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ABSTRACT.

Laboratory experiments were conducted to
determine the processes affecting mobilization_of'trace
metals (Cu, Fe, Mn, Pb and Zn)-acfoss’the sedimeht-water
and sediment-benthic invertebrate interfaces. The release
.of trace metals from two contaminated well-characterized
sediments was Stuaied'under quiéscent ahd agitated conditions.
Trace metal release was studied under different~conditions

of salinity (0-29.5 °/00), oxygen (air saturated and nitrogen

'-,gés purged)'and pH (5, 7, 10). Four.groups_of benfhic

invertebrates, namely the opossum_éhrimp, an amphipod,
chironomids, and oligochaétes were exposed to the two
sediments for periods up to six weeks. Organisms were
analyzed for Cu, Fe, Mn, Pb and Zn to determine whether
_acéumulation occurred.

Rapid agitation confirmed many of the observations
made under long term (30 day) quiescent experiments. Under
oxic (air saturated) freshwater conditions concentrationé
of the more toxic metals (Cu, Pb and Zn) were less than
10 ug/l. More 7n (27 mg/l) was released under saline
conditions. Iron and Mn were réleaéed in high concentfations'
under anoxic (nitrogen gas purged)'conditions.. Extreme
pH'(5,10) resulted in very high concentrations of-all metals.
Release at pH 10 was attributed to dissolution of humic

substances which can bind the metals. Variation in release
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~could not always be‘related to the sediment trace metal
geochemistry. The sediment organicAcontent and barticle
size were important in determining trace metal release.
Microcosm studies indicated that total sédiment
trace metals are not necessarily indicative of levels in
benthic invertebrates. The geochemistry of the tréce metals
as well as the physico—chemical character of the sediment
influenced bioavailability. Contaminated sediments were
. most toxic to the opossum shrimp.- Chironomids showed the
greatest uptake of all trace metals;. Oligochaetes appearedl
to have the beét capability to mobilize and excrete trace

metals from their tissue.
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Chapter 1
INTRODUCTION AND LITERATURE REVIEW

I. INTRODUCTION

A. General

Effective ménagement of trace metal pollution ih
fhe aquatic environment requireé a good knowledge of processes
respoﬁsible for metal mobilization in various components of
the environment.

The aquatic environmént can be considered as a
three component system namely, the water column, sediments,
and organisms. The water column salt content may vary from
the highly saline marine system through brackish estuaries to
the fresh.water of most inland lakes and rivers. The sediments
can range from highly inorganic sands and gravels to organic
ooze often characteriétic of highlj productive systems. The
organisms show a wide array of adaptation to the variety of
sediment and water conditions that exist in.the aquatic
environment. The system is very dynamic with exchange
reactions occurring between these three compartments. These
exchange reactions are controlled by a wide variety of
physicalQ chemical and biologicai prdcésses. Mobilization
and migration of trace metals is one set of complex pnbcésses
that cah.take place between the three components of the

system. (Figure 1).
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Figure 1. Interactions Between Sediments, Water and Benthic

Invertebrates.
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The term "trace metals" may mean different things
to different people, but as used here the term refers to a
'number of metals.which are usually found in trace
amounts in the aquatic environment. In this study "trace
metals" should be considered synonyﬁous to "heavy metals"
which include most metals with atomic number greater than 20,
~ but excludes alkali metals, alkaline earths, lanthanides and
actinides. The metals most commonly included in the category
of heavy metals ére'silver (Ag), cadmium (Cd), chromium (Cr),
copper (Cu), iron (Fe), mercury (Hg), manganese (Mn), nickel
(Ni), lead (Pb), antimony (Sb), tin (Sn), titanium (Ti) and
zine (Zn).

