971. Since then 27 additional samples were
collected and analyzed immediately after each
cruise. These have verified the original distribu-
tion and more clearly defined its boundaries
(Fig. 8). Consequently, the old values together
with the new values could be used with con-
fidence to outline the regional distribution of
mercury in the sediments (Fig. 7, 8 and 9).
Additional determination on selected samples
(Fig. 2) were made to investigate the partition
of mercury between the individual size grades
(500-53 pm, 53-2um and <2 um). These size
fractions were separated and afterwards dis-
persed in distilled water by wet sieving material
>53 um and by settling in an Attenburg sedi-
mentation cylinder. The partition of mercury
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between the inorganic and organic phases of
the sediments was also studied.

A selected sample from the Saguenay River,
whose average total Hg content was 9.6 ppm,
was first treated with an acetic-acid solution
(257, v/v). The acetic acid treatment is used to
remove eclements held in carbonates, easily
soluble amorphous compounds of Mn and Fe,
and/or loosely held in ion exchange positions.
This treatment leaves the lattice structure of
the silicate minerals intact and does not attack
the resistant iron and manganese oxides such
as hematitite, ilmenite. pyrite, and hausmannite
{(McKeaque and Day 1966; Heintze and Mann
1951 : Hirst and Nicholls 1958). No mercury was
detected in the acetic acid extract, and no
significant loss of mercury was detected in the
acid insoluble residue within the precision of
the method. This implies that little or no mercury
is {oosely held to the surfaces of the sediment
particles or associated with acid soluble Fe and
Mn grain coating, or carbonate in these sedi-
ments because this treatment usually removes
significant amounts of metallic elements. Next,
the same sample was treated with a cold 107
solution of H,O, and 907, of the total mercury in
the sample dissolved. This treatment is usually
used to remove metallic elements from within the
organic fraction of sediments (Angino and
Billings 1967). Some of the reduced forms of
iron in the sediment may be partly oxidized by
the peroxide and so release some mercury
adsorbed on particles of iron monosulphide
(FeS) in the sediments but apparently none of
the insoluble HgS in the sediment. After the
H,0, treatment, the sediment residue was
analyzed to determine the absclute concentra-
tion of mercury in the detrital (H,O, insoluble)
fraction. The detrital contribution to the total
Hg level was then calculated, and the non-
detrital contribution was obtained by difference.
From this value, the concentration of Hg in
the H,0, soluble phase was calculated (absolute
concentration Hg x 7 nondetrital fraction equals
the nondetrital contributton).

Readily oxidizable organic matter in the
sediments was determined using the wet oxida-
tion method (cold H,SO, and chromic acid)
described by Walkey (1947), The leaching and
the use of Ag,S0, in the digestion mixture
nuilified the effect of chloride. The results
(organic carbon) were converted to organic
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carbon matter by using a conversion factor g
1.72. ‘

The data have been analyzed by statistica}
techniques similar to those described by Spence
and Degens (1968) and Cameron (1968, 1969)%
Correlation matrices and R mode factor analysis’
have been used to clarify the relationship
between the distribution of mercury and the ™
textural and chemical characteristics of the
sediments. Variables are grouped on the basis «
of their degree of intercorrelation into factors ™
that are associations of highly correlated
variables. The factors, which are statistically -
the most dominant features of the data varia- °
tions, are derived from the correlation matrices. *
In this study the principal factor matrices were
rotated to produce varimax orthogonal soly-
tions.

Geological and Geochemical Framework

The Gulf of St. Lawrence is an inland sea
covering about 250 000 km* that is connected
to the Atlantic Ocean by the Strait of Belle Isle
and Cabot Strait and to the urban and in-
dustrial heartland of Canada by the St. Lawrence
River and estuary (Fig. 3). It is bounded to the
north by the highland edge of the Canadian
Shield. In the west, the St. Lawrence lowlands,
which are underlain by sedimentary rocks,
border the St. Lawrence River and estuary and
extend seaward with remnants appearing as
islands and narrow coastal lowlands. The south
side of the lower estuary and the southern and ,,
eastern margins of the Gulf are enclosed by the }
highlands, uplands and lowlands of the Ap-#
palachian region of Canada and are developed %

on mixtures of crystalline and sedimentary -
rocks. Y

A number of important physical and chemica
factors contribute to the present sedimentary ;
environment in the Gulf of St. Lawrence (Loring
and Nota 1973). Dissolved and suspended in-§
organic matter in fresh water is supplied to the j
Gulf from numerous rivers and from rain and
snow. Two-thirds (~ 367 000 ft*/s (10 276 m*/s)
of this water is supplied by the St. Lawrence 4
River which extends inland for almost 2000 miles'§
(3219 km} and has a drainage area of almos
half a million square miles (~ 125 000 000 km?) ;
{Trites, 1971). The Gulf is a marine body ©
water with salinity ranging up to 35%, and con
tains small amounts of suspended matter. The g
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Fii. 3. Place names and general bathyvmetry of the Gulf of St. Lawrence.

