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ABSTRACT

..Marine contamination has been the object of a number of
scientific studies, including the use of bivalves as
biological mbnitprs:‘fhis study investigates the feasibility

-

of using Mytilus edulis shells as ‘environmental recorders
for ' lead contamination. )

Samples of suspended particulate matter, surficial
sediments and live mussels were collected from three
locations: New Brunswick's northshore, in an industrialized
region involved with the refining (Belledune Harbour) and
stockpiling (Dalhousie Harbour) of lead/zinc ores; tidal
flats near an urbanized area (Rimouski, Québec)., and 2
remote estuary (Negro Harbour, Nova Scotia). Organic and
inorganic carbon fractions of the sediments were determined
by combustion. Major and trace elements were determined by
X-ray fluorescen&e spectrometry. Sequential extraction
techniques‘were employed to study the partitioning of iron,
manganese and lead among various sedimentary phases. Atomic
absorption spectrometry was applied for the analyses of
these three metals, as well as the lead obtained from the
acid digeéts of the suspended particulate matter, tissue and
shell components: A method ;as developed to separate the
ocuter calcitic and inner aragonitic shell layers. Scanning
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electron mic;oscdpy_wéé used to defire the sééaratioﬁ
bbunéary betwéen these two shell IEYéfs.-The ﬁuﬁber énd‘4~
thickness of the "annual layers" in thé naéreous sheli
compénent were determined using acetété peels. The vagiation
of lead coﬁtaminatioﬂ occurring during the mussels® lifetime
was estimatea 5& subsampling the oldest and most recently’
deposited nacre in fhe sheils: :

The total lead Q;ncentrationé.iﬁ the sediments
collécted from Belledune Hérbour, Dalhousie Hagbour,
Rimouski and Negro Harbour were 3941, 1108, 21 and 29 ué/g,
respectively. Sim}lar amounts of lead wefé éxtracted from
the sediments except at Negro Harbour where only 13 ng/g °
lead was extracted. The highest and iowest tis;ue (shell)
lead levéls were detected in mussels collected from near
Beiledunéuﬂarbour and Negro Harbour, 456 (49) and 2 ((0.5)
ug/g, respectively, whereas mussels sampled from Dalhousie
Harbour and Rimouski contained comparable amounts of lead, 9
(0.8) ng/g. The tissue and shell lgad concentrations were
not influenced by mussel size. The lead levels in the
nacreous shell layers were correlated (r:0.966) with those
in the tissues, and were best related to the lead obtained
from the second fraction of the sequential gxtraction, lead
bound to carbonates. The highér phosphorus concentration at
one station in Belledune Harbour, B3 (1.33%), may have

suppressed the uptake of Tead in the mussels at this site,

150 ug/g tissue Pb and 13 nug/g shell Pb. Significant changes

iv



¢ ..

of lead concentrations within the nacreous shells of
mussels collected near Belledune Harbour (19 and 45 ug/g),

reflected variations of lead leveié in sediments.

This study démonstrates.that Mytilus edulis shells,

reflect the biological uptake of lead during the lifespan of

the organisms, and serve as environmental lead recorders.
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Chapter 1l: INTRODUCTION

-‘\\\‘//”‘
1.0 'SURVEYS OF TRACEUHETAL ABUNDANCE USING WATER,
SEDIMENTS, OR BIOLOGICAL INDICATORS.

The pollution of coastal areas by trace metals can
be studied by the analysis of trace metals in water., sedi-~
ments, or some members of the indigenous‘giota common to all
regions. Because of the presént knowledge of trace metal
cycling in the ecosphere at the present time, any one of
- these aéproaches may be criticised. The choice of study
method must also take into account the applicability to the
final,methoq_to other areas, expense, instrumentation and

personnel needed, etc.

1.1 Water Analysis

Analysis of seawater is pgrhaps the most obvious way
of assessing contamination-and many authors have reported
data specifically concerning the concentrations of trace
metals in w;ter from open oce;n areas, .nearshore or coastal

areas or estuaries. Trace metals in water exist partly in

=X
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solution (dissolved metal fraction) and. partly ;n suspeﬁsion
bound to organic or inorganic particulate matter (par-— -
ticulate metal f?action). In addition, a certaih_amount of
metél exists in colloids or cheléte which may be difficult
tp ;séign_to éither soluble or particulate fractian. This
boundary. has been arbitrarily based on whether the metal
passes through. or is retained by a 0,45 um pore slize fil-
ter.
T The main aisadvantages of identifying polluted areas
by thé analysis of the metal.concentration in water are:

1o Analysis_of the low metal conce;trations found in-most
water samples requires the pre-concentration of }arge
volumes of water, either by chelation-extraction
(Brooks et al., 1967), by resin (Riley and Taylor,
1968). This is expensive, laboriou; and the number of
steps involved increases the possibility of either
positive or negative contamination. Jones (1982)
concluded that owing to the use of different me thods
bv different workers, intercomparability of resul;s
for evén abundant metals such as zinc is

’ dnsatisfactory. .

20 A knowledge of the total (or dissoivedi concentrations
of metals in water does not élways allow the pregicf
tion of possible toxicological effects on the biota.

The presence of humic acids or other complexing or

chelating agents may render some of the metal unavail-

-



. 3
chela;ing agents may render some of thehmetal unavail-
.able to the'p;ota, thus causing over-estimation of.
mefal toxlcities based on consideration of the metal .
concentrations in water (Jennq and Luoma, 1957; Zamuda
and Sunda, 1982). \

30 Perhaps‘the main disadvantage of water analyses as a
means of comparing locations for their degree of metal
pollution is the large variation in concentrations of
metals encountered in water with differences in
season, the extent of fréshwater run—off.‘depth of
sampling, the intermittent flow of industrial effluent
and hydrological factoés such as tides and currents.
The interacting effectg of these variables may 1ead_to
as much as a 10-fold variation in the concentration of
any one metal encountered at any one location

(Phillips, 1977). This variation is particularly

evident in estuarine areas.

1.2 Sediment Analysis

The use of sediments to define areas of trace metal
pollution has been reported in several studies. Earlier
studies éﬁpldyed methods for the determination of total
metal concentrations and therefore the results included
natural variation in the trace metal content of the sedi-

ments, as well as concentrations of anthropogenic metals.

S
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It also implied that all forms of a given metal had-an equaf
impact on the envigonment, which is not always the case
(Tessler et al.,;1979). This prompted some authors either tg
repo;t a natural concentration derived from studies of
réference areas or pre-colonial sediments (Chester and
Stoner, 1975). Sediment grain size was also showﬁ'to affect
the concentration and distribution of metals (Tessier et
all, 1982; Mudroch, 1984).

In the sediment bed, an oxidized layer usually,
separates anoxic sabsurface sediments from the water column.
This oxidized interfacé, gﬁerationally definable as a brown
layer of sediment with a positive redox potential, has been
shown to be the most active-zone of metal interactien in the
aquatic énvironment (Johnson, 1974). Several components
varying in guantity and metal binding capacit§ make up this
surficial layer {(Jenne., 1977). The predominant cohponenté of

<_J1bjfine-grained, oxidized estuarine and coastal sediments which

7 bind trace metals include hydrous oxides of iron and man-
/

/// ganese, organic matter and carbonates (Luoma ané Jenne,
1976). Clays and other alumino-silicate mineral sur faces
also have some metal binding capacity, but the strongest of
metal assocliation with clay surfaces is weak relative to
metal associations with other competing components such as
organic matter and iron oxides (Jenne, 1977). Furthermore,

these clay particles are usually coated with other gom-

ponents such as hydrous oxides or organics and thus unlikely



to have a large number_pf unbccﬁpiéd‘bindiﬁg sites (Oakley
et al.; 1981).

Efforts to quantitativély describe metal
Jpartitioning in natural sediments have involved a searcﬂ for
extractants which selectively remove form; of metals from
sediments. Studies with well-defined components of sediments
have demonstrafed thét few, if any, extractants specifically
remove metals from only one component (Luoma and Jenne,
1976; Guy et al., 1978, Tessier et al., 1979,1980). However..
some sfudies have dembnstrateé the possibility of estimating . .
- the metal biocavailability from concentrations of métals in
the sediments (Luoma and nyan, 1978; Langston 1380, 1982;
Breteler et al., 1981; Tessier et él., 1984). Others have
suggesteé a modeling approach, similar ta those iQ
degcribing metal adsorption to well-defined component sur-
fafes (Qakley et al., 1980), to help unravel the com-
plexities of the partitioning process, in lieu of direct
extraction techniﬁues (Luoma and Davis, 1983; Mackay and
Paterson 1981,1982). J'

As most studies of metal pollution.are orientated
towards the prediction of effects on the ecosystem or human
health, "'this inability to predict consistently the metal

availability would appear to be the greatest disadvantage to

the analysis of water or sediments for trace metals.
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1.3 Blological Lgdicators
The use ojkﬁjbiological indicator organism provides,
ideally., an estiﬁate of metal availabilities .to the blomass

of different regions. In studies of the abundance of toxic
'pollutants, a biological indicator can be generally.defined
és an prganism which may be used to quantify relative levels
of pollution by the measurement of tbe toxicant concentra-
tion in its tissues. Either the entire organism, or a part

of it, or a single tissuel (which may sequester metals from

the rest of the organism) may be used.

1.3.1 Trace HetalIUptake Routes

The qhoide of organism is important, és this defines
the particular trace metal load weasured in a survey. Metals
cén be derived by three possible routes: from solution, from
the ingesffon of food, and from the ingestion of particulate
material containing metals. Nof‘all indicator types reflect
all three trace metal loads. Fiiter—feeding bivalves, such
as Mytilus edulis, obtain trace metals from all three routes
(Moore 1971). The exact proportion of the total body trace

element content derived fr?p each of thé three routes in

; bivalves is uncertain. St;éies have suggested that trace ,

metal uptake from food is the most important route in

1l from this point on the term "tissue" will include
only the soft parts, and the hard part will be referred to
as "shell". .



Hytiius edulis (Pentreéth, 1973; Phillips 1976). Schulz-
Baldes (1974) observed. hbyever,‘that lead uptake by the
same. species from solutioﬁ.alége or food alone occurred at a
éimilar rate when exﬁosurg conéentrations were the same. _.
Several authors have also shown that the uptake of métal by
the ingestién of ihorganic particulate matter by bivalves is
élso significant (Raymont, 1572; Preston et al., 1972:
Boyden and Romeril 197&) The abilitf of bivalves to
réspond to each of the three possible absorption routes of
_metals may be an advantage over other types cof indicator
organisms in terms of their suitability as indic;tors of
total metal pollution: This is espeéially Important in
estuarine ateas,‘where variable amoﬁhts of inorganic and

S
organic particulate material are present in the water
.column. Metal uptake byrendocy;osis, the engulfment of par¥
ticulate metal by the‘epithelial cell, has been observed in . -
molluscs (Coombs, 1980). éeorge et al.,(1977, 1978) observed
the uptake of vprious iron complexes in Mytilus edulis by
thiéemechanism, and suggested it was unlikely such uptake
would'ﬁe confined tb a single metal form. The guantitative

contribution of endocytosis to metal uptake has not been

established (Luoma., 1983). .

1.3.2 Crlterza for Selectlng Biologlcal Indicators
The. ch01ce of an organlsm as blologlcal indicators

is quite complex. The properties of an 1dea1 indicator were



reviewed-by Buthz et al. {(1971). updated by Haug -et al.

(1974; ahd Phillips (1977) as follows: ‘ -

190 The organism should ac@pmulaéé the pollutant without
being killed by the levels encountered.

20 Thé‘org&nism should be sedentary in order to be repre-
sentative of the area of collectlon. |

3° The organism should be abundant in the study region.

40 The corganism should Bé,sﬁfficientlx 1ong—live§ to
allow the sampling of more than one year-class, if
desireé:

5¢ The organism.shodld be of a néas&nable size, giving
adequate material for analysis. -

6° The organism should be easy to sample and hardy enough

f'to survive iﬁ the laboratory, allowing defecation
before anaiysis (if desired).

7° The organism should Folerate brackish hatgr.

8¢ The organism should exhibit a high congéﬁiration
faétor for metals, allowing.directman%lysis without
pre~concentfation. ‘

9o h simple correlation should exift between the metal
content of the drganism and thé average metal con-
centration in the surrounding Jatef.

10©¢ All organisms in a-Survey'shouid exhibit the same

— correlation between their metal contents and those in

the surrounding water, at all locations studied, under

all conditions.



Many typeS'pf-biological indicator organisms
studied, were reviewed by Bryan et al., (1985). The best-
stédied indicators are undoubtedly‘bivaive molluscs and
macroalg;e. In the former group, Mytilps edulis is brob;bii
the most-studied as if.saéisfies‘the‘figst eight require—
ments listed above. Its extensiéely studied physiology and
th; amount of aécumﬁlated knowledge Eoncerning its uptake of

metals may enabié us to elucidate the effects of biotic and

abiotic factors on the uptake of trace metals, alluded to in

.

the last two reguirements.. Its-increasing commercial impor-
tancé also makes_it economically interesting to study.
. _ _ ‘ 4
2.0 'VARIABILITY of TRACE METAL CdNCENTgATIONS in TISSUES
Althéugh analyses of mussel soft pérts offer a
comparatiQely fast method in assessing environmental
quality, the data sets %?ébusually associated with a.high
degree of variability. Coefficients of variatiohs of metal
concentrations in tissues'ranging from 40 to 60% were
reported by several authors (Shimizu and Tsuji; 1980; Lobel
et al., 1982). Gordon et al., (1980) reported that natural
populations of mussels often exhibited considerable natural
variability which cohplicated attempts to deéect changes
resulting from anthropogenetic activity. The factors most

frequently influencing the statisfiQil variability in trace

"

metal analysis of bivalve soft tissues are: depuration of

the gut contents (i.e., allowing the bivalves to rid

-’-\N.—
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themselves of their gut contents), me thods used to
homogenizé the tissues, seasonai fluctuations of environ-
mental trace metal levels,  body weight and physiological

condition of the organisms. S .

2.1 Effects of depuration
| ‘ There is some disaéreement on thg effect of depura-
tion on metal analyses. Gordon et al. (1980) noged that
although the ingestion of suspended sediment by mussels was:
a major source of variability, much of it could be
significantly'reducedAwhen the specimens were routinely
depurated. La Touche and Mix (1982a) studied the effects of
’depurafion on the concentration of 5 metals (Cd, Cu, Mn, Ni
and 2n) in the gonadal and somatic tissues of Mytilus edulis
and'céncluded that depurat;on effects may be more compIéx

-

than expected. After depuration, manganese levels decreésed
significantly iﬂ both tissues while copper and nickel con-
centrations increased in the somatic tissues. Althouéh the
differential migration of the metal shouldn't affect the
variability -of trace metal analyses performed on whole

.specimens, it may enhance the variability when organs or

~tissues are analysed separately.

-

2.2 Hetal Fractionation Among Various Tissues/Organs
Data in the literature report differences in the

accumulation and distribution of trace metals between vari-
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" ous organs of bibalves..Ha;tincig et al., (198{) observed
that trace metal concentrations varied by as muﬁh’gg‘??ﬁ
orders of magn{tude depending on the tissue.studied.
Dunstand et al., (1980) noted that the kidney was the prim-
ary site for metal accumulation in Mytilus edulis. .
Similarly., Schulz-Baldes (1974) founé 50 .to 70% of total
lead in the kidney, whilst the organ formed énly 7% of the
dry weight of the mussels. These large variafioqs-in metal
_concentra;ions.can pése serious problems of cross-
contamination during the dissection of a specific tis;ﬁe or
organ (Patterson and Settle, 1976) thereby increasiné the
variability. Workers who focus on the analysis of "whole"
specimens are not exempt from me tal variability. Since the
favored mussel size ranges between 4 and 6 cm (shell length)
and yiéfas too much ﬁ;terial to be totally digested, thesé
studies usually ahalyse a2 subsample from the specimen. A
limited survey of the literature revealed that the pestle
and mortar was the most popular method (>80%) employed to
grind the mussel soft parts. It is difficult ﬁsing this
method to completely homogenize th; tissues, and one is

frequently left with feather-like strands (gills and muscle)

and granular material (visceral organs).

2.3 Environmental Filuctuations of Trace Metals

Environmental trace metal levels (dissolved or

particulate) can vary considerably during the year, espe-

»
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cially inftemperate regions. Buckl;yland Winters (1983) have
calculated that about 85% of the annual supply of suspended
particﬁlate matter, and 30-55% of the annual supply of
labile metals enter a temperate estuarine system in less
thén 40 days guriﬁg the spring run-off. Fowler and Oregigﬁi_
(19756) suggested that the seasonal maximum of trace metal

. %

concentrations obsgrved in mussel samples was partly due to‘
high winter run—off increasing the amount oanvailable
metals. Trace metal enrichment of ﬁther indicator species
linked to ciimatic changes have also been reported in cther
studies (Frazier, 1975: Purchase and Fergusson, 1986a).
Furthermore, Fowler and Oregioni (1976) found differences
between each metal in terms of the amount ¢of their seasonal
fluctuation in mussels. They observed that fhe raiio between
. the seasonal maximum and seasonal minimum concentrations was
gfeatest for chromium (factor of 8.8) and least for zinc
(factor of 2.0) and atfributed this to differences in thg
biological half-lives of metals in mussels. All these
effects.cqq;d introduce considerable variability in monitor-
ing studies which neglect to adequately synchronize yearly
sampling programs.
2.4 Trace Metal Concentration/Size Relationéhips

Boyden‘(1974) focusseé on the relétionship between
trace metal coﬁtent and the body weight of indicator

organisms and observed that smaller mussels were richer 1in



. trace ﬁetal-than.larggr ones. He—;ﬁbsequently showed that
the regression coefficient ¢f the relationship between mgtai
content and body weight was generally constant for a giﬁép
metal and species (Boyden, 1877). Cossa et al. (1980) simil-
arly observed that smaller mussels Sequestered more -trace
metals‘bu; the regreséion coefficients they obtained were
not uniform and varied with the different sampling sites and
diffe?ent seasons. Phillips (1976) nqtéé that smaller
mussels did not consistently contain;more trace metals and
later reported (Phillips 1980) that cadmium and lead com-
centrations were highér in larger mussels. De Wolfe_Gié?S)\
" measured higher mercury concentrations in larger mussels at

oné'station but noted that no consistent trend was observed

in two other localities. In laboratory controlled experi-

-

-

ments, Ritz et al., (1982) noted that the initial cadmium
and lead-concentrations were higher in larger mussels, but
accu@ulation rates were higher in the smaller specimens.
Higher accumulation rates in smaller mussels were also noted
by échultz-Baldes (1974) ;hd agree with obserwvations by
halne (1972) in which filtration rates were negatively
correlated with tissue weight of mussels.
2.5 Reproductive and Physiological State of the Organisms
Seasonal changes in the tissue trace metal con-

centrations associated with the physioclogical condition of

the indicator organisms are the most important source of

*-
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variability reported (Pentreath, 1973; Majori et al., 1978:
La Touche and Mix, 1982b: Luten et al., 1986). ‘Cossa et al.
(1980) reported that body weight accounted.for most of the
variance ()60%)lin tissue trace ﬁetalﬁgahcgﬁtrations,
whereas age accounted for considerably less (=3%). Dare and
Edwards (1975) observed that the dry tissue weight -of
Mytilus edulis varied seasonally up to 50% and was related
to_séaqning. They demonstrated that the individval dry flesh
weight was highest in summer and autumn, and decreased
through the winter to a post-spawning minimum in spring.
This conforms witg Phillips (1976) who'attributed seasonal
changes in metai concentrations to the fluctuatioens ih
tissue weights due to gametogenesis-and spawniﬁg in Mytilus
edulis. Simpson (1979) indicated that the.uptake and loss of
b;th zinc and lead by Mytilus edulis were greatly affected
by changes in body weight, fesulting from the phases of the
rgproductive cycle and body condition. He not only emphasi-
sed the import;nde of the reproductive state in_defining
metal concentrations in a mussel. but also pointed out the
necessity of using m;ssels of similar reproductfﬁe'éondition
during a mon}toring program. --“33;3

Ritz et al. (1982) recognized the effects of
extraneocus factors and recommended the following prefautions
when selecting monitoring individual and monitorinéiperiods:

(1} use of immature individuals only,

(1i) use of individual of uniform size,
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(i1ii) use of indi idual from oné population only,
(iv) selection 6f a ralatively uncontaminated area as a.
source of test animals,
.(v) use of a rela;iyely short time period for subsamp-
pling,
{(vi) allowance for seasonal changes in water such as

salinity and water temperature at the monitoring

sites.