.Widespread use of metals in modern industrialized
and urbanized societies is contributing to trace metal
discharges to the aquatic envirdnment from a number of sources
such as sewage discharge (with or without industrial waste-
waters), dumping of sludges, drainage and discharges from
mining sites, metal refining and finishing and numerous other
industrial operations, leachatéé from landfills and by natural
- processes resulting in washout from atmosphere and contami-
nated soils. |

The potential dangers of uncontrolled pollution of
our aquatic environment by trace metals were dramatically
deﬁonstrated by a mercury poisoning which occurred during
l960's’in'Japan (Takeuchi,'l972). To prevent similar events
elsewhere and to minimize damage to aquatic ecosystems, the

discharge of trace metals must be curtailed at the source.



However, despite considerable,efforts at source COﬁthl,
discharges are beund to continue because complete removel

of pollutants from effluents is technically difficult and the
cost economically prohibitive. Therefore, to minimize the
impact of trace_metal pollution, a better understanding of
trace metal behavior in the aquatic environment is essential.

Trace metals discharged to natural waters are
readily removed from the water column and deposited in sedi-
ments as a result of low solubility and surficial reactions
with suspended materials. The residual water soluble compo-
nent and the sedimentary deposits may be taken up by agquatic
organisms. Dissolved fractions are considered potentially more
hazardous becaﬁse they may directly affect human well-being
as a result of centamination of drinking water supplies and
fish rearing waters. The sedimentary component may appeer
_te warrahtflittle concern upon preliminary consideration , but
on careful investigation this component of the system may
prove to be very important. First, trece metals in sediments
are often a 1000 times more concentrated than in water.

. Second, changes in environmental conditions can mobilize trace
metals in sediments and make them more available for uptake
by organisms.

Some of the environmental factors that may affect
release of trace metals associated with sediments to water
column are presence and type of complexing compounds, presence
or absence of dissolved biygen, salinity, pH, geochemical and

physical characteristics of sediments, and extent of agitation



in both watef and sediments. These factors have been studied
both in the laboratory and the field, but the results afe not
iconclusive.

N | Similarly, availability of trace metals to organisms
may be affected by a number of factors including physiology

of the organisms and characteristics of sediments and water
column. Although a myriad of studies have been conducted on
uptake of trace metals from water, experimenté conducted

on mobilization from sediments are rare.

B. Objectives

The objective of this work was to study the trace
metal exchange (1) between the sediment and water components
- and (2) between the sediment and benthic invertebrate
components of the aquatic environments (Figure 1).
The work consisted of two distinct ?arts. In the
, first Part my objective was to investigate the influence of
salinity ,’oxygen, pH, and agitation on the exchange of
selected trace_metals (Cu, Fe, Mn, Pb and Zn) between sediment
and water. Highly contaminated sediments with different organic
matter content and particle size distribution were used. The
sediments were characterized for trace metal geochémistry to
determine the éffect of the form of metals on exchange. The
effects of both quiescent conditiohs (static laboratory columns)
and agitated conditions (elutriéte test) were studied.
In the second part, myvobjective was to study the

 effect of organism type, sediment characteristics and trace
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metal geochemistry on exchange of the same five metals between
sediment and benthic invertebrates. The studies were conducted
in microcosms with two contaminated sediments with weli

characterized properties and trace metal geochemistry.

ITI. LiTERATURE REVIEW

In this section investigations carried out by
others on mobilization of tface‘metals in sediments to water
column and benthic invertebrates are reviewed. Metal mobili—
zation to water on one hand, and the benthic organisms, on the

other hand, are reviewed separately. .

A. Mobilization of Sediment Trace Metals to Water

Trace metals entering natural waters are readily
incorporated into sediment deposits. 'Remobilization of trace
metals from sediments may occur under certain environmental
conditions. Some of the conditions generally .considered to

favor remobilization are:

- agitation of sediment deposits

- increase in salt content of water

- changes in redox potential (increase or
decrease in dissolved oxygen levels)

- low pH

- presence of organic complex1ng agents

- microbial action.

Sediment deposits may be agitated as a result of
such engineering operations as construction of docks, bridges .
and outfalls}and dredging of navigational channels, off-shore
oil exploration, disposal of dredged materials and motion of
ships in shallow waters.