senoegraphic conditions are characterized by at

L three water masses of differing temperatures

stace, cold intermediate. and warm bottom

tvers) and salinities as well as a complex estuarine

type of circulation (tidal and nontidal) patterns

(Trites 19710). In addition. the Guif has an ice
cover in winter,

The floor of the Gulf is composed of long
trough-shaped valleys and shelves of varying
widths and velief (Fig. 3). The Laurentian
“annel or trough is 200 to 500 m deep. about

- km long, and about 37 to 93 km wide. It
<+1ends from a position at the mouth of the
Saguenay River in the St. Lawrence estuary
through the Guif to the edge of the continental
shelf. The trough has three main tributary
valieys: the Saguenay, the Anticosti, and the
Esquiman. The fjord-like valley occupied by
the Saguenay River joins the head of the main
frough discordantly. It 1s a long (~92km)
wirrow (1 to 6 km) valley with straight high rock

s from over 300 m above to 274 m below
1 level. Elongated deep basins as deep as

274 m, separated by shallow (20-150 m) sills,
occur along its entire length (Fig. 4). Southwest
of Anticosti Island, the main trough is joined by
the Anticosti trough or channel 200 to 300 m
deep, which enters from the northwest, and the
Esquiman trough, 200 to 300 m deep, which
enters from the northeast. The submarine plat-
form shelves adjacent to the trough, with water
depths less than 200 m, vary in width and relief.
The largest of these is the Magdalen Shelf,
which occupies the southern Gulf.

Fine-grained sediments referred to as muds
or pelites {material <0.05 mm) and calcareous
muds or calcipelites (if containing > 5%, CaCOj;)
cover the deep central parts of the major
troughs as well as some of the shelf valleys and
vary in thickness from 3 to 40 m (Fig. 5). These
sediments were deposited from suspension in
response to the present depositional conditions.
They are very soft and have a water content
of about 60%, by weight; a few millimetres
below the sediment water interface, they are
dark gereenish-grey, whereas at the interface
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Fic:. 4. Bathymetry of the Saguenay fjord contoured from data derived from C.H.S, Chart 1223

they are dark vellowish-brown. Oxidizing con-
ditions prevail at this interface and below it
reducing conditions prevail. The clay content
is usually between 45 to 65% by weight and the
silt content ranges from 30 to 509 by weight.
In the calcareous muds, the carbonate content
varies from 5 to 20°%. Material coarser than
50 um generally amounts to a few percent and
increases as these sediments merge into coarse
sediments (pelitic sands, etc.}, On the upper
slopes of the troughs, various types of sand and
gravels and their calcareous equivalents occupy
most of sheif and bank areas. These sediments
are reworked, resorted and redistributed glacial
deposits. In the Saguenay fjord (Fig. 6), black
anoxic sandy (5-10%) muds occur in the upper
arms of the fjord. These merge seaward into
dark greenish-grey muds that occupy the deep
inner basin. Downstream the sediments becoms
coarser grained with very sandy (> 30%) muds
occurring in the basins and muddy sands ¢cover-
ing the broad sills between them. Sand and
gravel cover the floor in the basin at the mouth
of the fjord.

These sediments may be regarded as a mixture

of inorganic and organic material that has been
deposited as solid particles or has been in-
corporated into them from solution. The sand
and silt size material (2 to 0.002 mm) is com-
posed of rock fragments, feldspar, quartz, ac-
cessory heavy minerals, whereas the clay frac-
tion is composed of quartz, feldspar, amphiboles
(rock flour) and the clay minerals, iilite and
chlorite. The geochemistry of the major ele-
ments indicates that Si, Al, Ti, K, Na, Mg, Ca,
and to a lesser extent Fe and Mn, have entered
the depositional basin structurally combined in
detrital minerals. (Loring and Nota 1973.) The
textural and regional variations in major ele-
ment concentrations are determined by the
nature, abundance, grain size and provenance
of the host minerals of these elements. Most of
the major elements, therefore, accumulate at the
same rate as detrital sedimentary material al-
though studies show that significant quantities
of Fe (3 to 167, of the total) and Mn (5 to 607,
of the total) have also entered as oxide grain
coating on suspended matter (Loring and Nota
1968). The organic fraction varies from 0.12
to 5.79, by weight. The highest concentrations
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Fi 50 Simplified sediment map of the Gulf of St. Lawrence tmodified from CH.S. Chart $U1G,

e along with the fine-grained sediments in
- Jdeep parts of the submarine troughs and
vallevs and the fowest values occur in the
voshell sediments. Analysis of individual
.22 iractions from different parts of the Gulf
silows that the organic matter content increases
with decreasing grain size and the highest
concentrations occur in the clay size fraction.
An important exception, however, is found in
the Saguenay fjord sediments where organic
matter occurs in the sand size fraction as well
~in the finer sediments. This is believed to be
e to wood fibers in the samples (Marlowe
700 Loring and Nota 1973). Organic matter
accumulates at the same rate as the morganic
matter, except near puip miulls: the greatest
accumulations of both take place in the troughs
In response to the present depositional condi-
tions.