It seems therefore that tissue trace metal analyses,
initially chosen for their-convenience over water and sedi-
ment analyses, are increasingly difficult toc implement
adequately. Boyden (1977) remarked that, while it may be
posSible to minimize variations by careful saﬁpling with
reference to bioclogical variables, physiological differences
and, more importantly, differences in reproductive state are
often unavoidable. Although'publ;shed information on metal
concentrations in organisms collected from the environment
is growing rapidly, the lack of attention to sampling.tech-
niques may invalidate many of the conclusions concerhing the
relative abundance of metals in different.areas. Much atten-
tion is correctly paid to interlaboratory comparisons of
analytical techniques in order to maximize the analytical
accuracy of the results, but unfortun;;ely ne” such attention
is given to biological variables affecting the organism at

the site of collection (Folsom et al., 1972).
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3.0 ALTERNATIVE APPROACHES
Zaroogian (1980) casually mentioned relating accumu-

lated trace metal content with a less variab1§ parameter,

the protein fraction of the soft bbdy, as an alternative

-

approach for improving the use of bivalves as indicators of
environmental trace metals. Fischer (1983) however, specifi-
cally focussed on this app;oach-and ﬁsed the shell weight as
an alternative'parameter to relate cadmium contaminaéion in
Mytilus edulis. Rather than aﬁéempt to minimize variability
in the sampling procedures; utmost heterogeneity of
individuals was chosen as a major test criterion in his
study. He observed that while soft tissues were related to
the physical condition of massels, the relation of cadmium

o

body burden to shell weight was constant in relation to

environmental cadmium concentration. The basic concept to

this approach has been. to regard metal accumulation as éhe
consequence of organismic immobilization. Therefore to what
extent it may apply to other metals will depend on their
biological half lives. Some £f£indings suggeéted that it ma}
be a promising approach for mercury (DeWolf, 1975), lead

(Griffin et al., 1980) and zinc (Lobel and Wright., 1982)

contamination in Mytilus edulis.
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3.1 Trace Metal Uptake in Bivalve Shells

Although the biological half-life of a metal varies
depending on the particular metal and species studied
(Fagerstrom, 1977), Phillips (1977) observed that generally
. metals have ;shorter half-lives in t%e soft tissues of
bivalves|as compared to other indicator organisms and
therefore the time-integration capacity of bivalves is less.
Thérefore despite improvéments concerning tissue trace metal
analyses, the information obtained by this method
essentially represents eﬁvironmental metal levels\ét the
time of sampling. Hence, as the tissues are constantly
undergoing changes, it is impossible to permanently record
any significant ch?%?es in environmental trace metal levels.
Animallhair. bivalve“shells and byssal thréads are con-
sidered as external "dead" tissues in that they do not
participate in any ﬁetabolic activity once they are formed?. -
Ail three concentrate a wide range of elements (Brooks and
Rumsby, 1965; Bowen, 1966; Hamilton, 1980). It was not clear
at first whether the metals were incorporated directly inte
or adsorbed onto the surface of the maferial..Strain and
Pories (1966) subsequently demonstrated that the trace ele-

.

ment spectrum of hair reflects the nutritional state of the

-2Cresnshaw and Neff (1969) suggested that the shell
serves as an alkali reserve which is dissolved %to neutralize
acids produced during anaerobic conditiops. However, this is
a short term process and affects a minov portion of the
shell.. '
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animal. George et al. (1976) and Unld and Fowler (1979)
similarly éoncluded that the byssal threads constitfuted a
significant pathway for the.elimination'OE metals. Others
have alsoc suggested that the bivalve shell could serve as a
receptacle for_unwanted chemical species (Comfprt, 1949;
Bertine and Goldberg, 1972, Ferrel et al., 1873; Talbot et

~al., 1976). Metal incorporation into bivalve shells has also

‘been demonstrated in the laboratory (Sturesson, 1976, 1978)

L\\\\\\izwjéll as in field experiments (Frazier, 1976; Carriker et
aly; 1980).

Coombs and Kellgr (1981) studied the biological
life-time of metals in byssal threads of Mytilus edulis and
observed that reiatively steady metal concentrations were
maintained throughout the study. Sturesson (1978) similarly
concluded that once metals are incorporated intoc the bivalve
shell, they would be depleted by a process too slow to be of
any significaﬁse during the lifetime of the animal. Goldberg
et al. (1978) observed that metal concentrations in musséﬁ
shells taken from sites adjacent to highly industrialized |
areas were markedly higher than those from less polluted
environments and that this relationship was not as evident
in the tissues. They concluded that, as a consequence of the
metals' longer bioclogical yalf—lives in the shell and per-
haps a relatively uniform pumping of metal £from the soft
tissues to the new sheli, the shells may be better environ-

mental recorders of trace metal levels.
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3.2 Advantages of Shell Trace Metal Analyses
Koide et al. (1982) later notedjthat bivalve shells

offered the following advantages over tissues for the monit-
oring of trace metals in the environment: |

1¢ shells are easier to handle and store,

29 the broblem of whether to depurate the animals before

analyses is avoided,

30 shells appear to be more sensitive to environmental

trace meéal levels (eg. lower variability) over the long

term than do the tissues.

3.3 Bivalve Shells és Environmental Recorders

0ddly enough, the analysis of shell material never
gained much.popularity iﬂ trace metal monitoring programs.
This may largely be because much of the subsequent informa-
tion gathered on the trace metal concentration in shells had
been obtained incidentally by studies pri&arily involved in
tissue anal&ses(Keckes, 1968; Romeril, 1971). These studies
ignored the' complicated nature of the bivalve shells and
usually failed to distinguish between the entirely o?éanic
periostracum and the underlying carbonate shell layers. The
general consensus was that the trace metals were adsorbed
onto the shell surface and therefore did not bear any sig-
nificance to its availability toward the indicator organisms

(Bryan and Uysal, 1978; Martincic et-al., 1984). It was also
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usually concluded thaﬁ the tracé metals were leached ocut of
the shell at vafiable rates making iy difficult to estimate
past metal levels (Fang and Shen, 1984).

It is the purpose of this stuéy to-quantitatibely
compare the trace metal concentrations in Mytilus edulis
shells to the corresponding 1eve1§ in the tissues, énd to
establish iflﬁast metal levels can be traced from the shells.
Lead was the trace metal targeted for this study as it dis-

. plays a high affinity for shell material (Koide'e; al., 1982;
Dermott and Lum, 1986). Before these goals may be realized
however, a satisfactory mgthod for subsampl;ng the shell Qf
Mytilus edulis is required. An overview on the principal
structures and mechanisms involved with shell'éecretion'would

be useful at this point.

4.0 SHELL STRUCTURE AND FORMATION

The shelllof Mytilus edulis is covered by a thin,
pliable, organic layer: the periostracum. The carbonate
shells is composed of several layers of calcite and aragoni-
te. Both of these contain'varying amounts of organic materi-

al. the corganic matrix. A brief description of the various

structures follows.

3 from this point on the term "shell” will exclude the
periostracum, but refer specifically to the calcium carbonate
components.
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4.1 Periostracum ' _ ) Lo

"~ The periostracum consists of qulnone-tanned proteins

’

(Degens et al " 1967) and in Mytilus-edulis, it is composed
of three layers which differ. in their structure and/or stain—
ing properties (Duncachie, 1963). The periostracum may play
an important role. in the mineralizatlon of the shell acting
as the‘support and substrate for the initial nucleation and
crystal growthjdf the qpter sheil 1ayer ({Taylor and Kennedy,
1969; C}ark.'1976; Petit et al., 19%5). The periostracnm also

" has a protective function in preventing the corrosion of the

calcified shell.

4.2 Organlc Shell Matrix

The molluscan shell contalns about?o 3- 4 0% (by .
weight) organlc matrlx, dependlng on the species. The contentig

also varies among different forms of structural layers, the’
simple prlsmatxc and nacreous structures being the richest
(Taylor and Layman, 19721). The organic matrix may be divided
into two main components based upon solubility in aqueous

~solutions (Weiner et al., 1977). The soluble matrix has been

regarded as intracrystalline {Watabe, 1965; Crenshaw, 1972)

2

whlle the znsoluble matrix has been thought to be 1ntercrys— .

talllne (Grégoire et al., 1972).The: lnsoluble matrxx, con—ﬁ-

chiolin, is primarily protein with significant amounts of

polysaccharides.‘The principal feature of this matrix is the
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. calcite:aragonite ratio within a shell of a particular

. : 22
. preponderance of amino acids having hydrephoblc chéins

«Grégoire, 1972). The soluble mitrix is 40 to 80% protein &

(Krampitz et al., 1983). A weter-soluble glycoprotein has

' been shown to be its primary constituent in both aragdnite

(Crenshaw, 1972) and .calcite (Wheeler et al., 1981). Nega-
tively charged groups predominate in this substance, due to

the ester sulfate associated with hexosamine residues

(Wilbur, 1976). The soluble matrix has calcium-binding prope-

rties (ié§ Ca2+-bindihg polypéptides; Samata and Krampitz,
] .
1982). N

4.3 Shell Mineralogy

-

Boggild (1930) presehted the first comprehensive

—_—

summary of shell structurg types, their minerélogy, and
aistributions in bivalves and other mollusks. The next major
advances came froh the usé of electron microscopy. Until the
uprk'of Taylor et al. (1969)<which encompassed 22 orders of
modern bivalves from 5 Fubclasses, only a‘lgmited number of.

4

species and structures had'been studied. Aragonzfe and cal-

" cite dominate bivalve shell mineralogy and always occur in _

separate layers (Boggild, 1930). They obcur together consis-
tently in Mytilaceae as well as five other superfamilies of
the subclass Pteriomorpha. While %aésain‘enuironmentékafac-

tors such as salinity and temperature may modify the
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superfamily, the prime control om §he11 mine;alogy is genetic
(Kennedy et .al., 1969). .

Mytilus edulis has a two-layered éhell'camposed‘of
calcite and aragonite. The pallial ﬁ}ostracum consists of

irregular aragonite prisms (Fig. 1.1A) and separates the
» -

~calcite and aragonite layers (Fig. 1.1B). This structure is

relatively thin (4 um) and is therefore considered as a band

rather than a distinct shell layer. The outer layer of the

shell is categorised as prismatic‘éalcite and consists of
columﬁar prisms (1 -2 um thick}?fpolygonal.in section Qnd up
to S0 um long (Filg. 1.1C), which are arranged in sheet-like
rows (Fig 1.1D). A thick wall of conchiolin sepérates the
individual units of calcite. The inﬁer nacreous shell layer
is made up of tablet-like aragonite crystallites % um in
length and 0.5 ym thick (Fig. 1.1E) which are deposited ?n
regular layers parallel to thg shell interior (Fig. 1.1F).
The layers of tablets aré separéted by an interlamellar sheet
of organic matrix. Individﬁal nacre tablets are geparated and
surrounded by an envelope of intercrystalline organic matrix. .

L3

Each nacre tablet or crystal is made up of smaller blocks,

each surrounded by intracrystalline matrix reéembling‘the

B

1

intercrystalline matrix in thickness and general strué;ure,

while further intracrystalline matrix is present within these

'smaller blocks {(Watabe, 1965).



Figure 1.1. Scanning - electron micrograph of a fractured
anteroposterior 1longitudinal section of the calcite and
aragonite shell layers of Mytilus edulis L. The outer and
inner shell surfaces are toward the- top and bottom
respectively, of the micrographs. Scale bars are lum for
A,C,E and 10um for B,D.F. [A] irregular aragonite prisms of
the pallial myostracum. [B) myostracal band separating the
outer (top) and inner (bottom) shell layers. [C] polygonal
calcite prisms of the outer shell layer. [D] sheet-like
arrangement of the calcite prisms of the outer shell laver.
[E] tabular aragenite crystals of the inner nacreous laver.
{F] nacreous tablets arranged in steplike patterns
characteristic of bivalve nacre. '
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4.4 Shell Formation

[y

The mantle, a thin organ lining the inner shell

sur face, is'direcély responsible for the depositlén of the ‘
crystals and ﬁhe secretion of-the organic matrix of the .
shell. The mantle edge is divided into three folds---an.inner
muscular, a middle sensory and an outer secretory fold (Fig.
1.2). The‘total system of shell fé:mation 15 bivaives com-
prises four comparthents: (1) the éxternal médium, (2) the
hemolymph and body tissues, (3) the.extrapallial fluid com-
partment between the mantle and the innér shell surface; and
(4) the shell. ions from the outer medium are transferred to
the hemolymph and body tissues via the body epithelium (inner
epithelium). The mantle epithelium (outer epithelium), trans-
fers calcium, other ions.and various organic molecules from
the hemolyph to the extrapallial £fluld which is effeétively
sealed 'from the outer medium (Simkiss and Wilbur, 1977).

Shell secretion begins with the formation of the
' periosfracum by the epithelial cells on the inner side of the
outer mantle fold, in the groove lying between the middle and
outer folds (i.e., periostraca%;groove). The first calcareous
material is laid down from the epithellial cells of the outer
part of the outer fold. The rest of the shell is laid down by-

the cells of the general outer surface of the mantle.

Evidencence suggests that there is a generative zone at the



Figure 1.2. Radial section of the mantle edge of a Mytilus
edulis shell to.show the relationship between the shell and-
mantle (not to scale). EPS, Extrapallial space:; IE, inner
epithelium; IF, inner £61d; LPM, longitudinal pallial
muscle; MF, middle fold; NC, nacreous shell laver; QE, outer
epithelium; CF, outer fold; P, periostracum; PG,
periostracal groove: PL, pallial line; PM, pallial muscle:
PR, prismatic shell layer. )

s

s
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inner part of the periostracal groove, and cells produced
there migrate around the mantle edge, changing their chemis-
try and) function as they do so (Béedham,lass; Dunachie,1963).
In Mytilus edulig each cell in turn secretes periostrécum,
ocuter shell layal (i.e., prismatic calcite), becomes an
attachment area at the pallial line (i.e., myostracal band),
and then secretes the inner nacreous shell layer. .

Although the intricate biochemical reactions govern4
ing shell calcification have yet to be fully understood, the
following mechanism suggested by Krampitz et al. (1983) is
one of the most popular theories on shell secretion. The
insoluble.matrix 1ls secreted first and is anchored to the
surface of the secreting cells or in the periostracal groove.
The soluble, calcium-binding matrix is fitted into the pores
of the insoluble matrix. The total assembled matrix presents
a hydrophobic field interrupted by specifically placed hydro-
phillic, calciuﬁ—binding sites. The sites bind calcium and
concentrate additional calcium from the parent ‘fluid. A
secondary layer, specifically enriched in carbonate, is- =
formed around the calcium-enriched site. A locaQ‘concentra—
tion'change occurs, such as an increase in pH or a decrease
in carbon dioxide, and a crygtal seed 1s formed at the site.
Some of the seeds grow, while others dissolve. The survival
of a seed may be 'determined by local transport processes or

by the original, local concentration of'the calcium-binding

matrix. The initial rapid growth of the crystal is along the
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vertical c-axis. Growth along this axis 1s stopped by the
next episodic depositibn of a complete matrix assembly. The
horizontal growth of the crystal continues until the space

between adjacent growing crystals is filled.

5.0 ACTIVE versus PASSIVE METAL ENRICHMENT

It }5 important to distinguish between active and
passive metal enrichment in the shell materlial. Incorporation
of trace metals into the shell by the process described in
the preceding section cannot be performed without energy.
this is célled active enrichment. Active enrichment means, in
this case, the lead uptake in the carbonate fraction andfin
the organic matrix, those su;faces which are isolated from
the seawéter by the mantle. A passive enrichment which takes
place on sﬁrfaces exposed to seéwater . particulafly the
periostracum and unprotected carbonate, proBably comprises
several adsorption processes and is not governed by metabﬁlic
activit§ {Sturesson, 1976).

Ideally, the periostracum should prevent'adsorptiop
of trace metals directly onto the carbonate shell. This
proteinaceocus f£ilm is, however, rarely intact, leaving large
portions of the calcite layer exposed to particulate and dis—
solved trace metals. Several‘studies have.demonstrated how
shell surfaces can effectively adsorb lead from solution
(Clarke et al., 1976; Sturesson, 1976). Hence whole shell

analysis would render little information on trace metal
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bioavailability as it would be impossigle to distinguish
| between the actively and passively incorporated fractions.
The inner aragonite layer would be more suitable for such
analyses and- the author has deveioped a method by which the
often corroded calcite layer is ;eparated from the inner

\ g

nacreous layer (Bourgoin, 1987a).

6.0 BIVALVE AGE/DETERMINATION

Before ftrace metal levels can be traced back in time
éo ; particular event, an accurate method for age determina-
tion of bivalves is needed{ Such methods may be groupéd into
the following 5 categoriesy (l)ﬁthe;use of meqﬁ or modal
size-frequency distributions; (2) the measurements of the
shell dimensions; (3) the interpretation of growth interrup-
tion lines on shell surfaces; (4) experimental methods in-
volving the release and recovery of marked individuals and
(5) various isotopic methods. Seed (1973, 1876) has reviewed
the weakness reiated to the first four categories. The chemi-
cal determination involved with the last one ‘are time consum-
ing and efpensive.

Lutz (1974, 1975, 1976) has demonstrated the effec-
tiveness of another age determination method for Mytilus
edulis. Using acetate peels of:.polished and etched longitudi-
nal shell sections, he has shown thagfannual cycles are

reflected in growth increment sequenées in the nacreous shell

layer of this species. This method was preferred in .this
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study as it relies on the same shell structure used ln the

trace metal analyses.



Chapter 2: MATERIALS AND METHODS

1.0 STUDY AREA

K Necessary conditions for the present study included
the existence of a spatial gradient of lead concentrations
in the énvironment and the presence of an appreciable mussel

population along this gradient. Such conditions were met at

"the Baie des Chaleurs in the Belledune-Dalhousie area (Fig.

kY

2.1). The Baie des_Chaleurs opens to the Gulf of St Lawrence
and separates-the north shore of New Brunswick from the
south shore of Québec's Gaspé Peninsula. The bay is
approximately 150 km long and 45 km wide at its mouth, where
it forms part of the Gulf of the St Lawrence.

The Restigouche River, of which 80% of its
watershed is in New Brunswick, is a major freshwater input
intg the Baie des Chaleurs, draining an area close to 8,000
km¢. The est&ary of the Restigouche River extends from
Matapedia to Dalhousie and is tidal for ab&ut 40 km of its,
length. Sources of lead contamination are in the tidal
portion of the New Brﬁnswick side of the river and include

lead/zinc ore loading facilities in Dalhousie and a

33
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Figure 2.1. Location map of the Belledune-Dalhousie study area
in the Balie des Chaleurs.
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lead/zinc smelting plant ana a fertilizer plantlin
Belledune. . -
1.1 Be}leduﬁe Harbour ‘
Belleduné Harbour is man-made, bounded by a break-
"water to the north and west ané‘by.Bélledune Point to the
east, and is approximately 1 km2 (Fié. 2!2)T.Thefe was ?9
industrial activity in the.area until 1966, when Brumnswick
Hiningqand SmeltinébCorporation Limited (BMS) began prdduc-
§ion, followed by the start-up in 19j3/o£ a fertilizer plant
(Belledune Fertilizer). | ';; - —

Origiﬁglly designed to produce bﬁth refined iead and
zine, the.;lant uas_modified in, 1972 to refine only lead.
The f;cilitf pfesentiy consists of sinter and acid blanfs. a
blast furnace and a leaé refinery with a nominal annual
.éapacify of 65,000 tonnes of refined lead, 3,500 tonnes of
copper matfé, 90 foﬂnes of doré (impure silver) and 200,000
tonnes of sulphuric acid,  the latter being piped to the
nearby fertilizer plant. Brior to 1381, surface water
runoff, process water and slag pond discharge water all
contributed significant quaﬁtities of cadmium, Jlead..zinc,
_ arsénic angd suspgnded solids to Belledune Harbour. Sig-
nificant efforts were made in 1980 toward the control and

’ °

tréatment of liguid discharges with the introduction of

effluent treatment and slagswater recycle.Systems. At this

™
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Figure = 2.2. Sampling -stations (Bl - B4} at Belledune Whart.
Liguid discharges' were dumped directly into the harbour near
B4 until 1981 when it was moved onte the coast. The gypsum-—
laden effluent for the fertilizer plant is dumped on the
northern side of the breakwater, directly across from BZ.

b Y,
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1

time the -smelter’'s discharge point was-also moved to a

TN

location outside the harbour (Fig. 2.2). |
_Belledune Fertilizer began operation in 1968. The .
suifur;c acid by-product from .the smelter is used in'¢om—

. -

bination with ammonia to ﬂert Florida calcium rock

.

(mostly_fiuorapatite) int? dlammonium phosphate fertilizer.
Approximately 300 tonnes of fertilizer agé produoced per day:
For-eaqh'tonne of fertiliﬁer‘producéd, 4 tonnes of calcium
suffate (gypsum) is discharged as waste directly in Baie dgs‘
Chaleurs. The effluent which contains about 4% gypsum also

includes significant amounts of trace metals derived from

the phosphate_roc&."

1.2 Dalhousie Harbour L
balhoﬁsie,lwith a population of approximat?ly 5,000,
is a small commercial port situated at the mouth of the
Restigouche River. The main source of lead contamination
occurs at the Public Uha;ﬁ‘which has been'uéed_to‘load zine‘
and bulk conceﬁtrate by B{unsyick Mining sincé 1964 (Fig. |
2.3). Thellead is mainly introduced into the marine environ-

ment from ddckSide;piles due to wind and runoff, as well as

; during loading (spillage).
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Figure 2.3. _Sampling stations at Dalhousie harbour (Dl - D) and

at Miguasha Point (MIG) and Eel Bay (EEL). Concentrates are

. sStockpiled-at the western part of Lhe harbour and dredging
spolils are dumped into "West Bay".
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K. d
2.0 SAMPLING
2.1 Sampling Stations

In July 1985, a total of 20 stations were sampled as

follows: ' J

—— 3 stations at Belledune Haqbour (B1-B4, Fig 2.2) -

-~ 9 stations at Dalhousie Harbour (Dl-DS,‘Fig.z.a)

- 1 station at Miguasha Point (MIG, Fig 2.3)

-- 1 station at Eel Bay (EEL, Fig 2.3)

-- 4 coastal stations distanced 5 Km apart, southeast
of Belledune Harbour (Cl1-C4, Fig 2.4)

-- 1 station in Negro Harbour .(NH, Fig 2.4}

-- 1 station neér sewage and storm discharges at
Rimouski, Québec (RIKI, Fig 2.4).
The various types of samples collected along with

"torreééonding depths and boftom saiiniiies are shown in

-

table 2.1.

2.2 Suspended Particulate Matter Samples

Water samples were always collected first, at ap-
proximately 30 cm froﬁ fhe'bottom, during the divers' ini-
tial descent to avoid re-suspending the sediments in the
water column. An acid-cleaned (Patterson and Settle, 1976)
'polyethylene.bottle (50b ml) was uncapped and closed at the

reguired depth so as to exclude the surface layer. The



Figure 2.4. Location map
Québec (RIKI), the Belle
C4), and Negro Harbour,
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sampling stations at Rimouski,
Wharf-Petit Rocher area (Cl-

Nova Scotia (NH).
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Table ﬁ.l Depth, salinity and types of samples collected at

Dalhousie Harbour (D},
coastal transect (C), Miguasha Point (MIG), Eel
Bay (EEL), 'Rimouski (RIK1), Negro Harbour (NH).

edune Harbour (B).,a

TYPES OF SAMPLES

STATION DEPTH  SALINITY sediment water mussel ®
(m) (%) '

D1 4.1 20 . + + +
Dz *..-q + B .
D3 3.0+ 21 + + +
D4 3.5 25 + + +
D5 3.3 25 + +

D6 3.1 25 + + +
D7 3.7 23 + + +
D8 ‘3.4 27 + + +
D9 5.5 26 + + +
Bl 12.2 24 + + - ¥
B2 11.3 24 + + +
B3 6.2 24 + +, +
B4 11.5 24 + +

Cl - 0.5 23 + +
c2 0.5 24 ¢ + +
c3 . 0.5 24 +

C4 4.5 24 + +
MIG 2.5 20 + b3
EEL * +
RIKI * + + T+

2.5 * KK + + +

NH .

* sampled directly on the intertidal flatS
** sampled from tidal pool

x x W not

measuréd

’

AL

volume of water sampled was noted and filtered through pre-

weighed Nucleopore filters (47 mm diameter, 0.4 um pore

size) Within 48)h of collection. The residue laden filters,

3
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- -

eventually used to determinelthe suspendéd particq;atg

mapper (SPM), ‘were maintained frozen..

é.? Sediment Sampleé ' -

Sediment samples were retrieved by a diver using an
acrylic boxcore to avoid tface metal contamination. After.
the water had been slowly drained fromgthe device, the

_surficiai sediment layer (top S ﬁm).éas sampled with a clean
nylon spatulé‘and transferred into acgd'cleanéd polyethylene'
bottles. The samples were maintained'frozﬁn'until further
processing;in the laboratory (=60 &ays):

2.4 - Hussél Samples _ ' .  . : . o

Mytilus edulis samples were hand cqllectea by divers
who avoided any specimens ancho:ed‘to metallic structures.
Except for the mussels ét;ached to the wharf wooden piling
at D3, D4 and C4% all the other bivalves were attached to

rocks. The specimens were allowed to depurate in ambient

seawater for 48 h and then frozen pending analyses.

3.0 EXPERIMENTAL

3.1 lfractured Shells fpr Scanning Electron Microscopy
Driéd shell valves were fractured along the desired

axis by placing.the shell on the edge of a table wigh ihe

desired transect superimposed directly over the edge and

% sample C4 was collected within Petit Rocher Wharf.



applying firm pressure to the unsuppor ted bbftion. Shell ';;
.-fragménts vere then mountéd on a sfah@ard SEM stub'ahd -
adequate electrical cbnductivity was assured by.t;acingJa
line froﬁ the fragment to the stub with gilver paint. ﬁoqse
 particles were removed from the fracture surface with clean
compressed air and coéted with gol§~pallaéium. ?he detailéd
experimental procedure is given in Kennish et al. (1980).

~

3.2 ' Acetate Peels of Shell Sections for éggsbeterminations

s

A
‘

Musséls collected from stations D3, B2 anad Cl were
used for‘this study. Clean valves were éried.sequenfiaily in
50%, 75% and twice in 100% ethanoi. p;ior to embedding in
Spurr's'resin (Spurr, 19869). After the resin had hardened,
the embedded shells.were secfioned élong the desired axis.
using a diamond.rock saw; The cross sections were lightly
sanded with a fine grit.alumina sandéaper, ground on a glgss
plate using 600 carborundum powdeﬂ\and then polished with
3006 alumina pow@er on a Qigh speed lapidary wheel covered
with a polishing clofh:;fﬁe peclished sections were etched by
immersion for in 1% (Q?QB!Hél-for dpproximately 45
_sec,thoroughiy rinse@ and air-dried. The etched surface wds
flooded uifh acetone to which was then applied a piece of
sheet acetate. After the acetone had evaporated (20-30 min),

the peel was removed and examined under a microscope.

-
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4.0 ANALYSES _ o P
B A éamplgte;setyéf glaéswarelwas reserved for metal
. anaiyse;, as recommendéd by Patﬁerspn and Settle-(1976).'ﬂ
stored in 20% (v/v) nitric acid and washed in deionized
‘water imﬁedlately before use. Decqmposition vessels were
dried in a vacuum oven. Pélyethylene gloves and Teflon

coated fofceﬁ; an& spatulas were used ih handling samples

'kept in acid cleaned ﬁesiccators.

4.1.—Pb‘in Suspéﬁded Partic&laté Matter (S?H)

" Water samples were filﬁered through Nucleopore !
£ilters to separate suspénded particulates that were dried
at 60°¢.and weighed. The concéntratibn of the Séﬁ was taken
to be the weight of the_resldue divided by the volume of
filtered seawater. The Pb content in the SPM was dé;ermined
by a method developed by Ranta%a énd Lowgng (1877)., The |
filters were placed in Teflpn bombs to which were added 1 ml
agua reg}a {Ultrex) and 1 ml HF (Ultrex) and tightly
covered. The decomposition vessels were heated at 90°C fér 1
h. After cooling to room temperature the §olution'was trans-
fered, through a poiyethylene funnel, to a 25 ml polyethy-
lene volumetric flask contain;ng 0.93 g boric acid crystals
and 5 ml of deionized water. The £filter was washed several.

times with deionized water, and washings were transferred to

the flask. The flask was shaken thoroughly and diiuted to

’
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volume. Bianks were preparea the same way but omitting-the
sample. The solutions were stored in polyethylene bottles
and analysed by inddcgively coupled plasma‘mass spéctrometry
(ICP-MS). Quantification of the Pb was achieved by the
technique of standard additions.

| ‘ &
4.2 Metal Determination in.the Sediments

Thawed sedimenfs were sieved through 100 um

-polyethylehe mesh with a;minimum amount -of deionized water,
to remove particle size biases (Hudrocﬁ. 1§84).'The slurry
was céntrifuged at 12000 g for 20 min. The s&pernafant was
discarded and the sediments were either immediately sequen-i

a

tially extracted for Fe, Mn and Pb or dried at 60°C. Essen-

o

tial sediment analyses are presented in the flow chart (Fig

~

2.5).

4.2.1 X-Ray Fluorescence Spectrometry (XRF)

‘ Dried Seaiment subsamples were pressed into pellets

. to detergine Fhe concentration of the major (Si, A Fe, S,
Ca, Na, Mg, K, Mn, and P) and trace (Cu, Co, Cr, NZF\Pb, v,

and Zn) elements by kRF. The ahalytical preéisioh was tested

by agaleing.E}ve pellets made from a homoéenized sediment

sample, sample B2. Coeffi&ients of variation of 10% or lower

were typically observed (Appendix A.l). The accuracy of the



Figure 2.5.
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Flowcharp-fon the sediment analyses.
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‘énalySes‘was cheqkéd Sy runniﬁg two Canadian Réference_\
stanqards,.BCSSjl and MESS-1, and a South Bfrican standard 3
" dard, NIHeq: and compar;ng the analytical results w%th the
stated references valués for mgjbr and trace elements. |

4.2.2 Sequential Extraction v

-

The seguential ektracfion'procedure was designed to
éarfition elemen;s and compounds, in this study inio the
followiné four f;actions: (a) M(Fl): exchangeéble metal. A
sediment sample equivalent to 1.5 g dry weiéht was extracted
for 30.min with 8 ml of 0.5 M MgCl, at pH 7.0; (b) M(F2):
metals bound ta carbonates. The }esidue from fa) was leached
from S h with 8 ml. of 1.0 M NéOAp adjusted to pH 5.0 with
HOAc: () M(Fé): metals bound to organic matter. The-;esidue
from (b) was extracted ;t 85°C for 5 h with 5 ml oﬁ 30% H,0,
adjusted to pH 2.0 with HNC3 and ﬁhén,at room temperature
with 3.0 ml of 3.2 M NH46Ac in 20% (v/v) acetic acic (HOAc):
(d) M(F4): metals bound to Fe-Mn oxides. The residue from
{c) was extradtéd with 20 m]l of 0.04M NH,O0H.HCl in 25% (v/v}
(HOAc) at 986°C. (e) M(F5): strongly boGnd metals. The
residue from, (&) was extracted with 6 ml of aqua regia (3:1
mixture of HCl and HNCq). The detailéd experimental procedu—-
res for the first four fractions and that of fraction S are

given in Tessier et al., (1979, 1980) and Nriagu et al.,

(1979), respectively.

&
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Extfactions were.conductéd~sequent1ally'in.Igf;on
-centrifdge ﬁubés (50 ml) £o minimize losses ofisolag .
mgtérial. The gefractory'natureiof fhe orgahic magter inl
SOmé Dalhousie samples: particularly wood particles, caused
‘excessive foaming“iﬁ ceréalq samples in ﬁhe third\fraction.
‘This problem\ﬁas 6vercomed by dipping the tubes in an ice-
bgth and returning them to the heated water bath once the
reaction had subsided. Betwegn egch successive extraction,

-9 . . 4
was carried out by centrifuging (Sorvall, Model

separétioﬁ
Rcz-ﬁ) at 12 000 g for 20 min. The'supernatant was removed
with a p;pet and analyzed for the metals, and the residuel
was washed with 8 ml of deionized water; after |
'centrifugationlfor 20 min, the_waéhing water was discaraed.
The residue from extraction."e" was washed with deionized
water,fdried at 60°C, And analyzed by X-ray fluorescence
spectrometry {(XRF) fo determine the remaining content of the
major and -trace elements. ' : <

For each station, three subsamples of moist sedi-
ments were dried at 60°C to deﬁermine their water content,

thereby establishing an average drying coefficient (Appendix

A.2). These coefficients were then used to estimate the dry

weight of the sediment samplzg used in the sequential

extraction (Appendix‘A.3). Dilution factors used to.convert
.metal‘concentrations in the leachates to metal concentration
per gram of dry.sedimént were calculated by the following |

formula (Appendix A.4):

N



I

{HoOueesmene ml + Extractant ml) * bry Sediment g

'Aitdtal of 150 dilution factors (i.e., 30 samples x5
-fréclions) were computed (Appendix A.4.1 - A.4.5).

.- Trace metal Concentrations in the ieachates were
determined by atomic absorptlon spectrometry (Perking-Elmer.
Model 603) in flame mode for Fe and Mn and with a HGA- 2100
graphite furnace and a deuterium background corrector for
the Pb determinations. Quantificafion was achieved with the

. following techniques: (i) appropriate calibration curves-
prepared with tée coﬁponents of the extraction solutions,
for Fe and Mn in /fractions 1-4; (1i) a standard addition

. ¢
technique for Pb \n all -fractions and for Fe and Mn in

-

fraction é.

< -+, The. coefficients of variation obtained from repli-
cate samples were generally smaller than 10% in all frac- .
tions for Fe and Mn, and fraction 5 for Pb (Appendix A.5).

The coefficients of variation for Pb varied between 11 and

15% in fractions 2-4.

4.3 Lead Deterﬁination ip Biological Material
4.3.1 Tissue Lead Analyses

Thawed mussels were shucked as described—by Bernhard
{1976). A total of 10 mussels per station were .analysed
separétely. Soft parts of every mussel-were'dried'at 700C,

—



ground in an agate mortar, weighed and digested with con-.
centrated HNO5 (BDH, Aristar) in Teflon bombs at 700C for 2

h. The volume of acid used was proportional to the weight of

‘the mussel analysed; 2 ml of nitric acid per 0.1 g of dry

tissue (Cossa et al., 1980). The solution was then
transferred to a 25 ml volumetric flask. diluted to volume
with deionized water and filtered through a pre-cleaned

Whatman gfass fiber filter. When larger mussels yieldéd too

. much tissue to be entirely digested in the 30 ml bombs, a

subsample from a homogenized sample was analyéﬁﬂ.

Lead was analysed Sy atomic absorption spectrometry
either in flame mode or py graphite furnipe depénding on
lead concehtration in the sclutions. Thersalient analytical
conditioqs are listed in Appendix B.1l. Optimum quantifica-
tion of the ngal concentratﬁons was achieved by the techni-
que of standérd additions (Ba}g et al.,.lsal).The results
were expressed in micrograms of metal“ber gram of dry tis-
sue.

4.3.2 Périostracum Lead Analyses-

Mussel éalyes weré cleaned with a nylon brush under
running distilled water and dried at 409c. Periostracal
material was sampled directly from three different regions

of the shell: 1) near the umbo, 2) the middle portion of the

shell, and 3) near the ventfal shell margin. The %

. ' _ Y
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periostracum shavings were weighed and analysed similarly to

the tissues.

-.

4.3.3 Shell Lead Analyées‘
4.3.3.1 Aragonite

~ Empty shells were measured (lgpgth), cleaned with a
nylon brush under running wat?r, dried at 40°C for 24 h and
weighed. The calcite layer was separated frém}#he nacreous
. layer by 2 method developed by Bourgoin (1987a). Specific
areas of the aragonitic shell component were subsampled

after haﬁing established the spatial distribution of the

annual layers throﬁgh acetate peel examinatioms.

4.3,3.2 Calcite

Separated calqite layer samplés were analysed to
compare the relative Pb concentration between-ghe two shell
components. This material required an additional cleaning“
step whereby the top 3 mm of the outer shell surface was
removed with an abrasive bit. This procedure assured com-
plete removal of any calcite which might have been directly
exposea to dissolved and/or particulate Pb in the water
column. A 1 g subsaméle of previously crushed shell layers,
either calcite or nacre, was transferred into a 25 ml
volumetric flask to which 2 ml of concentrated HNOj (BDH, ,
Aristar) was slowly added, shaken to complete the dissclu-

tion, and made up to volume with deionized water. Blanks and
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standards were prépared similarly by dissolving re;gent
grade calgium carpdnate powde}. The calcium content and the
acidie strength of these solutions were the same as\those of
the shell digests, 4% CaCO5 (w/v) and 1N HNO3, respectively. .
The. solutions were analysed by atomic absorption
spectrometry (Perkin-Elmer model 603) eqhipped with 'a graph-
ite furnace (HGA 2100) and a deuterium background corrector.
The furnace éssembly had.to be cleaned after ab?ut 49
determipations because of the high salt content in the
solutions. Quantificatidh was aéhieved with appropriate

“

galibfation curves prepared- with standérd solutions.

4.3.4 Quality Controi Assurance
To evaluate possible contamination, reagent blanks
_and reference materials were processed with each set of
tiggue or shell‘samples. A standard reference material,
oyster tissue (NBS 1566), accompanied all groups of tissue
samples whereas én internal reference consisting of lead-
spiked.calcium-carsgnate powder was used with the shell
samples. Our results were reasonably close to the NBS values
(Appendix B.2). Inauctively coupled plasma mass spectrometry
was used to cross-check metal levels in the internal |
‘reference and agreed reasonably well with those obtained by
atomié abso;ption spectrometry (i.e., ICP-MS: 14.2; GF-AAS:

14.8 ug/qg)d.
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Control charts were. Eolloked during all the tissue

58

and shel} trace:metél anaiyses. The standard deviation (s)

, estimates were based on 16 diEferent analyses. To develop
control limits based on long-term behaviour, n; more than

" two points were obtained on the same day (Taylér, 1985). The
controi limits observed during the analyses are listed in
Appendix B3. Approximately 20_peréent of effort was devoted
to quality assurance and the meagurement sehedule folléwed

throqghout this study is listed in’Appendix B.3.

—

- »
4,4 Sediment Carbon Determination

The sediment carbon content was determined with a
Le;o.Carbon Analyzer {(meodel WR-12). Inorganic carbon was
calculated as the difference between total and Brganic
carbon concentrations, the latter being determined afiter
sediment treatmeﬂ? with 10% (v/v) HCl to dissolve the car-
bonates. The analysis of five subsaméles from a homogenized

-

v ’ .
sediment yielded a cecefficient of variation of 2%.

4.5 Shell Organic Matrix Determination

The percentage of organic matrix within the outer
calcite and inner nacreous shell c0mponent§ waé measured as
the weight of dried material after ashing (Paine, 1971). Ten
subsamples of each shell layer were'collected using a drill
equipped with a stainless steel burr. The top 3 mm of the

4 .
outer shell surface was discarded to exclude any periostra-
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c3l material. The white nacre could easily be distinguished
from the blue calcite powder. Sambles were then transferred
in a desiccator fqr.3-days, weighed and heated to 400°C for
18 h. After cooling to room,tpmperature,:the éamples were
returned to the desiccator for anotheér 3 days and re-

weighed.



3.

. Chapter 3: RESULTS

1.0 Total Organic Cérbon (TOC) in sediment samples

Organic carboﬂ data are given in Table 3.1. There
were no significant differences in the conteﬁt of tofal“‘
carbon between sémples from Belledune and Dalhousie. The
percentage of organic carbon relative‘tq the total carbon
was higher in the Dalhousie sediments by approfimately 15%,
which is likely related to the waste loadings from the pulp
ahd paper mill, New Brunswick International Paper Limited

(NBIP), in Dalhousie. Heavy bulildups of wood chips were

geportea for distances of up to 1.5 km from the diécharge
points {Cook and Hoos, 1971). Macknight and Schafer (1980)
reported high concentrations of lignin in the Délhousie
sediments. The lowest peréentage of organic carbon was ob-
served in the Eel Bay sample which was mainly compos;d of

sands.

60
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' Table 3.1 Concentration of total carbon and its impoftanbe as

ey i e e et

organic and inorganic-carbon in the sediment samples
(percent dry weight). .

SITES - TOTAL - ORGANIC - . INORGANIC

CARBON .~ CARBON ~ . CARBON

(%) | (%) (%) -
D1 3.53  2.90 0.63
D2 2.37 2.06 0.31
D3 3.90 3.20 .70
D4 4.17 " 3.91 0.26
DS 3.25 - 2.70 0.55
D6 3.53 2.90 0.63
D7 3.59 : 2.91 0.68
D8 . 2.32 1.95 0.37
D9 3.01 2.24 . 0.77
B1 2.61 1.84 0.77
B2 3.52 - 2.47 o 1.05
B3 " 3.65 . 2.50 1.15
B4 3.28. 2.45 .0.83
"EEL - 2.50 ' 1.30 1.20
RIKI 1.50 1.09 0.41
NH 1.71 1.33 0.38

2.0 Major and Tface Eiement‘Analyses of Sediments
2.1 X-ray Fluorescence Spectrocoscopy
2.1.2 ‘Hajor Elements

Eicept for sulphur and calcium, the total major
element content in the sediments collected from the
Belledune-Dalhousie area showed little variation in their
distribution pattern (Taﬁle 3.2). Two sulphur anomalies were

displayed: one at stations nearest to the ore.loading

facilities (D2 & D3) and a second in the Belledune samples.
The sharp increase in calcium &ontent was restricted within

Belledune Harbour sediments. Sediments at station B3
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B

-

Table 3.2 Total: major-and trace_element content (dry weight) in
sediment samples as determined by X-ray fluorescence

spectrometry. -.
SITES Si0, A1203 MgO cao Na,s0 Ko0 S P,0q
, (%) '
D1 72.6 12.3 2.4 0.67 2.00 2.40 0.82 0.2¢
D2 72.2 12.7 2.4 0.74 1.92 2.29 2.51 0.22
D3 71.1 12.4 2.8 0.58 2.00 2.53 2.47, 0.37
D4 72.6 12.5 2.8 0.65 2.05 2.47 06.78 0.28
DS 72.9 12.0 2.5 0.61 2.15 2.51 0.73 0.23
‘D6 71.6 12.4 2.7 -0.862 2.05 2.57 0.70 0.22°
D7 74.1 12.6 2.5 0.68  2.04 2.45 0.69 0.22
b8 73.3 11.8 2.4 . 0.77 2.22 - 2.38 0.68 0.24
D9 71.8 11.6 2.4 0.7% 2.18 2.33 0.72 0.24
Bl 70.5 11.0 2.9 3.55 1.74 2.38 1.16 0.58
B2 68.7 11.6 3.1 4.02 1.95 2.56 1.15 0.62
B3 £8.2 10.5*® 3.0 5.66 1.74 2.21 1.17 1.33
B4 69.5 11.7 3.1 4.5%6 1.83 2.41 1.15 0.67
EEL 66.2 13.1 4.3 4.69 1.29 2.72 0.56 0.40
RIKI 64.4 15.3 3.4 2.42 1.88 4.04 0.39 0.22
NH . 82.0 9.4 0.2 1.70 2.61 1.3 0.58 0.32
[
SITES Ni Co Cr v Zn Cu
{ug/g)
D1 54 12 120 88 610 17
D2 54 12 122 30 2410 25
D3 57 18 136 92 1930 27
D4 55 15 131 31 820 26
D5 55 12 124 83 570 17
D6 54 12 120 95 112 38
D7 54 13 125 93 710 21
D8 52 12 117 82 650 16
D9 53 4 121 8% £20 24
Bl 49 12 120 95 1190 3g
B2 ~ 52 13 115 89 1120 51
B3 48 12 106 g2 1950 139
B4 51 13 111 24 1170 54
EEL 53 12 144 S0 145 14
RIXI 39 12<T\\,82 91 105 24

»
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contained approximately twice as much phosphorus than the

cher Belledune samples,-all Qf whichtare significantly~

Q@

_p;gher than-the,Dalhousie sediment. Together, the oxides of

"~

silicon and aluminum répresent.appfoximately 85% of the
sediments. Magnesium, sodium and potassium'oxides values are
'bezwsen-z and' 3%. PhoSphorus, calcium and sﬁlphur compounds

are below 1% in most cases.