Results and Discussion

cundance and Distribution of Mercury
Mercury contents vary from 10 to 12 300 ppb

and average 386 ppb in the Gulf of St. Lawrence

sediments (Table 1). This average value is

higher by a factor of 2 to 13 than the average
vaiues reported for different types of igneous.
metamorphic and sedimentary rocks by other
workers. Since these rock types are similar
to those found in the land areas adjacent to the
Gulf, some enrichment of Hg in the Gulf sedi-
ments is indicated relative to their source rocks.
Compared to sediments from the Great Lakes
the average Hg content of the St. Lawrence
sediments is higher by [64 ppb than the average
Hg content of Lake Huron sediments but lower
by 265 ppb than the average value reported for
Lake Ontario. These differences are undoubtedly
due to the high amounts of industrially derived
Hg in the Lake Ontario sediments (Thomas
1972) compared to more natural levels of Hg
in the Lake Huron sediments (Thomas 1973).
The average Hg content of the Gulif sediments
is 286 ppb higher than in oceanic sediments.
These average values are misleading because
the distribution pattern of Hg and the variation
in Hg content in texturally equivalent sediments
clearly shows that mercury enrichment does
occur in certain parts of the Gulf of St. Law-
rence.
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Tasre 1. Hg contents (ppb} of the St. Lawrence sediments and those of other
rocks and sediments

No. of
samples Average Range
St. Lawrence sediments 455 386 10-12 300
Acid intrusive rocks! 62 7-200
Intrusive basic rocks! 28 5-84
Ultra basic rocks! 168 5-250
Schists! ' 100 - 10-1000
Gneisses? 50 25-100
Sandstones? 55 10300
Shales! 67 5-300
Limestones! 40 <10-220
Lake Huron sediments?® - 163 222 54-805
Sandy inshore sediments 89 171 54-655
Fine-grained basin sediments 74 283 63-805
Lake Ontario sediments® 248 651 32-2100
\\ Fine-grained basin sediments 122 997 2202100
\ Nearshore sandy sediments 126 335 32-1820
5 Oceanic sediments' 100 10-2000
Jonasson and Boyle (1971).
2Thomas {1973).

3Thomas (1972).
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Taste 2. Mercury contents (ppb) of the different sediment types in the
Saguenay Fjord, S5t. Lawrence Estuary, and open Gulf of St. Lawrence

No. of
samples Average Range
Saguenay fjord 32t 2980 16012 300
Sands 72 369 160-920
Muds 133 3659 600-9500
St. Lawrence estuary 75! 370 30-950
Sands 20? 242 120490
Muds 293 449 150-860
Open Gulf of St. Lawrence 348! 150 10-750
Sands 642 128 30-330
Muds 723 221 50-600

1227

'Total number of samples analyzed for Hg.

2All samples containing > 3077 sand for which all statistical data are available.
. *Allsamples containing > 3077 mud for which all statistical data are available. These do not
include samples containing > 307 sand size material (very sandy muds).

Table 2 shows that mercury concentrations
vary both with the location and texture of the
sediments. The highest concentrations occur
in th2 Saguenay fjord and the estuary and de-
crzaze on the whole in the open Gulf. High
concentrations of Hg are found in the muds

71° 700 692 689 870 659 54°

occupying the submarine troughs and shelf
valleys, and the low concentrations are usually
associated with the sandy shelf sediments.

On the average, the sands from the open
Gulf are lower in Hg than those in Lake Huron
and Lake Ontario whereas the sands from the
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Fig. 7. Distribution of total mercury in the surface sediments in the Gulf of St. Lawrence (1000

ppb = 1 ppm).
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St. Lawrence estuary and the Saguenay fjord
contain amounts of Hg comparable to those
reported for Lake Huron and Lake Ontario
respectively (Table [). The Saguenay muds,
however, are much higher in mercury than those
from Lake Ontario, which contain high amounts
of industrially derived Hg. The St. Lawrence
muds are lower in Hg than those from Lake
Ontario, but higher in Hg than the Lake Huron
muds. In contrast muds from the open Gulf
contain amounts of mercury comparable to
Lake Huron muds but contain much less
mercury than Lake Ontario muds. Mercury,
therefore, appears to be enriched in the sedi-
ments of the Saguenay fjord and to a lesser
extent in those from St. Lawrence estuary, but
not in the open Gulf sediments in particular or
in the average sediment as a whole.

Distinctive geographic variations occur within
different parts of the area (Fig. 7). In the
Saguenay fjord, total mercury concentrations
decrease from 12 300 ppb at its head to less
than 500 ppb in its lower reaches. This suggests
a major input of mercury from a local source

CAN. J. EARTH SCIL. VOL. 12, 1975

near the head of the fjord (Fig. 8). In the estuary,
mercury concentrations are lower (Fig. 9).
They range from 30 to 950 ppb and increase
with decreasing grain size of the sediments so
that the highest concentrations occur in fine-
grained muds that occupy the center of the
estuary. This pattern does not suggest a local
source but rather a close relationship with the
deposition of fine-grained sediments in the
estuary. In the open Gulf, where most of the
sediments contain less than 300 ppb, there is
not a clear distribution pattern for mercury
and there are only a few anomalies (300 to
500 ppb), one of which occupies the Anticosti
trough and another of which is found in a
small part of the Laurentian trough southeast
of Anticosti Island (Fig. 7).