2.1.2 Trace Elements v s

" The %otal trase ele.men.t contentﬁn t‘he sedirﬁents
from the Belkbdune-Dalhousié.region also displayed little
varhatioﬁ (Table 3.2) except zinc which disglayéd*the

.. same distribution paxtefn‘as detailedlfor sulphur. Belledune
samples were‘significantiy enriched in this;élemens in rela-
tioﬁ to Dalhousié .sediments except for stations D2+*and D3 in

; wh@&h exceptionafiy hlgh contents were observed. Slmllarly,

- to phosphorus, copper was higher at station BB
.‘ . Il

~

2.2 .Sequential Extraction

*

: . 4
Although the last and strongest traction
. S L. ' :
-{1 - procedure, fraction.5, of the segquential extraction effec-

.+ tively d;sﬁb&ﬁed the sulphides (Agemian and Chow,1976);

. .o o .
minerals which may hold trace metals ‘within their original
S ' -
lattice were not-readily attacked (Tessier et al. 19?9)

,' . ThlS wasfillustrated when the total metal concentratlons .
) - /"

fghtﬁw ~determined'by“XRF.were.gompa%ed before‘andj§fter the final
. - * : ’ T ) ] l:.'; . \
. - --:——-/ . - . - T .
i e . ) wy, - e *
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step of the'sequential'extraction (Appendix A.6-A.7).

However, the distribution of a given metal igohg the various

_ﬁractidns obtained by the sequential extraction procedure

.(Tables 3.3 - 3.5) did not necessarily reflect the

scavenginé action of di sediment phéses, but rather
should be considerey as)ppergtionally defined by the methods

of éxtraction {Tessier et al.‘19793.

s ’

2.2.1 Manganese ‘ ’

»

The results from the sequential extraction of man-
ganese (Mn) 4id not show any major ditferences among the
sediment samples (Table 3.3). ExcePt for fractions 3 and 4

which yielded comparable amounts of Mn\ progréssively more Mn

was leached from the’sedimeny;as the extractants became more

~vigorous. Approximately twice as much Mn was extracted in

. fraction 5 alone, than in the first four fracti&ns, where FS

>> F3 = F4 > F2 > F1. Generally, half of fh%’total MnLwas

extracted from the sediments.

»

(.

2.2.2 Iron

-

The partitioning pattern of iron (Fe) among the 5

‘fractions closely resembled that of Mn. siﬁ@larly, no major

i ‘ E _.‘
differences were observed among the varicus sediment samples

(Table 3.4). Comparable amounts of Fe were alse obtained in
fractions 3 and 4 while the bulk ‘gf Fe was exfracted in frac-

tion 5, where FS >> F3 = Fa > F2 > Fll,Approximately a third
. , . . . \
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-

Table 3.4 Iron concentrations obtained in the various extracted
£ £ractions of the sediment samples. Average of duplicate’
samples and standard deviations (=). All results are in ug/g
(dry weight) unless otherwise stated. S(F5) represents the
sum of the five fractions; Tot Fe: total Fe as’' determined by

XRF: Extr Fe = S(F5) : Tot Fe. - .

SITES Fl1 . F2 F3 F4q- F5 S{F5) - Tot - Extr

{Fel (%) Fe
D1 9/9 185.1 3158 4015 13277 20645.6 6.43 32%
+1.6 6.7 -+28% =146 +782
D2 1l1.1 70.2 3958 3995 9032 17066.0 6.52 26%
"=0.4 =1.9 =110 =297 =372 -
D3 28.0 291.4 6131 6410 17960 30820.5 7.32 42%
=0.8" =+£19.4 =858 =264 =:x1094
D4 13.2 183.4 4375 4018 12939 21527.8 6.90 31%
0.4 =$11.2 =+292 +299 =+1168 -
DS 75.8 " 776.5 777% 3618 12231 24476.0 6.22 39%
+5.6 ==76.3 =719 =475 =902
Dé 11.2 304.6 8528 3934 11041 23818.8 6.93 24%
+0.8 —-_— =373 =340 *987 .
p7 11.9 320.7 7947 4009 13228 25516.4 6.85 37%
« =1.2 +28.9 =+327 =218 =382 i .
D8 11.4 280.1 4457 3558 12631 20938.2 6.77 31%(
. =1.5 =13.4 =623 =147 =520
DS 10.8 328.0 8014 3501 12579 24432.9 6.6% 37%
=1.1 =11.3 =641 -:344 =602

Bl 10.1 218.4 5238 5050 14325 24841.6 6.30 39%
+1.4 =13.3 =319 +£372 +519
B2 22.6 245.2 4014 5722 17305 27309.0 6.44 42%
0.6 =18.1° =165 =516 =1153 -
B3 8.1 287.1 3413 4839 20745 29292.1 6.45 45%
+«0.7 +£25.9 +448 =140 =+2047- .
B4 13.6 254.1 4516 5210 19865 29858.7 6.43 46%
+1.2 =17.8 =+362 =261 =1589
EEL 4.1 107.2 2878 3335 10169 16493.8 6.24 26%
+0.6 +3.9 +138 =115 =1082
RIKI 9.9 236.4 1545 8435 28538 38764.6 7.36 53%
X : +1.5 =19.5% 245 =182 =408 —
— NH 5.5 10.9 834 1577 ° 4758 7185.5 1.77 41%
) +0.°8 0.6 +92 =168 £392 - '
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of the total Fe was extracted from the samples.:
. N /Ja

2.2.3  Lead o !

-

The superficiqi*sedimenis collected at Belledune were

. significantly'enrichediin lead as compared to the Dalhousie

~

samples,'except for staiions nearest td the ore loading
facilities, D2 and‘D3~(T§51e 3.5)n_The iead content at B3 was
considerably higher than,the other Belledune samples.
Although lead was gffectiveig leached from most of the

Belledune-Dalhousie samples. the pattern in which it was ex-

" tracted differed between these two regions. In Dalhousie

sediments,.the:bulk of the ié?dzwas extracted in fractions 3
and 4 ﬁollowed by fractions 2 and S, and quantitatively
insignificant in fractinn 1, ‘F3 = F§4 > F2 > F5 >> Fl1. In
Belledune sedinents,:however, all of the last four fractions
yielded comparable quanﬁities of lead excent for ‘B3 where
the bulk of the lead was obtninéd in fraction 5.

-3

3.0 SUSPENDED PARTICULATE MATTER (SPM) : .
The SP@ concentrations were higher in Dalhousie water
samples than in thqse collected at Béiledune (Table 3.6).The
water sample collected at B4 seemed to havé a higher SPM con*
ténf, but this was probably due to tne re§uspension nf sedi-
menés during sampling. Samples collected from D2, EEL., and

RIKI all showed a significant increase in SPM concentration.
| :

All of these stations were intertidal, however, and the
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Table 3.5 Lead concentrations obtained in the various extracted
fractions of the sediment samples. Average of duplicate
samples and standard deviation (=). All results are in pg/g
(dry weight) unless otherwise stated. S(F5) represents the

sum of the five fraction; Tot Pb: total Pb as determined by
XRF; Extr Pb = S(F5) : Tot Pb.

SITES F1 F2 ‘F3 . F4 FS& ° S(F5) Tot Extr
' - [Pb) Pb Pb
D1 <1.5 11.8 28.1 , 21.2 7.1 &8.2 80 85%
1.2 4.4 » £3.3 0.4 -
D2 <1.5% 49.3 98.0 , 52.9 32.3 232.5 218 107% .
=7.3 =12.0 +4.9 0.7
D3 <1.5 49.0 135.2 89.8 55.9 329.8 299 110%
. *3.6 =+£21.2 =10.3 0.8
Dg <1.5 11.1 23.0 20.6 8.3 63.1 75 . 84%
=1.1 =4.9 =1.7 +0.8 :
D5 (1.5 11.5 45.5 20.8 4.3 82.3 B7 95%
=1.3 +7.2 =1.3 0.3 N
D6 <1.5 . 5.0 26.2 10.0 3.0 44.2 50 88%
- . +0.8 3.4 1.6 =0.3
D7 (1.5 5.2 20.8 15.3 2.1 43.3 52 83%
: ‘ =0.5 4.0 1.6 =0.1
D8 (1.5 6.7 27.0 13.1 3.7 50.5% 53 95%
- =0.4 =4.1 +1.8 +0.2 T
pg «(1.% 4.6 20.0 14.8 2.6 42.1 58 73%
+0.5 =3.3 =1.8 0.1 :
Bl (1.5 155.3 149.4 190.3 218.2 713.1 720 99%
=14.4 =£23.%5 =£14.0 =12.9
B2 '<1.5 121.7 176.7 186.5 _.326.5 81i.5 734 111%
=14.0 =21.7 =16.8 =14.3 ‘
B3 (1.5 123.8 118:;0° 213.2 1025.0 1480.0 1520 97 %
=18.4 =15.9- 213.0 =49.0
Ba <1.5 136.1 124.5 175.7 358.6 7%94.9 790 101%
=15.0 =17.4 =22.8 =+21.5
EEL (1.5 4.7 {1.0 8.9 3.6 17.9 24 7T4%
0.4 £2.2 =0.2
RIKI (1.5 2.2 5.1 ° 8.2 5.2 20.7 21 98%
=0.3 =0.8 =1.1 =0.8 '
NH (1.5 3.4 1.4 . 6.2 1.5 12.5 29 43%
0.4 «0.2 =1.0 =0.2 :
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increase is most likely also associated to the resuspension

1

of sediments:

Table 3.6 Lead concentration in suspended particulate matter (SPM)
collected approximately 30 cm above the sediment bed.

STATIONS [SPM) (Pb]
(mg/L) {(nug/g)

D1 6.12 161.5

*x D2 42.88 118.6
.D3 4,34 240.8
D4 5.04 101.7

D5 5.00 195.4

D6 3.56 105.4

D7 6.44 158.5

D8 5.92 135.1

D9 5.14 _ 162.3

Bi 1.30 582.1

B2 1.82 696.3

B3 1.86 844.0

B4 5.88 624.6

c1 6.34 974.3

c2 4.87 230.8

C3 5.28 N . 63.9

ca 4.28 55.2

*  EEL 25.03" 82.5
1G 3.78 77.7

* RIKI 11.07 26.8
*H 8.91 57.7

* Samples)DZ, EEL., RIKXI were sampled from the
intertidal zone.
- A stronglead gradient was observed at the Belledune
coastal stations with the highest value recorded at"Cl. Al-
though lead levels were consideraﬁly lower'at C2, levels at

this station remained 4 to 5 times higher than those

observed at C3 and C4. Lead levels in the Belledune samples

LY
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were intermediate to those of Cl and C2, and significantly ~
higher than-Dalhousie levels. Althoﬁgh the highest lgad
level in the Dalhousie samples was recorded at the- site
nearest to the ore loading facilities, ho definite tfend of

lead contamination was observed.

4.0 BIOLOGICAL MATEﬁIAL _
4.1.'Separatiqn of the Aragonitic and Calcitic Shell Layers
Calcitic and aragonitic shell layers could consis-
tentfy be separated,rfor a;l shell lengths, when b&ked at
400°C\for 18h. Most of the calcite would cfack and readily
£fa2ll off as the shell cooled (Fig. 3.18). The remaining cal-
cite fragments cou1d~£hen easiiy be Scraped off the intact
nacreous layer (Fig 3.1B). Observation on the éEM showed that
‘ parfing of the shell laye;s occurred at the palliai myostra-
cum band which remained associated with the calcitic layer.
The calcite and aragonite layers were easiiy differentiated,
the former being dull and brittle and the latter displaying a
characteristic pearly lustre. The heating also served to
soften the hacre and made possible to subsample distinct
regions of the shell material-byg%ightly'gcraping'the sur -~

face.



¥

Figure 3.1 A: Fractures in the outer <calcitic prismatic

component in Mytilus edulis L. The underlying aragonitic
nacreous shell component (n) is largely intact, despite the
extensive fracture propagation within the prismatic calcite
{(p). B: Intact valve of Mytilus edulis (right) and
separated shell components after heating at 4009°cC;
reconstructed prismatic component (p) and intact nacreous
shell component (n).

¥
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. ’

4:2 Organic Matrix and Lead Content in Arhgonite and
- Calcite Layers
Preliminarg results indicated that there was no
significant difference (Ménn;whifney‘u—test, 95% level of
' confidence) betweenlthe lead content in the right and left
valves. The calcite generally contained about 30% more lead
than the aragqnitic layers (Table'3.7). Aragonite .layérs
however, contained 30% more orggnic matrix than the caléite.

) 5

Table 3.7 Organic matrix and lead concentration in the

Q; aragonitic and calcitic shell layers of Mytilus edulis.
B IPb] ng/g (Org Mtx} %
Aragonite Calcite Aragonite Calcite
N sample 1 21.2 28.7 3.17 1.94
sample 2 23.7 31.'°3 3.22 1.85
sample 3 -28.5 32.1 3.15 1.86
sample 4 25.7 33.4 3.19 1.79
sample 5 23.3 43.8 3.30 1.84
sample & 31.3 41.6 3.14 1.78
sample 7 27.4 46.3 3.08 1.87
sample 8 18.5 29.6 2.93 1.69
sample 9 24.3 26.2
sample 10 29.58 34.4
AVG 25.4 34.8 3.15 1.83 ¢
< STD 3.9 6.8 0.10 0.07
. cv 15% 20% 3% 4%

.4.3 Lead levels in the Periostracum

. / Analyses of lead from periostracum of selected

. ‘
’

mussel samples are summarized in Table 3.8. Lead levels
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Table 3-.8._Lead concentration (n9193 in the periostracuﬁ sampled
from three different regions of Mytilus edulis shells.

( .

SAMPLE LOCATION

SITES Aﬁ§9rio: Middle of Umbo

Shel}” Margin = Shell .

r —— DT A S S S S W S I S S S S SN S WIS S S S S S S S D D el
D1 128 ¢+ 77 ! 135 = 61 150 =+ 45
D3 187 = 88 235 =114 227 + 52
D4 © 198 =+ 61 213 &+ 57 287 = 76
DS " 93 = 46 116 = 63 132 + 55
B2 327 21200 491 = 83 525 =+ 77
B3 684 +117 611 = 73 795 = 97
c1 611 £121 741 = 95 987 =132
MIG 62 = 26 71 = 23 95 = 37
RIKI 81 = 53 85 = 47 117 = 38

generally increased £rom the veﬂtrél margin toward the umbo.
Or, lead levels were lowest in most recently deposited
material. The lead concentrations from the three shell
regions were shown to be significanfly different (Friedman 2-
way aﬁalysis by ranks). Samples collected from Belledune and
the coastal station nearest to the smelter (Cl) had
comparable levels of lead. Lead levels measured in Dalhousie
mussels were intermediate to those from Belleduné and the

control sites.

5.0 SHELL AND TISSUE LEAD DETERMINATIONS
. Y

The results of the lead determinations in the tissues

and shells of Mytilus edulis are summarized in fable 3.9.



3.9 - Average -'shell size {(length and weight) and lead -

concentration in Mytilus edulis tissues and shells (i.e.,

nacreous layer). = Averages of 10 analyses. Confidence

intervals (c.i.) calculated using the expression: =ts/vn; s:
‘'standard deviation:; t: value at the 95% confidence level and
n-1 degrees of freedom; n: number of analyses.

/
SHELL TQTAL TISSUE SHELL
SITES. . . ___LENGTH SHELL {Pb] (Pb]
WEIGHT : :
{mm) -~ (g) (ug/g) (ug/qg)
D1 AVG 66.7 19.37 17.3 ‘1.3
c.i. 7.2 0.4
cv 58.4% 22.8%
D3 AVG 65.4 15.24 10.9 0.9
c.i. 2.4 0.2
Ccv 31.1% 15.2%
D& -AVG 64.8 15.96 8.4 0.7
c.i. 1.8 0.2
. _Cv 30.2% 20.8%
D6 AVG 64.2 14.75 6.1 . <.5-.82
c.i. . . 2.1 { 0.5
Ccv 48.0% - -—
D7 - AVG., 66.4 18.02 5.2 {.5-.84
. c.i. 1.3 " < 0.
cv 50.2% -—=
D8 + AVG 67.0 17.76 5.9 {.5-.86
M o 1.8 <
.CV 5 . 37.0% - -—=
Ds AVG 65.0 15.83 6.1 {.5-.78
c.i. . 1.4 ¢ 0.5
cv . 32.3% -—-
Bl AVG. 60.2 11.91 425.1 31.5
c.i. ) 85.2 3.5
Ccv © 26.0% 13.0%
B2 AVG 59.6 . 11.22 306.4 25.6
) c.i 105.3 5.2 .
cVv 48.0% 28.7%
B3 AVG 59.0 10.40 149.5 12.8
c.1i . 44 .8 1.2
cv 41.9% 13.3%
: . . ‘ t
C1l AVG - 59.1 13.66 455.5 48.8
c.i. _ 70.0 6.6
cv 21.5% 18.9%
c2 AVG - 56.2 14.15 170.7 5.7
c.i. ) 36.8 0.6
Ccv 30.2% 14.7%
C4 aAvG £65.8 15.16 16.3 2.0
c.i. 6.2 0.1
cv 52.4% 8.3%.
g
MIG AVG - 66.3 18.40" 3.6 (.5~.63
c.i. 1.8 < 0.5
v . Ccv _ £9.5% -
RIKI AVG "43.8 . 4,45 - 8.5 0.8
v c.li. 1.9- 0.1
' cv . 31.1% 18.0%
NH AVG | 64.5 16.41 1,% 0.5 °
. c.i. 0 ¢ 0.5 -
Ccv 37 -

.
oM
] 9e
)
]
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Each value represehts a mean of- 10 analyéés exceptifor B2 in
which 30 mussels were analysed. The data relatieg_to
the analyses af all the individual specimens are‘compiled 1&,
Appe&dix c.1 -J C.5.

The relationship between lead levels in the shells
and tissuves was significant (r: 0.966; Fig 3.2), and was
represented by the following 1ineer relatipnship:

Y¥=0.12X+ (-l.éJ
where Y end‘x represent the lead concentrations (ug/g, dry
welght) in the shells and the tissues, respectively.

Tﬁe coefficient of variation of tissue lead concentr-
ations ranged between 2é and 70%, whereas values from the
shell‘anelyses displayed considerably less variability
ranging between 8 and 29%. éeceuse of the strong relation-
ship, the location—dependent metal variations discussed below
generally apply to both shells and tissues.

\
The tissue lead 1evels observed in the mussels fall

M 5

within the data range reported in-other -studies on the

. Belledune-Dalhousie area (Hildebran, 1984; Packman et al..

1984; Matheson and Bradshaw, 1985). The highest lead con-
centrat&ons in Hytxlus edulis were observed in spec1mens.
collected nearest to the functional outfall (Cl). Musséls
collected S km south of this site (C2) contained
significantl& lower lead leveis. Although all specimens
collected from Belledune Harpeur displayed a high degree of

T

- ’ \

%



Figure '3.2. Relationship between
aragoinitc shell component and

represent 20 confidence intervails.

[

the -

' the
edulis. Averages of 10 determinations,

lead

levels

tissues of

except

in

77

the

Mytilus
B2 which
. . compirSes 30 determinations. Vertical .and horiZontal lines
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contamination,” B3 mussels consistently c0ntaiﬁed
approximately half as much lead aslthe other specimens col-
iected_wifhin ;he/harbour. -

| Dalhousie mussel samples could be divided into .two
distinct §roup§hbaséd on thelir degreé of lead contaminati&éi
Lead levels in mussels sampled nearest to the-nrg loading
facilities (D1,D3,D4) were significantly higher (Friedman 2-
wéy analysis by ranks; 95% cbnfidence level) than speciméns
collected in "East Bay". Shell 1ead leve1s'in the latter
group were also often below tﬁe detection limit (Appendix
C.2). Coastal mussels sampléd fu:;hegt from the Belledune
area contained lead concentrations intermediate betweeﬁ
Belledune and Dalhousie values.

* The lead concentrations in the mussels collected from

Rimouski were comparable to those in mussels sampled in

Dalhousie Harbour. The lead levels from these twg mussel
populations were approximately 2 and 4 times-higher - than
those collected at Miguasha an egto Harbour, respectively.

6.0 Bivalﬁe = Sediment Relationships:

Tissue lead levels were used to examine the relation-
ship with metal 1evéls in the sediments for the following
reasons:

1) tissue lead levels adequately reflect those observed

- in the shell .
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2) lead levels in the tissues _were aiways above the
Jetection limit '
Tissue lead levels were first compated with the lead
EOncentratlons in each of the five extraction fractions

([Pb(F1)] to [Pb(F5)) ). Because high multicolinearity often

occurs between the sediment fractions (Tessier et al. 1984),
multlple regress;on analyses are usually difficult to inter-
pret. Greater coefficients of determination (r3®) were , *
generally observed when bivariate analyses were performed on.
"lead concentrations in each- sediment fraction (or comblna—
‘tion) normalized with respect to various other_sedtPent
parameters (eg. organic carbon, total sulphur). ;che the
objedtive was to obtain the best overall single predictor
among the fractions and normalized parametefgjzill subse-
guent statistical analyses ;ere bivatiate. For all calcula-
tions, mean values for the mussels at each site were hsed.

-

Rather than present all the statistical parameters, the
following discussioa was limited to.the steps undertaken to
obtain the best predicter (Fig. 3.3).

When single sediment fractions or combinations were
compared td tissue lead levels in Mytilus edulis, [Pb(F2);
displayed the best correlation (r: 0.88l; Fig 3.3A).
Normalizing this parameter with the total sulehur content in
the sediments proved to be the best-predictor (re: 0.914,

-

Fig 3.3B).



Figure 3.3. .Relationship between the lead levels in Mytilus

g

-

edulis tissues and various sedimentary components. A: Tissue
lead "vs. lead obtained £from the second fraction of the
sequential extraction, "lead bound to the carbonates".

B: Tissue lead wvs lead obtained from the second fracticn
normalized by the amount o¢f total sulphur in the SedEmean
as determined by XRF. RIKI: sample coliected from Rimousky,

D3: 'sample collected near the ore-loading _ facility at
Dalhousie Harbour. :
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7.0. LEAD CONCENTRATION vs TOTAL SHELL WEIGHT *

b}

Metal levels determined in both the hard and soft

parts of mussels should be related to shell measurements as
~ : ’

these prove to be less variable than body weight (soft tis-
sues). Before undertaking such relationships, ;t'ls essen-—
tial to define which shell measurements best reflect the age

of the mussels,.

-

Shell length and weight are the parémeters most

commonly used to index the ages of bivalves. Both offer a
means to rapidly and inexpensively collect large amounts of

data. Seed (1973) observed, however, that linear growth

gradually ceases in older-mqssels,‘whila nacré continues to‘iﬁ

0;‘;

be deposited on the inner shell surface. Hénce, shell weight

L

would better reflect the ages of mussels.

I investigated this.relationship by relating tbe
total shell weight to either the shell length or percentage
of aragenite (weight basis) in over 70 mussel shells. Both
of‘these functions are illustrated in Fig 3.4 and the data
~-sets are compiled'ip Appendix_D. The relationship between\\ )
shell length and shell weight is best defined by the power
equation: |

Y = X2 *x 25,6

where Y represents shell length (mm) and X the total” shell

weight (g) (Fig 3.4A). The function illustrates how the

initial linear shell growth in the smaller mussels ( <40 mm)
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rigure 3.4. A: Relationship between shell length (mm) and the

i .corresponding . total shell weight (glin Mytilus edulis

valves. B: Relationship between shell length (mm) and the

percentage of aragonite in Myvtilus edullis shells.
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. is rapid ggﬁ;then decreases.in tﬁe laﬁésr'specimens.‘ When
‘the totalg§p;11 weight is plotted against percentage of °
éragonike:J; ii@ear function is obtained (Fig 3.4B) which is
best ‘defined by ) '

i Y = 0.65.X + 24

where Y represents the percentage of aragonite and X the
;total shell weight {g}. In't#is case we see that nacreous"
material is continudusly deposited auring the mussels'
growth and therefore, total shell weigh§_§?u§§,bs a bettex

index of the ages of mussels. Finally, total shell weight

was plotted against the tissue dry'we{ght (Fig 3.5i to
.

-

%

determine how closely these two parameters were related. The

following linear function was

Y = 55 X + 40 -

where Y represents dry tissue weight (mg}! and X the total
\

\

shell we;ght (g). The high correlatiocon coefg&pient (r: ~ 7
0.923; p>0.01), illustrates how.closely these\ parameter are.
inter-related.
8.0 SIZE DEPENDENT RELATIONSHIPS - _(
Metal concengrations may alter with size in a glven -
populatior~nso that larger mussels have more or less metal
(expresg::ﬁ:>\a concentration ug/g) thanlsmaller ones, even
though all members of the population are exposed *o the same

environment. In these cases, it is difficult to assess

* whether observed differences .in element concentrations

o
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reflect real differences in environmental trace ‘element

concentration, or are merely due to variations in body size. N\~

(

This problem was circumvented in section 5.0, by comparlng

lead_hevels in mussels of a similar size, 60 mm = 5 shell

1ength This method cannot be applied. however, when the
main -objective is to compare lead levels in mussels of
vastly different sizes/ages (i.e., juvenile vs adults). In <=

i .
this case, it is essential to determine metal concentration

over_a range‘of body sizes to evaluate whether the metal
levels in the shells and/or tissues are si;e dependent.

Mussels collected from the B2 site were targeted for
this aspect of the study. More than 60 tissue,;nd ehell iead.
determinations were_berformed on err 30 mussels with a
total ehell“we{ght ranéing between 1 and 35 g. Shell lead
levels were plotted against the total shell weight and tﬁe
relationships thenmfxamined by bivariate analysis (Fig 3.67.
In both cases, lead levels proved to be independent of

-~

mussel size:

9.0 Estimation of "Past" Lead Levels in Mytilus edulis
Acetate peel investigations revealed that mussels

collected at station Cl were approximatelyus.years older

- . - : £
than bivalves of similar size (X’ 65 = 3 um) obtained Zrom

the deeper stations at B2'and D3 (Fig 3.7). The "annual
layers" of musselé collected from Cl also proved to be

significantly thinner than thosé from the two other sites

(Friedman 2-way analysis by ranks; p>0.01). -
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Figure 3.6. Relationship between shell lead concentrations

(ng/g) and total -shell weight in Mytilus edulis. AM,
arithmetric mean;  GM, geometric -mean; crossed-~hatched bar.
standarc deviation; vertical lines, data range. .
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Figure 3.7.

92

Freguency distribution of the "annual layers” in
Mytilus edulis shelils, as determined by acetate peel
examinations of longitudinal -valve sections (x: 6% = 3 mm
shell length) in samples collected.from D3, B2 and (1. x,
average thickness of an annual layer: s, standard deviation.
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Having established the average th ckness of the
annual layers, the following areas of tﬁé nacreous sﬁell
were subsampled: ‘

a-- the top =100 um of the inner shell surface
b;—bthe top =100 um of the outer shell surface, within
1.5 cm of the umbo

I estimated that nacre subsampled. from the outer ;nd
inner surfaces of the §ragonitic shell component was
deposited prior to 1881 ("(ESSI") and during 19384-85
(">1983"), respecti;ely. Lead determinaf;ons from these sub-
sampies suggegt”that ﬁhile no significant chéqges occurred
in mussels collected near the ore 1oaéing facilities in
Dalhousie (D3), spebimens sémpled within Belledune Wharf
(B3) and near the relocated outfall (Cl) displayed
significant temporal changes which coincide with the reloca-
.tion of the smelter outfall (Fig 3.8; data sets Appendix
C.6). The "<(1981" nacre in Belledune musgels contained ~
approximately twice as much lead than the "{(1981l" nacre in
specimens collected af station "ClJ (43.8 and 18.7 ug/q,
respectively). Conversely, lead measurements in recently
deposited nacre (">1983") of these two-mussél populations
displayed an opposite trend.("B2": 19.8 and "Cl": 48.4
ug/g). From the relationship obtained in section é.o: the
’Eissue lead concentration in mussels £from "B2" prior to 1981

was estimated at approximately 510 ug/g. -

[ -



Figure 3.8. Shell lead concentration (ucg/g)
discrete regions of the nacreous shell
edulis. Each value represents
31 (B2 and Cl) analyses. The vertical lines

\\ represent 2-¢ confidence intervals. )
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1.0 LEAD-UPTAKE vs ENVIRONMENTAL LEAD LEVELS
1.1 Sedimentary Componénts

The fesults from this work conform with other
studies on metal uptake by Mytilus edulis in the Belleduné;
Dalhousie region, in that Belleéune mussels sequestered
significantly higher amounts of lead than those collected at
Dalhousie Harbour. Hackniéht (19%9).reported a reduction in
metal bioavailability because of -the anoxic’conditiqns
encountered in Dalhousie sedimgpps,'causgd by the decomposi-
tion of the waste loadings £rom thé pulp and paper mill. He
suggested that the'énoxic regime chéqical?y "forces" much of
the-metéls into relatively ﬁmmobile.fbrms, for exmmple
sulphides. . | -
Q Diving observations in this study revealed that
anoxic surface sediments did occur. in Dalhousie Harbour,
localised near the log boom areg.uThe transparent acrylic
boxcore used to sample the sediments enabled us to measure
the thicknegs of the surface oxic layer in situ. While this

-

layer was thinner than in the sediments collected in \\\_

87

L.
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- Belledune, approximateiy 15 and 50 mm thick, respectively:
it was present in all of the sediment samp1e§é Fergus§gp
(1983) suggested that lead compoundé from smélter efflﬁént
may display a higher biocavailability because they were
labile or weakly complexedT~The results from the bivariate
analyses (chapter 2, section 6) suggested that other sedi-
ment components could affect/control the biocavailability of
lead. \ ﬂk\\\\_//,\ |
Any sequential extraction procedure will unavoidably
suffer from a certain lack of selecéivity, as been shown
‘fheoreticafly (Sigg et al., 1984) and experimentally
(Tessier et al., 1928: Rafin and Forstner, 1983).°
Futhermore, if chemicgl extractions of oxidized sediments
are to be meaningful, preservatiop of extractable charac-
teristics between the time of saﬁple collection and sémple -
analysis will be an imbortant cphsideration. In the past,
problems of sample handling have S;en recogn{;ed (Luoma and
Bryan, 1981), but most often, the time ané method of sedi-
ment ;torage before extraction.were not mentioned despite
the fact that many types of sample storage may result in
changes which would greatly alter the chemistry of the
sediments (Luoma and Davies, 1983). In an extensive study on
sthe effects of dIifferent methods of storing oxidised sedi-
ment samples, Thoéson et a1.(1980) éoncluded fhat freezing

was the best method of preservation when a variety of

extractants are to be used.
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The lead levels iﬁtﬂytilus edulis were best related
to the lead obtained in fraction 2, "lead bougg to
carbonates”. This conforms with Macknight and Schafer
(19805 who studied the bicavailability of sediment-bound
metals through the use of weak acid and organic leaches.
They considered metals releaé;d by the former to be the most
”bio—availéble and observed ‘that 13% of the sediment-bound
r.lead was released with the weak acid leach as compafed to
only 2% with the organic leach. In a stuéy of_an estuary
undergoing lead contamination, Puréhase and Ferguson (1986b)
noted the following lead species in a sediment profile:
PbCO5, PbSO4, PbS and Pb metal. They observed that the
carbonate dominated.nea: the top {i.e., oxic sediment léyef)
and the sulphide fbrﬁ/near the bottom of the profile (i.e.,
anoxic sediments). _

Normalizing the lead obtained in fraction 2 with the
total sulphur in the sediments essentially reduced the
contribution of éulphide—bound_leaq, fhereby further .
improving the relationship (Fig. 3138). This process essen-
tially served to "pull—-in¥ the two data points, RIKI and D3,
closer toithe gqural relationship (Fig._3.35. Mussels from
"these two sites eontained comparable amounts of lead
whereas thé lead levels in the sediments differed by an
order of magnitude. This is exblained by the fact that RIKI

mussels were mainly exposed to organic-lead species, for
A

example alkyl—- and methyl-lead, considered to be much more

<
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blologically available (Schmidt and Hubert, 1976; Wong et
al., 1978; Chgu and Wong, 1978). Conversely, D3 is nearest
to the ore loading facility and its sedimen; should contéin
a larger amounts of the less available sulphide-bound lead
(Ray et al.., 1981). ' - —

| "These findings differ from other studies which
suggested a "pfotective" or "competiti;e" role for iron in
,the process'leadgqg to the accumulation of lead (Lqpma and
Bryan, .1978; Tessier et al., 1984) and arsenig (Langston.,
1980). This may be related tg the lower sulphur contents in
the sediments iﬁ these studles. Except for one statroﬁ, the
‘ sedimenp_;ulphur iébels reported by Tessier et al1.(1984)
ranged in ?etwéen 0.03 and 0.07%---the sglphur 1evefg were
not repérted in the two other studies. Futhermore, Tessier
et 21.(1982) suggested that metals obtained in fraction 2
were predominantly those specifically adsorbed on iron
oxides. The gradients of iron concentration within the
.sediments were greater in these.studées. By way of example,
Luoma and Bryan (1978) observed that the amount of iron
extracted from the sediments with weak acid (1N HCl) varied

by an order of magnitude.

1.2 Total Phosphorus
Although the steps previcusly discussed. improved the
correlation between lead lévels in ﬁussels and the environ-

ment (i.e., sedimentary)., it did not correct for an

//,/'
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f’anomalously low lead 1evel~meashred in mussélgfcollecﬁed_a;
B3. Despite the high sediment lead levels at this site,
twice as high than the other Belledune sediment samples, B3
mussels coritained half as much lead than bivalves célleéted
from the other Belledune sites (Table 3.9). The
exceptionally high phbsphoru; level also associated wiih the
B3 sediments (Table 3.2) may provide further insight into
- -this problem.

The effeéts of the coexistence of\igveraL metal

K, -

pellutants on the uptake pE any éingle metal by an organism
are difficult to study because of the large number of me;alx
qgmbinations and biological responses possible. Most éf the
étudies deéling with this problém in bivalves focus on
antagonistic and/or ;ynergistic effects émong t;ace metals
(Roosenburyg, 1969; Romeril, 1971; Jackim et alfi 1977; Ray
and McLeese, 1983; Hemelraad et al.. 19853. Although iﬁ has
been reported more than 45.years ago (Shields and.Hitchelll
1941) that the ingestion of phosphorqs reéuces thg
absofption of lead in:an%yals, this relationship seems to
have been ignored in mar;ne environmental studies.
Jawrowskil et al. (1985) observed that the lead
levels in bonés from cows were approximately 5 times lower
than thé bonefféad levels in wild deer_}n the neigh?oring
area. They suggested that the addition of mzneral mixe§

containing calcium d phosphorous to the fodder of the cows
raining 3 ,

probably decreased the absorption of lead from their alimen-
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tary tract, so that their bone lead level was "artificially"

lowered. Similarly, Quaterman et al. (1978) reported that

the uptéke of lead from the dietgin laboratory rats was

'_f

reduced by about half when either dietary calcium or
phosphate orfﬁoth.was doubled. It is conceivable that the
increased level of phosphorus may have reauced the uptake of
lead in the mussels at site ‘B3.

I
1.3 Suspended Particulate'Matter‘ ! o

The mechanisms previocusly discussed occur at the

.‘(

sediment-water interface and may conceivably affect or

-

control the partioning of metals in the water column (Hen,
1877). The SPM ;ay a;;o represent an important source of
lead contamination. ) .

< In f%eld experiments using a large benthic mesocosm
(i.e., Bremerhaven Caisson; 13 m? sediment area and 13 m3
trapped water column), Schultz-Baldes et al. (1983) demonst-
rated that lead was preferably adsorbed ontec seston par-
ticles (50-70%). Only a moderate enr}chment,.about 3% of the
total lead added, was measured in the top 3 cm of the sedi-
ment. Tﬁe fauna attained much higher accumulation factors
than the sediment. Lead uptake rates could be placed.in
o;der according te the feeding types, in whichrthe filter-
féeders (i.e., Mytilus edulis) were placea first. -

In a similar study, Loring and Prosi (1986) also

demonstrated that 85% of the cadmium injected into the

e

-
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caisson remained in the soluble phase‘whereaé 90% of the
lead ;as transferred to the particulétg phase: Lead was
renriched relative to cadmium by a factor of 2 in Hyti}us
edulis degéite its low levei in the dissolved phase. Ihis
conforms with the findings of Schultz-Baldes (1974) who
demonstrated that the lead ue}ake by Hytiigs'edulis from
solution_aiqne or food (aigaé) alone opcufréd at a similar
rate when expoéure concentrations were the same. fhe uptake
of lead from foSG was sugggsted.to be the more important
route in the envfronment, as concentrations of lead in

o
seawater are generally very low,.

Prosi (1983) criticised this work becausé of the -
"unréalistic" lead levels in the food source (i.b..‘SOO
‘ug}g. dry weighf). The lead uptake rate in Mytilus edulis
measured bydﬁchultz—Baldes et al. (1983) in the fie{é
héwevef,-agreed well with those obtained in the laboratory
Hy Schultz~Baldes (1274Y,. Futhérmd%e, the lead levels in the\
food source of tﬁis latter study were within the range of
the SPM lead levels measured at Belledune (Tgble'ﬁfs).

3 significant correlation (r: Q.S?O,'SS% level of
confidence) éxisted between lead ;evels in mussels &nd the
SPM. Considering that the method employed to analyse the
lead fétally disgolved the particulate phase-(éantala and

Loring, 1977), this relationship is exceptionally strong.

Had a weak acid leach {e.g., acetic acid) been emploved, an
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even stronger corre;aéion might have been obtained (Rantala
and Loring, 1985). -
Leadllevels decreased significantly withﬁincreasing

distanceyfrom the source of contamination, from station C1l

- to C2. A similar observation was reported (Ward et al..

1986). in which lead and cadmium levels in biota and sedi-
ments were shown to decrease exponentially with increasing

distance from a lead smeltér. !

2.0 LEAD LEQELS in SHELL COMPONENTS
2.1 Per;ostrécum

Lead .levels measurea in the periostracum-we;e always
ﬁuch higher th;n thosé detected in the shells. Westbroek

(19833 reporteé that-the periostracum can readily adsorb

~large amounts of trace metals. Sturesson (1976, 1978)

oﬁsefved that 75% of the lead and 78% of the cadmium in the
sbell.of Hytif&s edulis wefé adsorbed onto the peridstracum.
%hé periostracum of molluscs has been the subject of
numerous reviews. Wilbur and Simkiss (1968) discussed the
émino acid composition. Protein is the major constituent of
the ‘periostracum. DOPA (3,Q—dihydroxyphenylalaniné} is an o-
diphenol which serﬁes as a precursor in the formation of the
per}ostracum. DOéA was detected in the periostracum as an
integral part of the protein (Waite, lé83). 6—Di§henols are
cépable of chelating various metals with their vicinal

s

aromatic\hydroxyls: Waite (1983) suggested that this

Y

N
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property of O0-diphenols may contribute to sclerotization of
mol}uscan proteins by fostering a passive mineralization |
resulting from a selective_sgqqestration of métals‘from
seaﬁater. | ‘

~ ‘ ‘Lead analyses of the periostracalfhaterial sampled
from three differen% regions of the shell revealed that lead
levels increased significantly in the older éortions of the
periostracum, énterior shell margin towards the umbo (Table
3.8).-Stures$on f1976) also observed this and suggeéted the

. two folléwing explanations:

10 The newly formed periostracum i%_exposed to the lead
lfon a relaéively-shorter time than the.olderAparts,
and is therefore less enriched.

20 There are differences in the physical and chemicai
composition within the periostracum which ;;y give
rise toc new bindiné sites for the lead ion. .

While both'mechanismé may apply. the latter may best
explain the temporay'}gcrease-of lead levels. The tanning of
the periostracum ié;dié of Ehe processes leading to changes
in its chemical composition (Dunachie, 1963). The chemical
changes pertinent to this study were an increase of cystine
and sulfhydryl compounds during sclercotization ¢f the perio-
stracum (Roston, 1960). Lead (II) is a B—typé metal catibn
and coordinates preferentially with bases containing iodine,

sulfur or phosphorus as donor atoms (Ahrlands et al., 1958).

Shell trace metal analyses are unpopular in
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monitoring studles because it is commonly believed ﬁhat
metal uptake by shells is controiléd by passive adsorption
mechanisms. Hork§§?y Romeril (19?;) énd Keckes gt ai. (1568)
are thg studies most frequently referred to concerning this
subject. I have included the Eoll&ﬁing example to illusfrate
the misconception of metal uptake in shell. In a review
dealing on héavy.metﬁl uptake by aquatihigigif>sms, Prosi
(1983) writes: |

Romeril (1971) found that the uptake of *2n in

the shell of Ostrea edulis increased with the -
addition pf Fe and Co; a linear uptake of *%Zn in
soft organs was however suppressed. In investiga-
tions on the enrichment and desorption of *%Zn,
Keckes et al. (1968) found that the uptake of *%2n
by the shell of Mytilus edulis is not greatly
affected by biologic mechanisms. Therefore, mussel i
shells—-—--and thereby probably{all mollusc shells--
are notft suitable as blo-indicators.

Prosi (1983) postulated that a passiée-uptake occurs by

i ——
M

mechanisms of physico—chemicél adsorption. Although the
studies by Keckes et al. (1968) and queril (1971) provided
.added insighé on ﬁeta; accumulatién in marine bivalves, both
were primarily geared for tissue analyses as the organisms
were’ exposed to **2n .solutions fqr short periods of ;ime,
generally é_few hours. Futhermore, they failed- to distin-
guish bgtwegg zinc incorﬁorateé within the shell and
periostracum-bound zinc. Hence, what was régerred;to as
metal uptake in the shell 1is chiefly metal ubtake onto the
shell surface!

Mechanical cleaning procedures of the such as

brushing the surface under running water (Bryan and Uysal, .
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1978), scraping the shell (Martincic et al.. 1984) and
unltrasonic radiation (Faﬁg and Shen, 1984) may remove the
gitfaneous matééial from the shell, but do nqt remove the- v -
bulk of the periostracum. Taylor et al. (1969) observed'that
the periost:a&um and the‘prismatic conchiolin walls of the
outer calcite layer in Hytilus edulis gere completely con-

" tinuous. The periostracum of this species has bgen shown to
resist digestion by pépsin and trypsin (Stary and
Andratschke, 1925; Brown, 1952) as we11 as dhemicai diséqlu-
tion in a variety of strong chemiéai soiutions including

" concentrated HCl at 550C (Beedham, 1958)! The periostracum

is effectively dissolved, however, in hot concenérated KOH

{Beedham, 1958),sodium hypochlorite (Hunt, 1971) and hot
tetramethylammonium pentahydrate 20% (Y.K.Chow, National
Water Research Institute, pers. comm. 1386).

If trace metal analyses of the beriospraéum are not
foreseen, heating the shell at 4Q§5C may serve as an alter-
‘nate method to remové/destroy the periostracum from the
shell (Purchase and Fergusson, 1986a). This method also has
the advantage of ashrng the'organic matrix within the shell

(Dermdtt and Lum, 1986).