Relationship of Mercury to Texture

The relationship between Hg content and
sediment tzxture and between Hg content and
geographic location of the sediments is con-
firmed by the analyses of individual size fractions
of texturally different sediments from various
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FiG. 8. Distribution of total mercury {ppm) in the Saguenay fjord.
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estuary.

locativns. Within each sample the absolute Hg
content of each fraction increases with de-
creasing grain size and the highest concentra-
tions occur in the clay size fraction. The total
Hg content depends on the Hg content of each
of the individual size fractions and on the
contribution that each fraction makes to the
total sediment (Table 3). The sands are usually
low in mercury because of the relatively low
Concentration of Hg in the sand fraction (500-
53um) and the high proportion (30-95%) of
this fraction in sediments of this type; similarly,
Muds are usually higher in mercury because of
their high content of fine-grained material
{<53um in diameter), which contain higher
dmounts of Hg. There is also a wide variation
I* the Hg content within each size fraction of
different samples. Since grain size is obviously
ot responsible for these variations, composi-
Yonal changes in the material within the same
SIZe fractions must account for these wide
Yariations in the Hg contents of texturally

equivalent sediments from different parts of the
Gulf.

Chemical Partition

Table 4 shows the results of the simple extrac-
tion procedure with hydrogen peroxide (H,0,).
The results from texturally equivalent sedi-
ments from different parts of the Gulf show
that: (1) between 45 and 90% of the total Hg
in the sediment was removed by the H,O,
treatment; (2) the absolute amount of Hg in
this fraction varies from 300 to 70 420 ppb;
(3) the contribution that this fraction makes to
the total mercury content of any one sample
depends on the amount of the H,0, soluble
fraction in the sediment as well as on the ab-
solute amount of Hg in that fraction; and {4)
the absolute amount of Hg in the soluble frac-
tion varies regionally with the highest con-
centrations occurring in samples from the head
of the Saguenay fjord (Stations 152 and 151).

These results suggest that a large part of the
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total Hg is associated with the organic matter
in the sediment. There is also a regional variation
in the amount of mercury held in the soluble
fraction that might be attributed to differences
in the nature of the organic material in sedi-
ments from different parts of the Gulf.

Geocheniistry of Mercury

The geochemistry of mercury has been docu-
mented and reviewed by Jernelv (1968, 1969),
Loéfroth  (1969), Jonasson (1970), Fleischer
(1970), Jonasson and Boyle (1971), and Thomas
(1972, 1973, 1974). Briefly, mercury derived
from natural and man-made sources migrates
in a variety of dissoived and particulate forms.
Dissolved forms are usually removed rapidly
from solution either by adsorption onto, or
complex formation with, finely divided sus-
pended inorganic and organic particles. In the
bottom sediments, Hg is usually retained by
these constituents especially in reducing en-
vironments where the presence of H,S from
decaying organic matter allows some Hg to
dissociate and be precipitated as a rather in-
soluble sulphide (HgS) or be adsorbed onto
iron sulphide surfaces. In such an environment
inorganic mercury may be methylated into the
highly toxic methyl mercury (CH;Hg™) by
bacterial action and escapes from the bottom
sediments. Consequently most workers have
found that Hg is held in the organic fraction,
in sorbed positions, in iron oxide grain coat-
ings, or by sulphides in sediments.

TaBLE 5. Correlation matrix, Saguenay River sediments
(n = 20)
Hg (total) Sand Mud
Depth — — —
Sand —~0.55 1.00 —-1.00
Mud 0.55 —1.00 1.00
C/N ratio 0.73 —_ —
Organic matter! 0.84 —0.88 0.88
CO, — —-0.57 0.57
Si — 0.91 —-0.91
Al — — —
Ti —_ — —_
Fe \ — —-0.73 0.73
Ca — —
Mg — —0.96 0.96
Mn — -—
Fe (nondetrital) —_ —0.68 0.68

Forr > £0.54, P < 0.01.
1QOrganic carbon matter.
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Fic. i{0. Relationship between total Hg and organic
carbon matter in the Saguenay fjord sediments.

The statistical relationships of mercury to
the other chemical and physical properties of
the sediments are shown in Tables 5-10. These
data are used to determine the source and loca-
tion of mercury in the Saguenay fjord, the
estuary and the open Gulf.

Saguenay Fjord

Mercury concentrations are very high in
parts of the fjord (Fig. 8). The correlation co-
efficient matrix is given in Table 5. It is based on
the analyses of 20 sediment samples taken
along the length of the fjord (Fig. 8). From the
table it can be seen that the mercury strongly
correlates at better than the 99%, confidence
level with organic carbon, C/N ratio, and less
strongly with mud. Mercury is also negatively
correlated (—0.55) with sand.