2.2 . Bragonite and Calcite Shell Layers
Although the exact mechanism by which trace metals
are incorporated within the shell has not been clearly

detailed, the mechanism of shell secretion suggested by



108

‘c abter of this work may provide a clue.

Analyses of extrapallial fluid are relatively rare,
partly because the voluﬁes that can be oollected.aré smali
_(Crenshaﬁ, 1972) -and partly'because the interpretation of
the }esults in termg of ionic and_protein bound fractions is
difficult (Simkiss, 1983). Uééa and Fujinuki (1976) observed
that heavy metals occurred at much higher coﬁcentrationé in
the éxtrapallial fluid of mariné and freshwatér molluscs
than in the_surrouﬁding water. By the effects of filtration
and dialysis. they suggested that the metals appeared bound
to phosphorous and sulphate-ions. Kiténo et ai;'(1982)
subseguently repdrted that the extrapallial fluids con;ained
high concentrations of va;ious‘orgénic materials which form,
complexes with heavy metal ions thereby reducing the
activities of heavy metals and decreasing the vélues of
théir apparent distribution coefficients in the extrapailial
fluid. Wheeler et al. (1981) first reported Fhe presence of'
a calciﬁm-binding soluble protein (Ca-BP) in the extrapal-
lial f%uid of bibalves. Samétg and Krampitz (1982) extracted
a Ca-BP from the soluble fraction of the organic matrix in
‘oyster shélls. Krampitz et a1. (1983) repérted that this
"soluble protein consisted primarily of sulfated, high molec—
ular weight glycoproteins some of ghich_selectivély bind
calcium edén in the presence of excgss-amoﬁnts of other

cations.
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Krampitz et al. 11983) suggested that the Ca-BP act
as "vehicles" to tfansport“ga” ions to the active sites of
the organic matrix. It is conceivable that other trace
metals which.display a particular .affinity for sulphur such
as iead, are entrained along'and incorporated within the

N\

shell.wQuéterman (1978} suggested E;at it seems likely that )
Ca-BP transport more metals than had been suppeosed.

Imlay (1982) has noted at trace metals afe‘con—
ceht:ated in the organic-rich pa'p of bivalve shells. Hewitt
et al. (1983). arrived-at é similar conclusion when studying
trace me;al concentrations i& Fephalopod shells. Tbey
observed high iron and zinc levels in the dorsal shield aqé
suggested that tﬁese values correlate with the relatively
high content of‘organic matfer in this part qf.the shell.
Similarl}, Carriker‘et ai. (1980) reported‘that strontium
may have beeﬂ asscociated with the mineral compénént of the
foliated calcite shell layer in oysters (Cra;sostrea
virginica), while cadmium, copper. manganese and zinc were
aésociaﬁed with the organic matrix of the prismatic layer
;hiéh was characterized by "éonspicuously" more organic
matter.

Isomorphic substitution of certain metals intc the
crystal latfice likely does occur as suggested by other
studies (Travis, 1968; Carriker, 1978). If this were the

main mechanism, however, lead with an ionic radius of 131 A¢

(in an 8-fold coordination; Nriagu, 1978) would be expected

+
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to substitute for calcium more readily in the aragonite
lattice than in the calcite, because lead earbonate
fcerussite) and aragonite are isostructuraf (Deer et alf,
1980). Resdlté from the lead anaiyées on the aragonite and
calclte ‘shell éomponents (Tabié 3.7) showed thqt lead levels
were coqsistently‘higher in.the calcite. These results
conform with other studies which demonstrated that lead
levels were approximately 30% highef in the caleitic shell
component of bivalve shells (Harris, 1965; Sturesson, 1976).

The aragonite component however, also contains a
higher percentagé of organic mat;ix suégesting fhat the
grganic matrix in the calcite ﬁgﬁ bind proportiscnally higher
amounis of lead. Weiner et al. (1977) reported that the
individual shell components of a particular species contain
unique assemblages of proteins. Hare (1963) also reported
differences in the amino-acid composition of the shell
_ components in Mytilus californianus.

3.0. Relationship Between Lead Levels in the Tissues and
Shells

Either process, the accumulation of lead in tﬁe
tissues as well as the formation of calcareous shells,
includes a net transfer of specific organic lig;nds from the
living pool of the soft body to metabolically inert metallo-
organic compounds (e.g., metal binding proteins; Coombs and

-4
George, 1878: Schultz-Baldes, 1978 Talbot and Magee, 12978)
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or to the stable structure of shells. The fact\that]lead
~ levels in the shells are geng;aliy.one order of maéq&tude
lower than in the tissues is misleading because shell lead
values are additionally normalized to the weight of the -
~aragonite.

Alfhough the organic matrix accounts for about 3% of
the dry weight of the aragonite shell, its contribution
should not be underestimated. Basing balance calculations on
a mean sﬁell weight/tissue weightxgsfio of 17.8 (Apééndix
D.3), the organic matrix equals 56% of the weight of thé
soft tissues.

Palmer (1983) estimated that thé proauction of
skeletal organic métrix is more demanding metabolic;lly than
the crystallization of calcium carbonate. Borchatdt (1985)
observed that shell growth continued in starved mussel§
while the soft body lost weight. Tanaka et al. (1986) have
subseqﬁently demonstrated that a large percentage (= 50%) of
the carbon in calcareous tests was metabolic carbon. There
must be a considerable potgntial in the soft bodies' metabo-
lism for providing proteinaceous substances to be trans-
ferred ;o-fhé shells.

Tﬁe variability of the shell lead values were
significantly lower than those in the tissue. This is likely
related tec the fact that shell lead values afe associated
with less variable parameters such as metal-complexing

proteins and shell weight. Zaroocgian (1S80Q) suggesteé that
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" relating metal levelé to the protein fractioh of organisms
may reduce metal variability. The lead levels in thg shell _ _
also diﬁplay a strong correlation with'thosé.in the tissues.
It is therefore possible toc estimate lead levels in the
tigsues from shell &nalyses. These two characteristics a
provide a powerful tool in eﬁvironmental studies béﬁause.of
the difficulty in adéquately preserving the original

integrity of metal levels in the tissues (Schmitt and

Finger, 1987).

4.0 ESTIMATION of PAST Pb LEVELS in Mytilus edulis

| Hore importantly, the correlation between the lead
levels in the tissues and the shells provides a means to
estimate past lead levels in the tissues. From the lead
levels measuréd in the nacre laheled "prior to 1981".in B2
mussels (i.e., 43.3 ug/g), it was estimated that thé lead
levels iﬂ the tissues were approximately 450 ug/g. Levague-
Charron (1981) reported that the tissue lead le&els in
mussels éollected from the same vicinity in 1980 were 50
ug/g, wet weight. When converted to a dry weight value of
430;pg/g (Harris et al.,.1979), the agreement was remarkably
good with the tissue lead levels estimated from the shell.
The lower lead levels detected in the nacre labeled "past
1983" from Ehe'same specimens (i.e., 719.8 Hg/g) sgggeét that
the lead contaminpation within the harbour has decreased 4

since the relocation of the smelter outfall. Hildebran
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£1984) reported that cadmium, zinc and lead levels in
mussels collected within Belledune Harbour decr€ased after
the relocation of the outfall.

Unfortun#tely, data relating to lead levels in Cl

mussels prior to the relocation of the outfall were not

- available. From the shell lead analyses, the tissue lead

levels of these mussels were estimated at 205 ug/g.

- Considering this station's proximity to Belledune Harbour

and the circulatidn pattern in this region, southerly
flowing currents,.this estimation seems quite-plausible.

- Fang *and Shen (1984) suggested that metal levels in
the shell decregsed with age making it diéficult to
reconstruct thé history of contamination. Their study con-
sisted of doing point-count analyses by SEM coupled with an

X-ray energy dispersive analyzer, along the outer surface of

‘a clam shell (i.e., Meretrix lusofia). They observed that .

relatively high metal levels (i.e., 5, Fe., Cu and 2n)

decreased exponentially as they moved from the ycunger

portion of the shell (ventral shell margin) toward the older

-part of the shell (umbo). This observation was misleading,
s

however, as they only focussed on périostracum—bound metals‘
and neglected to congider the extent of the periostracal
covering. Other studi;s suggested that elemerds incorporated
in the sﬁells‘would only be removed by dissdiution or dif-

fusion, the latter occurring too slowly to change the con-
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centrations significantly after incorporation into the shéll
(Dodd, 1966; Sturesson, 1978; Donner and Nord, 1986).

Recent studies have'demonétrgfed that t:ace metal
analyses of mo%luscan shells are useful in reconstructing
the environmental history over the past hundreds (Carell et
alj, 1987) and even thousands of years (Bourgoin, 1987b;
Bourgoin and Risk, 1987a). Through inétrumeﬂtal neutron
activation aﬁalysis (INAA) on the shells of freshwater .
mussels (i.e., Margaritifera margaritifera), Carell et al.
(1987) measured fhe elemental concentrations of various
metgls datiga from 1860 to 1§85. They observed that silﬁer,
gold, iron an@ cobalt decreased while manganese and sulphur
increased sincel1946 and attributed this to the acidifica-
tion of the water, probably b%.éé;d rain. Bourgoin and Risk
(1987a) demonstratgd that theJtemporal increase of lead
contamination observed in the Greenland Ice Sheet (Herron et
al.} 1977) 1is also reflected in Arctic marine bivalve
shélls.

Shell trace metal analyses, however, may not equally
be applied to all metals or bivalve species. Bourgoin and
Risk (1987b) have observed that although the Aréticir

’ : ‘

' L4
propeller clam, Cyrtodaria kurriana, sequesters relatively

high amounts of vanadium in its tissues (i.e., 25 ug/q9),

'this metal was not detected within the shells. Whether this

was related to the particular behaviour of vanadium or to

the bivalve species studied remains to established.

-

-
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5.0 CONCLUSibN

Lead levels in the periostracum were about two
orders of magnitude highef than in the shell mateﬁ}ayﬁ
Temporal variations of lead levels in the periostrécum were
probably related to biochemical changes within this layer

(the tanning process) rather than to variations of

-

environmental lead levels. Pag;ive physico—chemical adsorp-
tion of lead seemed to have been. the main mechanism of
uptake.

The highést total lead concentrations were measured
in the ﬁediment samples ng@r the Belleduneférea, féilowed by
tgose'collectedrat Dalhousie Harbour. Lead levels determined
}n sediment samples from Rimouski and Negro Harbour were
significantly lower.’ |

The lead levels in the nacreous shell layers were

correlated (r:0.966) with those in the tissues and in both

-cases showed no relationship with mussel size. The

variability of the lead concentrations in the shells was
significantly lower than in theytissues (17 and 40%, reépec—
tivelyi. The highest and lowest tissue and shell lead con-

"

centrations were measured in mussels collected near
Belledune Harbour and Negro Harbour. Mussels sampled from
Dalhousie Harbour and Rimouskl sequesteréd comparable lead

levels.
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The lead concentration in the mussels were closely

5
related (r:0.881) to the lead obtained fxom the second

fraction of the-séduential ;itraction, operationally defined
as "lead bound to carbonates". This relationship was further_
improved (r:0.956) by normalizing the 135& levels obtained
in fraction 2 with the sulphur concentrations in the sedi-
ments. Regression analysis suggested that the forms of lead
encountered at Rimouski were more bio-available than those
ét Dalhousie Harbour. Ca

jal
The sedimentary lead concentrations at station B3 in

\
Belledune Harbour were twice as high as those from the other
Belledune stations. Tissue &hd shell lead levels in- mussels
sampied at B3 however, were significantly lower than those
measﬁred in mussels from ﬁhe‘other stations. The high
phosphorus concentration in the sediments at B3 (1.33%) may
have suppressed,.the lead uptake in musgels from this site.

Significant changes of lead conceﬁtrations wiphin
the nacreous sgglls of mussels collected near Belledﬁne
Harbour coincided with changes in environmental lead con-
centrations due tc the relocétioﬁ of the smelter outfall.

.

Althgugh the results from this study are promf%ing,
much work remains to be éone wifh respect to shell trace
metaL,analySes and environmental contamination. While some
problems have been clarified, many others remain to be

~answered. Among these are:

10 To what extent can the trends observed in this study
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be applied to other non-essential metals, for example

cadmium, me% . }
20 Would essential me s. particularly ceopper and zinc,

behave 'in a similar fashion?

o

3¢ BAre the mechanisns invélved with the metal

-

‘fracti?nation between the éhells and tissues species
specific (i.e., Hytiius edulis) or would it equally
apply to othér bivalve species?

40 To ‘what extent does éhe phosphofus in the enviroﬁﬁent
control the uptake of lead and other metals in
organisms. -

In gpite of this, this work has demonstrated the
usefulness of Hyfilus eduli; shells relating to-
environmental contaminaéion of lead. Many problems related
to the collection-and analyses of the biota (some o% which
are unsurmountable) are—;y—passed through chell analyses.
The writer does not advocate the sole use of shells-ih
impact studies, but suggests rather that effectively
combined .with tiss;e analyses may render a more ccomplete
picture. The shell trace metal analyses' greatest power

illustrated in this study lies in their ability to estimate

past levels of trace metals.
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APPENDIX A.1 . ,
Coefficients of variation f£rom sediment metal
, ‘determination by X-ray fluorescence

-

s - o . MAJOR ELEMENTS
o S (%)

- TRACE ELEMENTS
{(ng/gl

Ni Co Cr v Zn Cu Pb

- 52 13 115 89 1120 4] 700
44 12 101 86 1030 45 633

58 15 12% 94 1221 37 765

60 12 107 81 - 1266 36 750

46 11 119 ‘90 1053 40 £78

X: 52 13 113 88 1138 40 705

s: 7 2 410 5 103 4 54
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STATIONS

D4

D5

De

D7

D8

DS

Bl

B2

B3

B4

EEL

RIKI

NH

APPENDIX A.2
Average drying coefficient

WET MUD DRY MUD

4,4364
3.5868

2.9989

7.7011
4.1714
6.7036
2.7243
2.0855

- 3.9199
1 2.8351

2.0744

3.9564
2.9007

1.9332
3.6583
1.8433
2.9058
4.3395
3.6850
4.7888
4.5227
3.6795
4.1868
4.4730
3.593%
4.1967
4.6830
4.1042
4.7608
4.4534
2.2997
1.7586
2.0532
3.4813
3.3615
3.5540
3.5367
3.1893
4.3606

 0.8865

0.6364
5.7550
6.1704
5.8352
5.6212
3.7444
7.0867

DRYING'
COEFF
{del

AVG
DRYING
COEFF

0.52

0.861

drying coeff.=

ry mud (g) + wet mud (g)

—



-Dry weight estimation of the sediment samples

APPENDIX A.3

AVG ESTMTD  SED.

STN SAMPLE MOIST DRY. DRY © Ho0
ID MUD  COEFF WEISHT CONTENT

@ .. ‘ Q) (ml)

D1 .1 3.3¢4 0.58 1.94 1.40
.2 2.65 ' 1.54  1.11 -

p2 .1 2.3§;;-0.s1 1.42  0.91
.2 2.01) 1.23. 0.78.

D3 .1 4.35 0.52 2.31 2.05
.2 3.61 1.91  1.70

D4 .1 3.49 0.53 1.85 1.63
.2 3.97 2.10 1.87
DS .1 4.16 0.53 2.2t 1.96
.2 3.29 1.74 1.5S

D6 .t 3.62 0.S3 1.92 1.70
.2 3.63 1.92  1.71

D7 .1 3.01 0.60 2.41 1.€0
.2 3.88 2.33 1.S5S
D8 .1 3.68 0.61 2.25 1.44
.2 $.50 2.75 1.76

D9 - .1 3.41  0.61 2.08 1.23
N2 3.16 2.54 1.67
B1 .1 3.73 ©O.60 2.84 1.89
.2 3.55 2.13 1.42

B2 .1 3.24  0.50 1.62 1.62
.2 2.10 1.55 . 1.55

B3 .1 4.09 0.55 2.25 1.84
.2 4.56 2,51 2.05

- B .1 3.86 0.5¢ 2.08 1.78
.2 4.27" 2.31 1.96

EEL .1 2.33  0.52 1.21  1.1Z
.2 2.01 1.05  0.97

RIKI .1 3.88 0.€6 2.56 1.32
.2 3.04 2.01 1.02

NH .1 3.24 0.61 1.98 1.26
.2 2.99 2.43 1.56

estimated dry weight= moist mud x.average drying coefficient




APPENDIX A.4.1

‘The dilution factor for all S Fractions has been calculated by’
the following formula:

(Vol. Of HoDusieens + Vol. of Extractant) + Sediment Dry Weight

any

FRACTION 1
Di.1 (1.40m1 + 8.01ml) + 1.98 = 4.85 ml/q -
D1.2 (1.10ml + 8.35Sml) + 1.54g = 6.14 ml/q
D2.1 (0.91ml + 8.10ml) + 1.42g = 6.35 ml/g
D2.2 (0.78ml + 8.00ml) + 1.23g = 7.14 ml/g
D3.1 (2.05ml + 8.02ml) + 2.31g = 4.36 ml/q
D3.2 (1.70ml + 8.58ml1> + 1.91g = 5.38 ml/q
Ds.1 (1.64m} + 8.31ml) 1.85g = 5.38 ml/g
D4.2 (1.87m1 + 8.70ml) + 2.10g = 5.03 ml/g
DS.1 (1.95ml + 8.00ml) + 2.21g = 4.50 ml/g
DS.2 €1.55ml + 8.00ml? 1.749 = S5.49 ml/g
D6. 1 (1.70ml + 8.02ml) + 1.92g = S.06 ml/g -
D6.2 7 (1.71ml + 8.85ml)> 1.92g = 5.50 ml/q
' D7.1 (1.60ml + 8.02ml) + 2.41g = 2.99 ml/g
D7.2 (1.SSml + 8.00ml) < 2.33g = 4.10 ml/g
D8.1 (1.43ml + 8.03ml> 2.25g = 4.20 ml/qg
D8.2 €(1.75ml + 8.00m1) = 2.75g = 3.55 ml/q
D3.1 (1.33ml + 8.00ml) + 2.08g = 4.49 ml/q
D3.2 (1.62ml1 + 8.10ml) < 2.54g = 3.83 ml/q
Et.1 (1.89ml + 8.03ml) + 2.84aq = 3.49 ml/g
B1.2 (1.42ml + 8.00ml) + 2.13g = 4.42 ml/g
B2.1 (1.62ml + 8.46ml) < 1.62g9 = 6.22 ml/g
B2.2 (1.5Sml + 8.81iml) + 1.55g = 6.68 ml/g
B3.1 (1.84ml +10.04ml)> + 2.25g = S5.28 ml/g
B3.2 (2.05m]1 + 8.G2ml> 2.51g = 4.01 ml/g
B4, 1 (1.78ml + 8.03ml> = 1.78aq = S.S! ml/g
B4, 2 (1.96m1 + B8.54ml) 1.96g = S.36 ml/g
EEL. 1 (1.12m1 + B.00ml)> 1.21a = 7.5%4 ml/q
EEL.Z (0.97ml + 8.27ml) + 1.0Sa = 8.80 ml/g
RIKI.1 (1.32m1 + 8.00ml) + 2.56g = 3.6% ml/g
RIKI.Z (1.03ml + 8.03ml)> + 2.01ag = 4.51 nl/g
NH. 1 (1.26ml + 8.00ml)> 1.98g = 4.68 ml/q
NH. 2 (1.56ml + 8.42ml) + 2.43g = 4.11 ml/g



Di.1
D1.2

D2.1 -
pz2.2

D3.1
D3.2

- Da.1

D4.2

DS5.1
P5.2

D&. 1
D6.2

D7.1 .
D7.2

D8.1
D8.2

"DS. 1
D9.2

Bl.1
B1.2

k2.1

B2.2

BZ.1

B3.2

Ba.1
Bs.2

EEL.1
EEL.Z

RIKI.1
RIKI.Z2
*

NH. 1
NH.2

APPENDIX A.4.2

(1.40ml
{1.11ml

(C.91ml

(0.78ml’

(2.05ml
€1.70ml

. (1.64ml

(1.87ml

(1.93ml
(1.55ml

(1.70ml
(1.71ml

(1.60ml

€1.55ml

(1.432ml
(1.75ml

(1.33ml
(1.62ml

(1.89ml
(1.492ml

(1.82m)
(1.55ml

(1.849ml
(2.05ml

(1.78ml
(1.96ml

(1.12ml
CO.I7ml

€1.32m]

(1.03ml

(1.26ml
(l1.56ml

FRACTION 2

+ 9.01ml) + 1.94q
+ 9.00ml) ¥ 1.S4g

+ 9.25ml> + 1.
+ 9.00ml) + 1.

+ 9.321ml) "+ 2.31¢g
+10.82ml1) -+

+ 9.09mly -+
+ 9.17ml) -+

+ 9.02ml) - 2.21
+11.08ml) ~—

A.00ml) = 1.9
9.02ml) = 1.9z

+ +

+ 3.45ml) - 2.4
+ 9.62ml) - 2.3

+ 9.22ml) + 2.2
+ 9.18ml) +— 2.7

+ 9.08mly - 2.08g
+ J.14mly + 2

+ 9.00ml)y -
+ 9.02ml) -

+ 9.12Zml)
+ 9.60ml) =

+ 9.00ml) + 2.ISg
+ 3.00ml) =

+ 9.00ml» + 2.56a
+ 9.00mly + 2.0l1g

+ 9.02ml) =+
+ 9.31iml) ]

N\

non [ ||

It I hu non nH i I nu nou [/ .

i

ml/qQ
ml/q

ml/q
ml/g

2-.ml /g

ml/qg

il /g

_ ml/q

ml/q
ml/q

ml /g
ml/q

ml/q
ml/qQ

ml /q
ml/q

ml/q
ml/g

ml/a
mi/qg

ml/q
ml/q

rml /g
ml/q

ml/q
ml/q

ml/a
ml/g

ml /Q
ml/qg

Y ml/g

ml/q
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D4.2

D3.1
D5.2

D&.1
D6.2

‘D7.1
D7.2
D8.1
D8.2

D3.1
D3.2

EB1.1
B2

RZz.