The strong correlation of total Hg to organic
carbon matter shows that the concentration
of Hg is very dependent on the amount of
organic matter (Fig. 10). It suggests that most
of the mercury is associated with the organic
matter. This is confirmed by the fact that most
of the mercury (70 to 90%,) is extracted by the
H,0, treatment (Table 4)

Total mercury also varies with the C/N ratio
Figure 11 shows that total Hg increases with
increasing C/N ratios and the highest Hg con-
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Fi. 1. Relationship between total mercury and

C/N ratio (by weight) in the Saguenay fjord sediments.

centrations occur in the sediments having the
highest C/N ratio. Regionally, the highest Hg
values and C/N ratios are found in the organic-
rici sediments at the head of the fjord. This
suczests that the amount of Hg depends not
0. on the quantity but also on the type of
orzanic matter. A similar strong correlation
berween Hg and organic carbon as well as
nitrogen has been noted by Armstrong er al.
(1972) in Hg-contaminated lake sediments from
northern Ontario. It is well known that the
C/N ratio of sediments varies with the type
of organic matter in them (Arrhenius 1950).
Pocklington (1973) has shown that the high
C/N ratios in the sediments that contain large
amounts of organic matter at the head of the
fjord are due to an increase in the amount of
organic carbon and not to a decrease in nitrogen.
Hence, the high C/N ratios are attributed to
high amounts of land-derived organic plant
matter whereas the sediments that contain
both Jand- and .marine-derived organic matter
have lower C/N ratios and the ratio decreases
as the quantity of marine plant and animal
femains increase. From this it is concluded
that Hg-rich organic matter is derived mainly
from a terrestrial source and is most likely
represented by the wood fibers observed in

1231

the sediments. This was confirmed by Pockling-
ton and MacGregor (1973); they showed that
the organic-rich sediments of high C/N ratios
also contain high concentrations of lignin, one
of the characteristic components of terrestrial
plant material. Figure 12 shows that total Hg
varies directly (r > 0.95, P < 0.001) with the
amount of lignin, expressed as spruce wood.
in the samples with the highest concentration
occurring in the organic-rich sediment from
the head of the fjord.

In the fjord, therefore, most of the mercury
is eithe adsorbed by the organic component
of the sediment or forms a complex with it.
Some of this mercury may be associated with
sulphur-bearing organic compounds. It also
may have dissociated in the sediments to form
an independent sulphide or be adsorbed on
iron sulphides due to the reducing environment
created below the sediment-water interface by
the decaying organic matter. Some evidence
for this is given by the analyses for sulphide
sulphur in six samples taken along the length
of the fjord at about 20 km intervals. The results
show that sulphur varies directly with amount
of total Hg (r = 0.95), organic carbon (r =
0.90), and the C/N ratio (r = 0.95).

Some mercury is also undoubtedly methylated
by bacterial action in the sediment under

anaerobic conditions and escapes into the
8.
n=9
Gk
E
o.
2 4}
o
T
2
OP 'l I A l. 3
10 20 30 40
LIGNIN {mg/q)
FiG. 12. Relationship between total mercury and

lignin (expressed as spruce wood equivalent by Pockling-
ton 1973) in the Saguenay fjord sediments.
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TaBLE 6. Varimax matrix,! Saguenay River
sediments (n = 20)
Factor

1 2
Hg 0.90 —
Depth — 0.71
Sand — -0.80
Mud o 0.80
C/N ratio 0.90 —_
Organic matter 0.81 —
CO, —
Si — -0.81
Al — —
Ti — —
Fe — 0.67
Ca — —0.70
Mg — 0.82
Mn — —
Fe {nondetrital) - 0.73

For values > +0.54,
LFull varimax matrix {6 factors) accounts for 90.7% of
total problem variance.

water column. This may account in part for
the high levels of mercury in fish from the fjord
(Tam and Armstrong 1972). Mercury may also
be lost to the water column by the formation of
soluble organometallic complexes produced by
the decay of terrestrial organic matter (De
Groot et al. 1971; Lindberg and Harriss 1974).

In the varimax matrix given in Table 6, the
variables are grouped on the basis of their
degree of intercorrelation as established from
the correlation matrix. The matrix shows that
Factor | accounts for most of the variance of
total Hg, C/N ratio, and organic carbon in the
sediments. This factor, therefore, represents the
dispersal of Hg-rich organic material of ter-
restrial origin. In contrast, Factor 2 accounts
for most of the variance of sample depth,
sand, mud, and the inorganic chemical con-
stituents, Si, total Fe, nondetrital Fe, Ca, and
Mg. Factor 2 with its high negative loadings
on sand and positive loadings on mud as well
as their inorganic chemical constituents is a
sedimentation factor. It most likely represents
the physical process responsible for the sediment
distribution in the fjord. The absence of any
significant loading on mercury, C/N ratio and
organic matter in this factor also implies that
Hg does not accumulate at the same rates as
the natural detrital sedimentary material but
rather at a rate determined by the supply of
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Hg and terrestrial organic matter. The dispers
of terrestrial organic material, therefore, be-
comes the overriding control on the distribution
of mercury in the fjord. Consequently, the
downstream dispersal of mercury and te
restrial organic matter indicates that there has
been, at least until recently, a major input of
mercury along with land-derived organic plant
matter near the head of the fjord from a local
point source. This input may be due to direct
injection of mercury from industrial outfalls
such as a chloralkali plant or as a byproduct
of paper mills in the vicinity. The enrichment #
of Hg in the sediment appears to be a relatively
recent phenomenon. Mercury analyses of o
samples taken at 1cm intervals from a 70cm |
core obtained in the north arm at the upper end
of the fjord in 1974 show that the high Hg
values (1-11 ppm) are confined to the top
38 cm below which values they drop to about
0.25 ppm. This indicates that 75-98% of the
total mercury at the sediment surface is indus-
trially derived in this location. Seven other cores
taken at intervals of 3 to- 12 km show that the
mercury-enriched layer decreases downstream
from 38cm to lcm over 60km. Mercury-
rich material is probably still accumulating as
suspended matter samples throughout the water
column have been found to contain from 2
to 50 ppm of mercury,