B2.2

T E3.1

B3.2

Eg.1
Ba4.2

EEL.1
EEL.2

RIKI.1
RIKI.Z2

NH. 1
NH.2

APPENDIX A.4.3 -

R

(1.40ml"

(1.11ml

- (0.9l

(0.78ml

(2.05ml
(1.70ml

(1.64ml
(1.87ml

(1.95ml
(1.55ml

(1.70ml
(1.71ml}

(1.60ml

(1.55ml.

(1.43m}

(1.75ml

(1.33ml
(1.62ml

(1.89ml
(1.32m}

(1.682ml
(1.55ml

_ (1.84ml

(2.05ml

(1.78ml
(l.96ml

(1.12ml
(0O 7ml

(1.32ml
(1.03ml

(1.26ml
(1.56ml

-

+

4+

+

+

+ +

+ +

+

+-
+

9449
S4q

42q
23qg

Slg
9lg

25g

Sig

78g
‘36q
ng
03Sq

S56q
Glg

FRACTION 3 -
20.02mly = 1.
20.43ml) 1.
20.00ml> 1.
20.00ml) 1.
20.32ml) <= 2.
20.56ml) = 1.
20.$2m1) 1.
21.06ml) 2.
20.77ml) = 2.
20.00ml) 1.
20.00ml) = 1.
20.26ml) 1.
20.09ml) 2.
20.04ml? 2.
20.00ml > 2.
20.24ml) + 2.
21.00ml»> 2.
20.00ml) 2.
20.00ml? 2.
20.00ml > 2.
20.74ml) 1.
20.44ml ) 1.
20.02ml) 2.
20.01ml) 2.
22.60ml) 1.
20.25ml > 1.
21.38m1) + 1.
20.00ml) 1.
Z20.02ml1) 2.
20.00ml ) 2.
20.00ml ) 1.
Z20.81ml2 2.

nn i n nn I

noH

12.14
10.92

10.28

12.39

11.30
11.4%

9. 00
9.27

9.52.

8.00

10.74
8.51

7.71
10,06

13.80
14.19

9.72
8.79

13.70

11.33

18.60

19.97

-B.34
10.46

10.74
9.21

ml/g
ml/q

mlisg
ml/q

ml /g
ml/g

ml/q
ml/g

mI/g-
ml/g

ml/g
ml/Q

ml/q
ml/g

ml/gq
ml/q

mil/ag
ml/g

ml/g
ml/g

ml/q
ml/q

ml/q
ml/qg

ml/q
ml/g

ml/g
ml/q

ml/q-
ml/qg-

ml/q
ml/q



Di.1
Di1.2

D2.1
Dz.2 -

D3. 1
D3.2

D41
D4.2

DS. 1
D3.2 -

D6.1
De.2

D7.1
D7.2

Rq.1
B2

EEL.1
EEL.2

RIKI.1
RIKI.Z

NH. 1
NH.2

///{/APPENDIX A.d.4q

(1.40ml

(1.11ml

(0.91ml
(0. 78ml

(2.03ml
(1.70m}

(1.649ml
(1.87ml

(1.95ml
(1.55ml

¢f.70m1
(1.71ml

€1.60ml
(1.35Sml}

(1.493ml
{1.75ml}

(1.33ml .

(1.62Zml
g
(1.89ml
(1.42ml
(1.682ml1
l.55ml

{1.84ml

;(?.OSml

(1.78ml
(i.36ml}

(1.12ml
€0.37ml

(1.32ml
(1.03ml

(1.26ml

(1.36ml

FRACTION <

+
+

+
+

-

20.00m1)
20.02ml )

20.00m1 >
20.68ml)

20.00ml)
21.25ml)

20.09ml)
20.35ml)

20.88ml1)
20.61ml )

20.00ml?

. 20.00ml )

21.34ml )

“2Q . 69ml

20.09ml?
20.02ml)

21.92m1)
20.35ml)

21.10ml)
20.12ml)

21.46ml)
20.00mi)

20.00ml)
20.00ml1)

20.00ml ) <

25.50ml)

20.12ml)d

20.00ml) =

8

20.21ml)
20.00ml

21.42ml)
Z0.00ml

1ok

i It n

un ok

(1A

I n mn nn nn inn

o

nol

11.03
13.71

14.73
17.45

9.55
12.02

11.75

10.58

10.33

12.73

11.30
11.31

ml/q
ml/g

ml/q
ml /q

ml/q
mi/g

ml/q

ml/q -

ml/aq
ml/g

ml/aq

ml/q

S2 ml/q

ml/g

ml/aq

" mlJ/aq

ml /g .
ml/q

ml/q
nl/g

ml/a
mil/qQ

ml /g
rml /q

ml/q
ml/q

ml/q-

ml/Qq

ml/q

ml /q

ml/Qq
ml/qQ



Di.1
D1.2

D2.1
p2.2

3.1

D3.2

‘D41
Dd.2

DS.1
D5.2

D6. 1
D6.2

D7.1
D7.2

D8.1
D8.z
D3.1
D3.2
El.1
BL.2

BR2.1

e 3.1

TLoB3.2

. 1
B4. 2

EEL.1
EEL.Z

RIKI.1
RIKI.Z2

APPENDIX A.4.5

(1.40ml
.Cl.l1ml

(1.91ml

--{Q.78ml

(2.05ml .
(1.70ml

=L E9ml

(1.87ml

(1.95m],
(1.55ml

(1.76ml

(1-.71ml

(1.60ml
(1.55ml

(1.43ml
(1.75ml

(1.33ml
(i.62ml

(1.89ml

- \\(1.42m1

(1.62ml}
¢1l.55ml
(1.84ml
1(Z.05ml

(1.78ml
(1.96ml

(1.1Z2ml
(0.37ml

(1.32ml
(1.03ml

(1.26ml
(1.56ml

.

FRACTION S

6.32m1)>

. 22ml )

&.00ml)
6.01ml>

.6.68ml)
7.93ml)

6.54ml)

6.03ml)

. 6.00ml)

&.00ml>

&.00ml)

6.00ml)

6.07ml)

6.27ml)

6.86ml)

&.00ml) =

7« 05ml)
6.13ml>

« 2Eml)
6.19ml>

65.00ml)
6.16ml)

6. 00ml >
6.00ml>d

7.00m1)
£.92ml)

6.00mi)
&.01ml)

6.00ml
&.64ml)

€.5%9ml)
6.71ml)

1.94qg
1.62g

1.42g
1.23g

n

hn

inn ([N} ([} il ([}

nwon nn

n

'3.98
4.75

4,87
5.52

2.78
5. 04

G.42

-3.79

3.60
+.34

4,01

.02

2.18
3.36

ml/q
ml/q

ml/q
ml/g

nl /g
ml/ag

&
ml/q
ml/g

ml/g
ml/q

ml)g

ml/q

ml/q
ml/q

ml/g
ml/g

ml/q
ml/q

ml/q
ml/q

ml/q
ml/q

ml/Q
ml/q

ml/q’
ml/qg

ml/q

ml/q

ml/q
tnl /q

ml /g

3 ml/g
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APPENDIX A.S

| COEFFICIENTACF YARIATION OF SEQUENTIALLY EXTRACTED METALS

MCF1Y _ . MOF2) ' M(F3)
.. ' L X %o
SITES Fe - Mn "Pb Fe Mn Pb Fe Mn  Fb
Dt : 16% t14% “ 4% 6% 107 - 9% T4 16%
D2. - . 4% 10% . © 3% 5% 1S%- 3%  S% 1%
D3 3% 9% . X i & A A A 14% 117  16%
D4 3%  S% .o 6% 11% 10% : 7% 9% 1%
‘DS _ 74 8% - 10% 7% 11% ) 3% 10% 16%
D6 74 16% 4% 16% 4%  B% 13%
D7 104 7%, 9% S% 10% : 4% 12% 19%
' D8 132 74 S%Z 1274 6% 14% 74 15%
D9 _ 10% L 1Q% 3% 8% 11% 8% " S% 7%
-~ EBE1- : 14%  13% 6% 4% 9% 6% 74 18%
‘B2 - 3% 8% 7L 8% 11% 3% S% 1%
B3 ‘9% 15% - 9% 16% _1S% 13% 1&6%  1Z%
B4 9% 13% g 7% 9% 117 8% 11n 14n
EEL : 16%« 124 , - . 4% S% 9% 5% 10% 6%
RIKI . 18% 7L - 8%  S%  14% 3% 7L 18%
*NH B+ AN S% 13% 11% 13%
AVE 9% 1Q% &%  8%. 1% av. 3% " 15%
MCF43) M(FS)
X % %

SITES Fe Mn Pb ' Fe Mn Fb

D1 - . 4% 4% 16% 6% 6%  S%

D2 7% . 14% YA 4% . 4% 2%,

D3 - 4% 6% . 11% 6% 16% 1%

D4 7% 7% 8% S99 1% 10%

DS ' 13% 74 - 6% 7% 10% &%

D6 - 9% 3% 16% 9% 7A 9L

D7 S% 9% . 10% 3% 16%  S%

p8 4% 7L 1S% $% 1174 5%

D39 10% 6% 1z% -~ S% S%  Su- B

B1 ' 7% 8% T4 4% 14% 6%

B2 97 16% 9% 7% 497 S

B3 . . 3% 9L &% 10%Z &% S%

B4 S% 8% 13% . 8% 1S5% €%

EEL : 3% S%  25% 11% 3% 6%

RIKI 2% 3% 13% < 1% 11% 1E% ,
NH © 1174 10% 16% .- 8% 3% 11%

AVG . 74 74 12% €% 117 &%

,xxxxxx"xx:txx:xxxxx:t:t:xx:xxxxx:t:txx:tx:xx:xxxx:x:xxxxx:x:txxxx:mx:a:x FEEFEEERRL LY
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APPENDIX A.6

BEFORE SEQUENTIAL EXTRACTION ‘ ' AFTER SEQUENTIAL EXTRACTION
S102 AL203 MGO CaD Na20 K20 S P205 ‘ Si02 AL203 M6D  fad Ma20 K200 S P2035
- b-.——- e m e ——— i i b i .0 2 e P 0
Dt 72,61 12.31 2.42 0.67 2.00 2,40 0.82 0.22 - DI 80.83 12.23 0.13 0.16 1.32 3.02 < 0.00 0.03
02 72,20 12.67 .42 074 192 229 251 0.22 D2 79.10 13.63 0.18 0.19 1.1 3.22 < 0,01 0.05
3 7110 12,36 2,79 0.58 2,00 2.53 2.47 0.37 D3  80.26 12.62 0,13 40.14 1.22 3.17 € 0.0! .0.05
D4 72,57 1235 2,34 0.65 2.05 2.47 0.78 0.28 D4 BL.BT 12.87 0.13 0.4 124 3.23 (0.01 0.05
By 7287 11,99 2.54- 0.6 2,15 2.91 0.73 0,23 D% - 80.76 12.30 0.13 0.16 1.22 3.02 { 0.0t 0.04
06 71,83 12,33 2,67 0.82 2.0 2,57 070 0.22 06 79.41 13.37 0,17 0.13 1.03 3.46 < 0.01 0.04
07 74.06 12.56 2.4%, 0.68 2.04 2,45 0,69 0.22 7 D7  BL.00, 13.64 0,17 0.13 1.05 3.53 < 0.01 0.04
08 73.25 11,84 2,47 077 2,22 2138 0.68 0.24 08 81.26 11.82 0.12 0.19 .33 2.88 < 0.01 0.04
B9 7179 160 2,37 0,73 2.18 2,33 0.72 0.4 019 79.83 11.38 0.12 0.19 1.3 2,82 ¢ 0.0! 0.04
Bl 70,34 10,98 Z.3% .35 174 2,38 L16 0.58 Bl BL.33 167 013 0,23 . 0.3 2,99 < 0.01 0.06
B2  68.73 11.83 312 4,02 1,95 2.6 LIS Q.82 B2 "B0.40 12.33 0.15 0.17 0.84 3.20 ¢ 0.0t 0.99
B3  88.19 10,5 3.03 5.86 1.74 .21 147 1.33 83 - 8L.§7 L7 0.2 0.23 0.92 2,94 < 0.01 0.09
B4 69.5! 1.7 3.12. 436 1.B3 2.41 1.15 Q.87 B4 B0.93 11,35 0.03 9.21 0.8% 2,99 ¢ 0.01 0.08
EEL 65.16 13.08 4.28 4.89 .29 2.72 .0.%6 0.4 EEL  79.83 13,33 0.25 0.1 0.44 3.01 < .0.01 .03
UKD . 64.35 15,29 3.41 2,42 1.8 4.04 (.39 0.22 RIKI  70.81 17.57 0.92 0.42 125 4.29 < 0.01 0.08
NH 82,02 9.4 0.18 1,7 2,61 1.4 0.5 '0.32 Ni 8444 9,24 0,03 1,33 2,30 L.47 < 001 0.04.
DIFFERENCE BETWEEN BEFORE AND AFTER .
" _—
5102 AL203  M60  Cad %20 X2 S p205
]l e -11 -93%  -7RL  -J41 261 2991 -86I
D2 102 T-93% T4l -431 41y 9%y -7 ‘ PERCENTAGE OF METAL EXTRACTED:
D3 132 2L -95% -7 <33T 25T »99L -Bel _
D4 < 10-931  -78% -39 311 99T -B2Y  conc, after extractions - conc. before extractions
s 1x L -95L TN 431 201 95T -8 . L . _ v 100
D6 111 8L -%41 -797  -50r 351 981 B2
7 91 91 =931 -8 491 44y 981 -8 cont. before extractions
08 MI. ~01 952 -7ST 37X 211 99y -B3Y o
13} 1z =01 =951 751 =375 AU ¥ -8
B 152 62 -961  -941 -dbl 261 391]  -90I N.B.: The value obtaimed is DUALITATIVE and does not
B2 177 71 =981 9% -S7FT 281 991/ -8SY represent the actual percentage of metal extracted
B3 *o20% 6L  -SBL  -9RY 471 331 981 -932
B4 160 -3% =961 -95%  -S1L 0 4% 991 -B81 i.e., POSITIVE valu®s represent elements wnich vere
EEL 201 2 -9 -% I -6BI 11T X991 -931 _ not readily leached during the seauential extraction;
X1 10% 191 -F3r -83r =341 kI FAE )4 -731 NEGATIVE values represent elemeats which were partly
NH . 3T =21 -3 -1 -1 St )99y -ggy lost during the extraction process.



D‘

M

02
B3
04
K]
06
hrg
08
bs
Bl

B2

B3

B4

EEL
RIKI
nH

HH
b2
R
D4
03
I3
07
b8
D3
Bl
82
B3

" B4

EEL
RIKI
M

BEFORE SEQENTIAL EXTRACTION-

Bt Co Cr vV In Qu
54 12 120 88 610 17
S¢ 12 122 90-2310 25
57 18 13 82 1930 27
S5 15 131 91 820 26
55 12 124 B8 S0 17
S 12 120 95 1190 38
S4 13 125 33 70 A
2 12 U7 . 92 65 16
- 53 M 121 85 690 24
49 12 120 95 1190 38
52 13 115 89 1120 41
48 120 106 92 1950 137
S 13 11 94 1M 54
530 12 144 30 146 L4
39 12 82 91 #0524
9 2 27 3 S0 3§
DIFFERENCE BETWEEN BEFORE AND AFTER
Ni Co Cr VvV In Cu
-87% -1 -251 - 6L -98r -7
-850 -92% -26Y I&1 -991 -761
-81% (! -511 51 =981 <1
841 -931 -30r -31 -981 -8I%
-35% =921 -211 41 9%y 71X
-871 -92¢ -201 131 -991 -B7%
-87% -§51 -281 21 -981 81z
-850 -B31 -26%1 7% -9B1 -paY
-871 -93r -261 SI -98r -79%
-B41 -§31 -25% 1 -981 -821
917 =921 -111 211 -99% 851
-B81 -921 -201 121 -991 -96)
-881 921 -201 131 -981 -B31
-891 -831 -321 31 -82L -361
-891 ~B31 -S5r 231 -B2r 791
-9 (1 -48r -381 (1 -50%
"4

APPENDIX "A.7

<

AFTER SEQUENTIAL EXTRACTION

M Co O VvV In Cu.

Bl 70190 93 12 4 :
02 B 1 %0 104 7 6 =
D1l 1 B 87 3 (1

b4 9 t 9% 8 1§ 5

b5 8 t 98 95 13§

D6 7 1% 107 17 5§

07 70293 95 13 4

D8 8 2 8 88 15 6

B9 7 1 % 89 4 5

81 8§ 2 % 102 2 7

B2 8 t 102 108 2 &

83 & ' 85 103 2 3 .
B4 3 !OBY 106 22 B
EEL § 2 ¥ B8 % 9

RIKI 72 18 2 19

NH S O WU U S B O T

PERCENTAGE OF METAL EXTRACTED:

conc, after extractions - conc. pefore extraciions

¢ Do

N.B.:

conc. before exfTactions

The value obtained 15 BUALITATIVE and™ces not
represent the actual percentage of 3etal extragted

1.e,, POSITIVE values répresent elenents which were
not readily leached during the sequentidl extraction:
NEGATIVE values represent elements which were partly
lost during the extraction orocess.
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APPENDIX B.1
p : .

——

Instrumental settingéhfor lead determination
by graphite furnace - atomic absorption spectrometry.

-~

nstrume meters Pb ,
wavelength 283.3 nm
spectral band width - 0.7 mm
light source . EDL
background corrector : ON

) HGA Parameters -

* sample aliguot 10 ul
sample introduced manual
purge gas Ar
gas flow interrupt . ON

3
DRY 1800C (20s)
CHAR 5000C (20s)
" ATOM . -~ 1800°C (13s)

CLEAN 2700°C (3s)



APPENDIX B.2 ‘ ‘

[ -
Reference Materials
’ -
MATERIAL - ' Pb (ng/qg)
Oyster Tlssue (NBS 1566) _ 0.48 §.0.04
This work (> 50 determlnations) 0.55 = 0.10
R Spiked CaC03 (internal standard) R
-~ ICP-MS 14.2 =+ 0.30
= 0.40

- GF-AAS . 14.8

Vaiues-'obtained in this study were compared with

certified values. The 1limits £for the NBS certified
values were equal to the entire range of observed
values or two' standard, deviations (95% confidence
level). The 1limits’ for work reported in this study
refered ‘to confidence intervals for a mean calculated
using the expression: xtsvn; s: standard deviation, t:
value at the 95% confidence level and n-1 degrees of
freedom; n: mumber of determination. .

‘ Control Chart Limits

‘Central Liﬂe X
UCL - X + 35 # vyn
UwL - X + 25 & v ) '
LWL X -2 + vn ;
LCL X

- 28 * vn

(mean 16 sets of measurements)

In this study n represented the number of repetitive
measurements of +the reference sample. The mean was
plotted on the X-chart. Rejection of data occurred when
-mere than 5 percent of the points lied outside of the
warning limits (UWL/LWL) or when values fell outside of
the control limits (UCL/LCL).

"



APPENDIX B.3

QUALITY ASSESSMENT USING REFERENCE MATERIALS

Dajlv-Event Schedule

Calibration - £full expected range
* SRM/IRM ‘ .
Test samples - Group I |,
* Calibratien - midrange point
* SRM/IRM
Test samples - Group 2
* Calibration - midrange point
* SRM/IRM

Test samples - Group N
* SRM/IRM -
) * Calibration - midrange point
_____________________________________ o e o e

*: Decision points
1. Maintain control charts
2. System must be in contrel at decision point
3. At least 2 groups:
~-— maximum of 10 samples per group
-— minimum of 1 reagent blank per group
q. At least 2 SRM/IRM measurement should be made each
seguence/day.



APPENDIX C

_ ) -

LEAD DETERMINATION DATA iN BIOLOGICAL MATERIAL

. £ _
' sample code: D1-6.1 g
Dl: sampling station
| & : bivalve size class (cm)
\ .1: bivalve identification No.



APPENDIX C.1
Dalhousie mussel samples

SITE - SHELL TOTAL TISSUE SHELL

& LENGTH SHELL [Pb] . [Pb]
BIVALVE WEIGHT .