St. Lawrence Estuary

In the estuary, the factors that control the .
distribution of mercury are less evident than
in the Saguenay fjord. The correlation matrix, *
which is based on 49 samples, shows that the
Hg correlates strongly (r > 0.5) with mud,
organic carbon, nondetrital iron and less
strongly (r = 0.35 to 0.5), with CO,, total
iron, and Mg (Table 7). It also shows that Hg -
is negatively correlated with sand, Si, and
detrital Ca.

The correlation of Hg with sand, mud and
their inorganic constituents reflects the increase
of Hg with decreasing grade size of the sedi-
ments in the estuary as well as with the in-
dividual size fraction of individual samples
(Table 3).

The correfation of Hg with organic matter
suggests that most of the Hg is associated with
the organic fraction of the fine-grained sedi-
ments. This is confirmed by the H,O, extrac-
tions (Table 4) which show that between 56
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TasLe 7. Correlation matrix,! St.
Lawrence Estuary (n = 49)

Hg

Depth —

Sand —-0.50
Mud 0.55
Organic maiter 0.55
CO; 0.38
Si —0.50
Al —

Ti —_

Fe 0.37
Ca? —-0.44
Mg 0.36
Mn —_

Fe (nondetritai) 0.53

IForr > +0.35%, P < 0.01.
2Detrital Ca,

and 737, of the total mercury is held by the
crzanic fraction. Since the concentration of
orzanic carbon matter increases with decreasing
grain size, the relationship between Hg and
texture is probably secondary, i.e. the correla-
tion between Hg and texture is due to organic
matter being common to both. Fine-grained
suspended matter undoubtedly plays an im-
portant role in providing a large surface area
{or the initial adsorption of mercury from solu-
tion with organic matter being a greater col-
‘2ctor of mercury as well as a suitable medium
“sr its retention in sediments.

Since the C/N ratios and lignin conients
have not been measured for all the estuarine
sediments included in the statistical analyses,
it is not possible to assess fully the relationship
of Hg to these variables. Carbon and nitrogen
have been measured, however, in 14 samples
{Pocklington 1973). In them, the C/N ratio
varies from 10 to 16. Hence most of the organic
matter in these sediments is of marine origin
and is comparable to the type of organic matter
found in the lower reaches of the Saguenay
which contain less than 2 ppm Hg. In the
estuary, however, the total mercury is not
significantly correlated (r = —0.04) with the
C/N ratio. This suggests that mercury is not
associated with the dominant type of organic
matter in the  estuarine sediments. It also
implies that Hg is not greatly enriched in
organic matter derived from the marine plant
and animal remains, either in the estuarine
sediments or in the Saguenay.

Lignin concentrations measured in four
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samples vary from 0.6 to 3.3 mg/g in the estuary
below the mouth of the Saguenay River. These
are comparable to those found in the lower’
Saguenay (0.03 to 1.9 mg/g) but are much lower
than the concentrations in the sediments from
the head of the fjord (4 1o 9 mg/g). Total mer-
cury correlates strongly (r = 0.97, P < 0.001)
with the lignin content of these samples. This
supports previous conclusions that mercury
is closely associated with the terrestrial plant
component of the organic matter. It is supported
by the strong correlation (r = 0.89, P < 0.001)
of Hg with lignin found in both the Saguenay
and estuarine samples (Fig. 13). In contrast, a
sediment sample (Station 053/72) taken from
the floor of the estuary above the mouth of
the Saguenay contains a relatively high lignin
concentration (1.2 mg/g) but only a low mercury
content (180 ppb). Although more analyses are
required, the data indicate that the Hg-enriched
terrestrial component of the organic matter is
derived mainly from the outflow of the Saguenay
River and not that of the St, Lawrence River.
In the inorganic fraction, Hg appears to be
correlated with nondetrital iron and total iron.
This implies that some Hg is associated with the
iron oxide grain coating found in the estuarine
sediments (Loring and Nota 1968). Such an
association has been shown in the Lake Ontario
sediments by Thomas (1972). In the sediments,
nondetrital Fe and total Fe and manganese
are correlated positively with mud and organic
carbon, and negatively with sand, and the in-
organic constituents of these components. This

8

2 4 6
LIGNIN  { mg/q)
Fig. 13. Relationship between total mercury (pprm)

and lignin (mg/g) in the Saguenay fjord sediments (@)
and the St. Lawrence estuary sediments (x).
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TaBLE 8. Varimax matrix?,
St. Lawrence Estuary (n = 49)