ID (mm) {(g) {ug/g) {ug/qg)
Dl-6.1 63.5 10.1758 9.6 1.6
D1-6.2 69.1 22.0983 15.7 1.2
D1-6.3 62.3 14.1981 19.5 1.3
D1-6.4 68.0 22.3724 19.6 0.8
D1-6.5 66.2 17.7214 9.5 1.5
D1-6.6 68.1 22.1875 " 7.1 1.4
D1-6.7 69.9 20.3536 42.9 1.5

. D1-6.8 67.4 21.6226 19.2 1.1
D1-6>9 65.9 21.2002 12.8 2.0
D1-6.10 66.1 217645 17.0 1.2

AvG 66.7 . 19.356%¢ . 17.3 1.3

STD - 2.4 4.1301 10.1 0.3

cv 3.6% 21. 3% 58.4% 22.8%
D3-6.1 66.1 .18.5627 14.1 1.0
D3-6.2 64.7 11.6742 13.9 . 0.9
D3-6.3 64.8 10.6599 13.0 1.1
D3-6.4 68.1 20.7654 5.1 0.8
D3-6.5 62.5 10.0091 10.4 1.1
D3-6.6 62.4 12.9163 . 12.0 1.0
D3-6.7 64.4 12.1861 6.0 0.8
D3-6.8 66.7 15.9123 14.9 0.7
D3-6.9 ) 65.1 17.0562 8.6 0.8
D3-6.10 68.8 22.6933 10.9 0.8

AVG 65.4 15.243¢ 10.9 0.9

STD 2.1 4.4304 3.4 0.1

cv 3.2% 29.1% 31.1% ‘15. 2%
D4~6.1 68.9 21.9854 12.3 0.6
D4-6.2 65.7 18.6297 6.1 0.6
D4-6.3 66.2 19.6243 5.9 0.6
D4-6.4 68.1 21.8123 8.3 1.0
D4-6.5 61.9 11.7878 8.9 0.7
D4-6.6 62.6 10.6277 10.5 0.7
D4-6.7 63.7 13.4563 5.0 0.6
D4-6.8 64.4 14.7684 7.0 0.6°
D§-6.9 64.8 16.0987 8.0 0.8
D4-6.10 “61.2 10.8122 12.0 9.5

AVG 64.8 15.9603 8.4 0.7

STD 2.5 4.3609 2.5 0.1

CV 3.9% 27.3% 30.2% 20.8%




SITE  SHELL  TOTAL  TISSUE  SHELL
i LENGTH  SHELL . [Pb) {Pb]
BIVALVE WEIGHT .
i0 (za) {g} {ug/q) (va/g)
06-6.1 . 2.8 11.8345 1.0 0.7
D6-6.2 62.7 10.1239 8.5 ¢ 0.5
06-6.3 £7.9 19.8854 5.9 0.5
Db-g.4 61,5 12.2134 2.9 (0.5
06-6.5 86.5 18.6122 9.9 0.8
96-6.6 65.1 15.9234 6.9 (0.5
D§-6.7 §2.9 11.5543 . 8.9 (0.5
D5-6.8 62.3. 13.9966 5.9 0.5
06-6.9 . 61,9 12,0547 8.0 ¢ 0.5
D6=6.10 £8.2 21,2987 .1 (0.5
AVG 4.2 14,7497 5.1 4.5 - .82
T3 2.5 3.943t 2.9 0.5
v 4.0 26.71 4807 ---
SITE GHELL  TOTAL  TISSUE  SHELL
& LENGTH  SHELL  [PB) (Pb}
BIVALVE WEIGHT
[0 {1 }] (q) tug/g) | {uafq)
__________ 'i, ——— .
0§-6.1 £9.1 119546 6.9 0.9
D8-6.2 §6.6 17.1889 7.0 ¢ 0.5
03-6.3 65.0 142765 2.0 (0.5
38-6.4 68.2 20.9983 5.9 (0.5
08-6.5 £9.2 21.9249 6.1 0.7
D8-6.6 £3.9 17.3930 5.9 < 0.5
09-6.7 £6.2 16,9074 5.9 ¢ 0.5
29-5.8 63.9 13.9956 8.5 0.5
03-6.9 58.2 17.5182 8.7 0.6
08-6.10 64.0 17.4859 2.5 0.7
AVE 67.0 17.7634 5.9 ¢.5 - .86
STD 2.2 2.58% 2.2 (0.5
cY 331 4.6 3701 -

Dathousie mussel samples >
SITE  SHELL  7OTAL  TISSUE  SHELL
& LENGTH  _SHELL  [Pb) {Ph]
BIVALVE ' WEIGHT

10 {an) (o) (ug/g) (ug/@)
D7-6.1 64,4 14,1380 2.3 0.5
D7-6.2 68.9° 21.2855 5.0 0.5
07-6.3 67.4 22,4402 4.8 0.8
D7-6.4 £4.2 15,4944 2.7 (0.5
07-6.5 9.2 20.8939 7.2 ¢0.5
07-6.6 67.7 15,7494 2.8 0.6
07-6.7 67.5 19.8349 §.0 ¢ 0.5
17-6.8 §4.5 18,9656 3.7 <0.5
07-6.9 68.1 18.9367 1.4 0.8 -
97-6.10 1.7 11.4371 4,6 < 0.5

AVE 66.4 18.0176 5.2 (.5 - .84

§TD 2.5 3.4942° 2.6 (0.5

cy .71 1941 50.21  ---

kY
SITE  SHELL  TOTAL ~TISSUE  SHELL
. & LENGTH  SHELL  (Pb] {pn)
BIVALVE NETGHT .

I (an) (g} (ug/®) (da/q)
B9-6.1 £6.9 18.365¢ 6.8 ¢ 0.5
09-6.2 Bl.4 11.7645 53 (0.5
£9-6.3 "$4.9 16,4398 5.6 ¢ 0.9
D9-6.4 6l.4 12.5676 8.1 0.5
09-6.5 £8.8 20.6649 3.9 (0.5
D9-6.5 63.5 13.9321 6.1 0.8
09-5.7 519 10,7322 7.0 0.5
D9-6.8 7.5 19.6287 8.2 0.8
09-6.9 £5.9 14.3336 8.0 (0,5
09-6.10  6B.1 19.8855 T2.1 (0.5

AVE 5.0 15,8315 .1 ¢.5 - .78

57D 2.8 16524 2.0 ¢ 0.5

oy 4,41 3.1 3231 ---

N
APPENDIX C.2

@



APPENDIX C.3

Belledupe aussel samples

SITE SHELL  TOTAL TISSUE  SHELL
& LENGTH  SHELL  [Pb] [Pb]
BIVALVE . ~ WEIGHT
I (am) (g) {ug/g)  (ug/g)

B2-4.1 44,3 2,146 218.0 n.m.
B2-4.2- 48,1 3.598% 802.5  31.4
B2-4.3 43.8  2.7453 3474 .
52-4.4 43,7 7.7829 . 386:.8  20.9
B2-4.5 42.7 1L.7413 8.3 ‘.o
824, 6.1  4.4410 277.5 \Q19.a
32-4.7 42.7  2.5332  321.4  27.4
82-4.9 4.3 2.1226  155.0  n.o.
B2-4.9 40,4 1.6526  94.6  25.2
§2-4.10 49.6 6.1317 377t n.o.
B2-5.! S8.6 7.1148 277.1  25.9
B2-5.2 54.7 10,0410  109.1  22.0
£2~5.3 50.7  6.2721 28211 39.8
B2-5.4 59.4  9.9906  118.3 19.2
B2-5.5 50,3 6.B467  83.6  10.9
82-5.6 §7.3  9.3262 7.4  25.0
B2-5.7 56,4 £.4580 544.5  19.3
-§2-5.8 52.4  3.6084  110.0 2.6
B2-5.9 54.5 9.8654 1206  25.8
B2-5.10 54.4 6,856  236.0  21.8
B2-6.1 4.8 14,5011  219.6  21.2
B2-6.2 2.1 12.6785  395.3  23.3
§2-5.3 f4.» 13.873¢  480.8  23.7
82-6.4 69.6 15.5183 283.0  29.5
32-5.5 £2.8 14.1294  397.1 31.3
82-6.6 68,7 8.8590  786.1 25.7
32-8.7 £6.9 12.8383  348.1 40.7
82-5.8 61.9 11.9527 2470 27.4
B2-6.9 £3.7 13,5436  315.8  18.5

B2-6.10¥ 66.5 13.8008  304.0 24.3
B2-7.1 Y 7.2 17.3487  282.2 . 39.9

B2-1.2 7.8 19.68573  466.5  23.8
B2-7.3 72,0 19.8780  233.3 3.2
g2-7.4 76,0 2B.3752  418.3 3.3
B2-7.3 77.9 21,1877 38B8.1 31.4
§2-7.6 70.7 13.8306  437.8 4.5
Bz-1.7 70.7 1B.9B36  490.8 36.2
B2-7.8 71.3 15.8438 4%t 13.9
B2-7.9 . 70.2 20,3137 130.3 18.9
§2-7.10 73.5 22.7433  S01.4 3.5

AvG -33.6 11.2236  306.4 23.5

ENi] . 109 6.B531  147.2 7.3

cy 18.4%  Bl.11 4801 28.71

n.n.: not agasured.
X

SITE  SHELL  TOTAL TISSUE  SHEW

& LENGTH  SHELL  [Pb] {Pbl

BIVALVE : WEIGHT
ID (ma) (g (ug/q} (d?{e)
B1-6.1 69.1 19.3487  425.1 ki,
81-6.2 §3.2 15.2147 299.7 27,9
Bl-6.3 66.4 17.3468  363.6 3.1
B1-6.4 o 87,1 117784 M45.6 28.8
" BI-6,5 63.4 12.4353  283.4 1.3
B1-6.6 62.2 10,2441 320.7 24.7
Bl-6.7 6i.4 11.6538 r4
B1-6.9 64,9 14,9697

B1-6.9 84.7 16.45]
B1-6.10 65.5 13.4327 222.3 3t

AvS §3.0 15.0902  332.0 2.4
STD 2.2 2.7332 g0.8 3.3
v ¢SS IO A P AR 1 4
: L 4

o N o T

SITE SHELL  T@IAL  TISSUE  SHELL
k LENGTH  SHELL - fPhI  (®Bl

BIVALVE WEIGHT
ID (on) {g) (ug/a)  twgle)
e e memenanl ;
83-5.1 56.3 87280 10%.1 136
83-5.2 5.9 e129 %7 1LY
§3-5.3 7.1 9.8433 1338 122
B3-5.4 58.4  8.662f - §8.7 1.2
83-5.5 5.1 3827 .9 1
B3-5.6 2.0 6.8825  190.5  13.2
83-5.7 59.5  9.3730  127.3 14.5
B3-5.1 65.6 17.753  173.1 162
83-6.2 §7.7 22.6117  286.8 1.3
B3-6.3 §2.3 110333 185.¢  iL3
AVS 59.0 103985 143.5 1.8
sT) 48 95.613  62.6 1.7
cv B.21 5401 4L91 13



SITE
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APPENDIX C.4

Coastal mussel samples

. SHELL TOTAL  TISSUE SHELL
LENGTH SHELL {Pb) [Pb]
WEIGHT
(mm) (g) (ug/g) (ug/g}
60.2 12.1707 360.9 42.5
60.1 10.4980 440.3 66.1
63.5 15.6484 541.9 31.6
60.3 18.8449 428.9 49.0
" 60.3 14.6236 492.2 44.4
64.8 19.3606 382.7 51.2
64.7 '19.8752 538.0 43.0
50.5 6.2370 572.1 55.6
53.6 9.1654 260.5 51.9
52.9 10.1760 528.0 52.9
59.1 13.6600 455.5 48.8
5.1  4.7440 97.9 9.2
8.6% 34.7% 21.5% 18.9%
- e m ——
59.9 16.5887 235.1 5.2
54.2 14.4079 145.0 5.4
58.2 17.7075 116.9 6.0
57.9 11.5823 159.7 5.3
53.2 14.7145 154.1 5.3
57.1 10.1547  104.2 5.4
51.5 12.4981 202.3 5.8
53.3 14.8539 258.2 4.4
58.5 16.0667 202.0 7.1
58.0 12.9242 129.3 7.1
56.2 14.1499 170.7 . 5.7
2.9 2.3557 51.5 0.8
-5.1% 16.6% 30. 2% 14.7%
65.6 °17.7426 26.4 1.9
64.7 14.9538 28. 1« 2.1
64.8 14.6483 24.3 1.7
69.7 18.4389 9.0 2.1
67.4 14.4931 g.3 2.2
66.2 13.3309 8.8 2.2
66.9 15.0669 10.9 1.9
61 15.1206 11.3 2.0
67.5 15.7895 - 25.7 . 1.8
64.5 12.0169_ " 10.4 2.1
65.8 15.1594 16.3 2.0
2.3 1.8800 8.6 0.2
3.5% 52.4% 8.3%

12.4%

L e e s | up——



APPENDIX C.5

Miguasha, Rimouski and Negro Harbour mussel samples

- -
SITE  SHELL  TOTAL TISSUE = SHELL
& LENGTH -  SHELL [Pbl. [Pb]
BIVALVE - WEIGHT B
ID “{mm) C(g) (ug/qg) (ug/g)
MIG-6.1 . 65.9 17.7830 3.2 < 0.5
MIG-6.2 68.1 18.4659 8.5 < 0.5
MIG—6.3 66.3 22.5568 1.6 < 0.5
MIG~6.4 65.6 17.6990 2.2 < 0.5
MIG-6.5 . 66.7 20.3109 2.5 < 0.5
MIG-6.6 66.8 15.6079 1.6 0.6
 MIG-6.7 67.3 14.3474 4.6 < 0.5
MIG-6.8 64.1 20.7364 7.7 < 0.5
MIG-6.9 66.2 19.2009 1.8 0.6 -
‘MIG~6.10 "66.2 17.2413 2.6 < 0.5
AYG 66.3 18.3950 3.6 <.5 - .63
STD 1.1 . 2.4374 2.5 < 0.5
- cv 1.6% 13.3% , 69.5%  ---
RIKI-4.1 45.2  3.8767 8.4 0.8
RIKI-4.2 41.3 3.9395 5.1 0.9
RIKI-4.3 39.1 2.9879 9.2 0.6 .
RIKI-4.4 42.1 5.0368 9.4 0.9
RIKI~4.5 42.6 5.3682 10.7 0.7
RIKI-4.6 45.6 4.6676 5.9 0.8 .
RIKI-4.7 42.7  2.837% 11.9 0.7
RIKI-4.8 ™M8.3  5.2719 4.1 1.1
RIKI-4.9 42.7  4.7969 3.5 1.0
RIKI-4.10 48.6 5.6670 11.2 0.8
AvG 43.8  4.4450 8.5 0.8
STD . 3.0 0.9910 2.7 0.2
cv 7.0%  22.3% 31.1% 18% °
NH-=6.1 61.5 12.5162 0.8 < 0.5
NH~6. 2 66.9 21.2894 3.0 < 0.5
NH-§. 3 64.3 15.8419 2.5 < 0.5
NH-6 . 4 69.3 25.3264 1. ¢ 0.5
NH-6.5 62.5 15.4539 1.8 < 0.5
— NH-6.6 65.8 13.4139 1.8 ¢ 0.5
ST NH-6.7 61.0 10.6718 2.0 ¢ 0.5
- NH-6. 8 .61.8. 13.5552 0.9 < 0.5
NH-6.9 . 64.5 16.2785 - 1.7 ¢ 0.5
NH~6.10 67.2 19.7686 1.5 ¢ 0.5
AVG 64.5 16.4116 1.8 < 0.5
STD 2.8  4.4853 0.7 <. 0.5 s
cv 4.3%  27.3% 37.6% -—m
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" ' APPENDIX C.6
. ’ C B
O -
Lead concentrations (ug/g) in nacreous material
sampled from the top and inner shell surfaces
] - .
D3 ‘ . B2 cl
< 1981 > 19837 < 1981 > 1983 " ¢ 1981 "..> 1983
. - "Pb  [ug/g} )
1.4 1.1 25.4 ~ 17.3 14.7 42.5
1.3 1.0 51.1 16.4 26.3 66.1
1.1 0.9 ' 60.2 25.3 13.8 31.6
1 1.3 65.2 17.4 13.9 49.0
1.6 1.1 ¥ 51.3 20.4 , 27.4 44.4
1.6 1.3 46.2 14.2 13.9 51.2
24.8 .- 17.1 16.5 . 43.0
27.6 20.4 - 10.5 48.9
- 33.4 208 16.5 55.0
57.1 21.3 9.9 49.4
. 37.1 24.9 24.0 46.7
56.9° 20.2 15.3 52.6
39.2 18.2 21.5 345.6
51.3 19.2 19.0 47.3
40.0 21.1 26.6 55.6
, 53.3 17.5 16.5 60.0
46.2 16.0 17.6 52.9
43.6 19.8 23.1 40.5
61.0 29.9 21.0 47.3
35.6 18.5 13.2 41.6
46.3 21.6 20.5 55.0
36.2 12.3 16.6 35.3
44.2 21.6 .18.9 47.3
* 39.3 16.5 15.5 45.8
47.9 -18.2 21.4 56.0
40.1 23.5 . 26.4 49%5
43.7 13.2 4.4 46.8
43.6 25.9 7.6" 55.5
~ 30.5, 23.5 19.5 45.8
27.9 19.8 17.9 47.6
35.7 20.1 19.5 45.7
AVG 1.3 1.1 43:3 19.8 18.7 48.4
STD 0.3 0.2 10.9 3.7 4.6 6.8
cv 23% 17 5% 7%
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Relationship between shell length and shel} weight

&

B

SHELL SHELL
LENGTH ° WEIGHT
(mm) (g)

23.8 0.426
23.3 0.543
28:6 0.590
24.6 0.623
28.5 0.648
24.6 0.670
25.0 0.672
729.8 0.691
32.5 L 0.762
29.2 0.768
27.7 0.815
25.9 0.841
28.6 0.858
31.6 0.920
33.8 0.946
29.1 0.956
29.1 . 0.961
24.8 1.003
27.3 1.024
28.2 1.036
- 30.8 1.116
. 27.0 1.147
36.4 1.224
37..0 1.266
36.3 1:350
29.7 1.360
34.1 1.550
33.%6 1.576
29.7 1.60€
345 *.608
34.2 1.659
36.8 1.719
37.3 1.757
35.0 1.762
. 29.9 41.779
32.7 1.866
s 36.5 1.869
35.9 - ' 1.912
34.9 2,002
37.0 2.054
38.1-~ 2.231
35.4 3.146
39.2 3.681
43.7. . 3.958
42.2 4.973
45.5 5.651

- . .
% % % R % N X ® # % % ¥ % X N M X A 4 % % M X ¥ % * ¥ X F ¥ % % % % ¥

* 4 % A X X X *
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.LENGTH
(mm)
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SHELL
WEIGHT

(g)

19.466
19.630
19.741
19,748
20-.818
20.845
21.802
22.051

24.240

—

L2
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.'."’i~



LY

APPENDIX D.2

— © . RelYationship between total shell weight and

~. . percentage of arageonite (by weight)
TOTAL SHELL PERCENTAGE OF AZOTAL SHELL PERCENTAGE OF
WEIGHT ARAGONITE 7 WEIGHT, ARAGONITE

(g) . (g)
1.13 _ 18% * 6.02 32%
1.34 26% * 6.22 29%

T 1.54 25% * 6.59 28%
1.\60 ) 21% * 6.81 "31%
1. 18% * 6.83 28%
1.92 22% * 6.94 38%
1.93 X 18% * 7.39 31%
2.44 26% * 7.41 29%
2.47 . 26% x 7.74 33%
2.51 27% S, owe 8.51 30% .
3.01 25% * 8.53 29%
3.18 22% * .9.43 a1% .|
3.23 ) 36% * 12.62 32% B
3.33 . 23% * 12.71 28%
3.55 24% x 12.90 40%
3.57 ' 22%_ * 12.51 33%
3.80 29% * 12.91 33%
3.86 19% * 12.92 32%
3,91 28% x 13.07 34% -
3:94 . 29% * 13.07 38%
4.02 28% R 13.09 32%
4.08 : 21% * 14.12 31%
4,09 31% * 14.15 32%

. 4.15 29% * 14.72 27%
4.27 : 25% * 15.05 30%
4.49 28% * 15.16 31%
2.50 27% x 15.33 34%
4.59 31% * 15.91 35%
4.65 25% * 16.17 34%
4.83 25% * 16.80 31% !
4,8S. 23% x 17.46 34%
5.47 33% * 17.48 " 30%
5.67 28% * 18.00 36%
5.74 27% * 18.38 38%
5.77 - 34% iy 19.39 39%
5.86 33% x 19.55 34%

L 6.01 © 33% x 19.79 35%

—— . i e =L S — T T T e S — T — e S . - — e ———



.. APPENDIX D.3 o
Relationsth between shell and tissue weight

SHELL /DRY TISSUE SHELL 'DRY TISSUE
WEIGHT WEIGHT . WEIGHT WEIGHT.
- {g) (mg) (g) (mg)

0.307 | 12 *  13.751 316
0.543 27 ™., 8.147 . 322

- 0.672 33 * - 5.651. 366
0.623 33 * 5.798 406
0.670 40 * ' 5.923 407
0.590 42 = 6.488 423
0.815 44 '*x  15.296- 450
0.426 45 * 6.201 457
0.920 45 * 12.601 487
0.841 52 7.369 500
0.648 53 * 19.630 . 500
0.961 55 9.581 552
1.147 59 x 7.742 616
0.956 - 59 * 15,463 642
1.659 61 * 15.876 . 663
1.360 66 * 9,807 666
0.768 67 * 9.532 681
1.003 67 * 13.645 - 696
1.116 74 % 9.590 698
1.036 7% *. 8.467 714
0.946 75 ™ 9.163 746
0.858 - 77 * '10.578 764
1.024 79 * 16.787 834
1.608 - 83 *  20.845 850
8.691 - 88 *  17.748 855
1.757 .97 * 10.490 © 902
1.779 98 *  16.523 910
1.576 104 * 14.851 918
1.600 108 *  13.156 921
1.550 T111 x 19.748 't 950
3.146 112 > 13.772 954
3.973 130 * 12,143 . 963
1.866 © 135 . *  16.820 998
1.719 144 * 16.271 1029

o 2.054 150 *  20.818 1063 -

1.912 152 *  14.058 1068
2.002 153 * - 14.560 1085
1.224 153 * 17.878 1109
1.869 156" *  15.001 1130
0.762 * 172 *  16.404 1141
1.350 © 179 . *  15.848 1174
1.762 181 =~ 22.051 1258
1.266 205 * 19.741 1286
2.231 222 * 24,240 1293
3.681 . ‘236 .*  19.466 1311

. ™ 8.407 281 * 19.122 1389
3.958 "315 * |, 21.802 1530

RATIO [shell (g)/tissue (g)l: 17.8