Factor 1

Hg 0.66
Depth —

Sand -0.72
Mud 0.73
Organic matter 0.79
CO, 0.80
Si —-0.76
Al —

Ti —

Fe 0.37
Ca —0.71
Mg 0.40
Mn —

Fe (nondetrital) 0.88

For values > +0.35.
tFull varimax matrix (6 factors) accounts for
75.5%, of total problem variance,

association is coincidental with the increase
of total Hg, nondetrital Fe, and total Fe with
decreasing grain-size fractions rather than with
a real relationship between Hg and these
elements. This is confirmed by the results of the
weak acid extractions used to release major
and trace elements from the sediments {(Loring
and Nota 1973). The results show that no
significant amounts of Hg are released by the
weak acid attack. The unextracted mercury
accounts for 27 to 449, of the total in the
analyzed samples, and therefore must be
present as H,O, insoluble components either
as sulphides or is structurally combined in the
rock-forming minerals found in the sediments.
The varimax matrix shows that Factor 1
accounts for most of the variance of mercury
in the sediments (Table 8). This factor with its
high loadings on mud and organic carbon, as
well as most of the inorganic elemental con-
stituents and negative loadings on sand, is
easily identified as the sedimentation factor.
It represents the physical process responsible
for the present distribution of sedimentary
material in the estuary. From this it is concluded
that the distribution of Hg in the estuary is
determined: by the sedimentation pattern, and
that Hg-enriched terrestrial organic matter
derived from the Saguenay outflow accumulates
along with the fine-grained material in the
center of the estuary in response to the present
depositional conditions. The seaward decrease
in mercury concentrations along the axis of the
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estuary is therefore attributed to the seaw
decrease in the concentration of land-deri
organic matter noted by Pocklington (1973
This does not imply, however, that all thd
mercury is derived from the Saguenay Riveg
outflow, but rather the anomalous concentrg
tions of Hg represent the enrichment of Hg
from this source {above their natural levels
in the estuarine sediments. ;

Gulf of St. Lawrence

The correlations of Hg with other variabl
are not as strong in the open Gulf sedimentg
where mercury concentrations are usually low]
(<300 ppb) and approach natural levels. Thes
correlation matrix (Table 9) shows low buf
significant (r = +0.218, P < 0.01) positive co
relations of Hg with depth, mud, organic carbo
Al, Ti, total Fe, K, and total Mn. Mercury isj
also negatively correlated with sand and car
bonate (expressed as CO,). Thus, these are3
similar but much lower correlations than thos
found for mercury in the estuary. The lowe_
degree of correlation between the variables is3
attributed to the lower mercury values in t
open Gulf sediments as compared to the es-
tuarine sediments, and the large number of ;
samples used in the statistical analysis, as well
as the wide degree of vatiability of Hg within
texturally equivalent sediments and individual?
size grades. A similar difference in the leveld
of the correlation coefficients between the Lake}
Ontario sediments, which contain high Hg, andj
Lake Huron sediments, which contain low H 1
has been noted by Thomas (1973).

TaBLE 9. Correlation matrixt, Gulf

Sediments (n = 136)

Hg
Depth 0.24
Sand —-0.25
Mud 0.25
Organic matter 0.27
CO, —0.25
Si
Al 0.35
Ti 0.2
Fe 0.34
K 0.30
Ca —_
Mg —
Mn 0.33

Fe {nondetrital)
iFor # » +0.218, P < 0.01.
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The relationship observed in the open Gulf
sediments re-affirms that mercury is mainly
held by the fine-grained inorganic and organic
fraction of the sediments. Some indication that
organic matter is ome of the most important
sites for mercury is given by the H,0, analyses
of a few samples. The analyses show that
between 44 and 889, of the total mercury is
remeved by this treatment and presumably
reprzsents Hg mainly associated with H,0,
soluble organic components. Carbon and nitro-
gen analysis of nine samples from the Gaspé
passage and the Anticosti trough by Pocklington
(1973) show that the C/N ratio is less than 11
(5.8 to 10.4). This indicates that most of the
organic matter is of marine origin. Although
onlv two lignin analyses are available from these
locations, they show that no detectable lignin
is rresent 'n the Gaspé passage where a mercury
vaiue of 190 ppb was recorded and at a site
in the Anticosti trough where 1.63 mg/g of
lignin was present along with 150 ppb mercury.
There is, therefore, no obvious indication that
mercury is telated to terrestrial organic matter
in open Gulf sediments. It appears that the
very low levels of mercury associated with the
organic matter represent that which might
be expected to be adsorbed and are chelated
win it from solution or concentrated in the
m.ziae plants and animals before their death
and the deposition of their remains.

In the inorganic fraction, the remaining
mercury (12 to 567, of the total) is most likely
to be present as a sulphide, a site favored for
small quantities of mercury in sedimentary
tocks by Marowsky and Wedgepohl (1971)
or structurally combined in low concentrations
in the detrital silicate minerais found in the
sediments (Fleischer 1970). The correlation of
Hz with total Fe and Mn may also indicate
some adsorption of Hg by iron and Mn oxides
that coat the individual sediment grains (Loring
and Nota 1968). The presence of Hg in these
grain coatings, however, has not been con-
firmed to date by our analyses.

The correlation matrix (Table 9) indicates
that sand and carbonate dilute the mercury.
The negative correlation of Hg with sand in
this matrix as well as the others represents the
decrease of Hg with increasing amounts of sand
size material. This is due to the low concentra-
tions of mercury in quartz, the predominant
mineral of sand size, and aluminosilicate minerals
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TaBLE 10. Varimax matrix!, Gulf
Sediments (n = 136)

Factor

1 10
Heg 0.22 0.93
Depth 0.85 —
Sand —~0.83 —
Mud 0.83 —
Organic Matter 0.83
CO, —
Si —0.41
Al G.61 —
Ti 0.49 —
Fe 0.76 —
K 0.48 —
Ca — —
Mg 0.62 —
Mn 0.44 —

Fe (nondetritai}) —_— —_

For values > +0.21.
tFull varimax matrix (10 factors) accounts for
85.3%, of total prablerm variance.

of this size. The diluent effects of carbonate on
the Hg concentrations are more difficult to assess
because they affect all size fractions and because
the carbonate is detrital limestone particles
derived from local sources within the Guif
(Loring and Nota 1973). Since the calcareous
material, which has little Hg, is found in all
size fractions, it appears that it also acts as a
diluent for fine-grained material being de-
posited from suspension in the troughs, the
greatest effect is on the sedimentary material
accumulating near to the local sources of
calcareous material such as Anticosti Island.
This wouid account in part for the very low Hg
values in the sediments in the Laurentian
trough adjacent to Anticosti Island and the
generally lower average values in the calcareous
muds (177 ppb) compared to the average
values in the muds (218 ppb} from the open
Gulf.

The varimax matrix (Table 10) shows that
two factors (1 and 10) account for most of the
variance of Hg. Factor 1 with its high positive
loading on depth, mud, organic carbon, Al,
Ti, total Fe, K, Mg, and Mn, and high negative
loadings on sand and Si, is obviously the sedi-
mentation factor. Mercury is positively loaded
on this factor at the same significant level
that is related to other variables in the cor-
relation matrix. This suggests that the overall
distribution of mercury is loosely controlled
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by the sedimentation pattern and that mercury
accumulates along with the fine-grained in-
organic and organic matter in the deep waters
of the Gulf in response to the present deposi-
tional conditions. In contrast, Factor 10, with
its high positive loadings on mercury, is ap-
parently the most important statistical factor.
It is a statistically independent factor, however,
because it does not contain any significant
loadings on any other of the variables included
in the analysis. This is not surprising in view of
the low, but significant, correlations between
Hg and other variables. It is interpreted as
indicating that mercury at or near natural levels
found in its source rocks (Table 1) is unequaily
distributed at low levels amongst the various
sediment components rather than being pre-
dominantly concentrated in high amounts in
one fraction, fe. such as was found in the
Saguenay {jord sediments. At low levels there is
considerabie ‘noise’ due both to low concentra-
tions and the analytical variability in its measure-
ment. It is believed that this would cause an
apparent randommness in the mercury distribu-
tion and, when correlated with the other
vanables, that the factor analysis would record
this as independent statistical behavior. This
does not imply that there is a fundamental
difference between the sedimentation process
governing the Hg distribution in the Gulf
and estuary, but rather that the overall part
played by this process, and the components
with which mercury is mainly associated within
the sediments, becomes more obvious as the
concentration of mercury increases above natural
background levels in the estuary as well as in
the Saguenay fjord.

Conclusions

Mercury is enriched in the marine sediments
of the Guif of St. Lawrence relative to their
source rocks and the greatest enrichment occurs
in the Saguenay fjord and the St. Lawrence
estuary. Some of the mercury is from natural
sources, but high concentrations can be directly
attributed to industrial mercury pollution at
the head of the Saguenay fjord. It appears that
terrestrial organic matter, most likely wood
fibres, is the major carrier of the industrially
derived mercury. This material has been dis-
persed downstream from its source and has
been deposited from suspension along with the
fine-grained sediments accumulating in the
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fjord. Although mercury concentrations
crease rapidly away from their sowvrce, o
but significant amounts of mercury-rich organg
matter have apparently escaped from : i}
Saguenay into the St. Lawrence estuary wh
they are accumulating along with, and
retained by, the fine-grained sediments in thg
center of the estuary in response to the presen]
depositional conditions. There is no ev1den=
to indicate that industrially-derived mercury ;
has reached the open Gulf of St. Lawrenccll
where mercury content appears to be at O
near the natural levels found in the source rocks
and Hg is accumulating at the same rates
detrital sedimentary material. This is not to s
that the industrially-derived mercury will nc
in time reach the open Gulf, for the same proces
of sedimentation controlling the distributiod
of mercury in the St. Lawrence estuary als
controls the deposition of natural mercury inj
the open Gulf.
It appears therefore that industrially-derived
mercury along with the natural mercury from3
the outflow of the Saguenay together with ¥
mercury from the St. Lawrence River is trans
ported intc the marine environment where it i
deposited from suspension along with other§
fine-grained material in response to the present §
depositional conditions. The amount of in-3
dustrially-derived mercury in the sediment
depends on the distance from source and the}
physical conditions of transport and deposition. §
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