Sediments transported by rivers before entering

oceans pass through estuaries where the salt content of the



water successively increases from less_than 1 O/o_o (parts per
thousand) in the river to‘36 O/eo_in-the ocean. .Industrial
effluent discharges COntaining high coneentration'of dissolved
solids may increase salt content of low flow freshwater streams;

Redox potentials in natural waters depend upon
dissolved oxygen (D.O.) levels; high D.0. levels indicating
high redox potentials and low D.O..levels low redox potentials.
Redox changes are often assoclated with turnever and strati-
fication cycles of natural waters.‘ Deep water sediments are
often low in redox potential; discharge of decomposable wastes
may also depress redox potential. |

Low pH conditions are characteristic of streams in
areas affected by mining and ore concentration operations.
Natural variation ef soil minerals can also affect pH levels
in natural waters. Accidental er deliberate_discharge of
acidic as well as alkaline materials can upset the pH balance
of natural waters. Increasing acidity of rain and snow which
enter natural waters, due to emissions from industrial sources
may alsovdepress pH of natural waters. Poorly buffered waters
are particularly susceptible ro this stress.

Complexing organic compounds may be leached from
soils, produced in aquatic environments or discharged in
industrial or domestic effluents. Humic-like substances
produced in soils or in aquatic environments by microbial
action on dead organic matter ef plant or animal origin are
an example of naturally'produced complexing organic compounds.

NTA (nitrilotriacetic acid) used in detergents as a substitute



for phosphates typifieé‘complexing organic compounds
discharged-in indusfrial and.domestic effluents.
Micfobial:éctivity'can vary with changes in avail-
ability of food and énergy sources. For example,
environmenfs reéeiving untreated organic wastes will have a

higher microbial activity than an_unpolluted‘environment.

1. Effect of agitation

In the early 1970's over 300,000,000 cubic meters
of sediments were dredged annually‘in the U.S.A. Management
of dredging and disposal operatiohs to minimize the impact on
the aQuatic environment required knowledge of the release/uptake
.behavior of.trace metals and other contaminants. As a result
a multimillidn dollar research program waé launched undér
the Dredged Material Research Program (DMRP) of the U.S.

Corps of Engineers (Engler, 1976).

Under this program, Lee and Plumb (1974) reviewed
the ékisting literature to predict the £elease of contaminants,
including trace metals, and concluded that most trace metals
could potentially be mobilized with disturbance of sediments.
Wakeman (1977) observed that Cr, Ni, Pb, and Zn were released
significantly during the period of a dredging and disposal
operation. it was not determined whéther the metals
were removed from the solid matrix during these operations
or were already in solution in pore water.

To assess potential envifonmental impact of
disposal of>dredged materials in natural waters the U.S.

Environmental Protection Agency (EPA) historically used



dredged material disposal criteria basedfOn the bulk
composition of the dredged sediments. SQon it nas realized
that such a criterion was misleading becansevenvironmental |
impact depends upon only a portion of the total:tface metals,
the portion which is available to the organisms after leaching
from the sediments. Consequently U.S. EPA (1973a) and the .
U.S. Corps of Engineers (U.S. EPA, 1973b) 301nt1y developed
a leaching test under agitation conditions. The test was
called the Elutriate Test.. Lee et al. (1975) evaluated the
performance of the test and recommended the use of the test
in predicting the mobilization of trace metals and other
contaminants due to resuspension as it occurs.in‘hydraulic
dredging operations. The test consists of agitating a sedinent~’
water mlxture with compressed air, in a 1: 20 ratio for 30
mlnutes. The agitated mlxture is allowed to settle for onehbur,
and the supernatant decanted, filtered and analyzed for trace
metals to determine the increaee or decrease in concentrations
due to resuspension. Using this test with marine and fresh-
water sediments and the associated waters sampled from
various geographical locations in the U.S. Lee et al.(1975)
found that Mn is substantially released, Zn was taken up and
there was generally no change 1in concentratione of Cu; cd, Pb
and Fe. | ‘ ,

Chen et al. (1976) carried out 1aboratory
investigations to study trace metal mobilization during
agitation and during redeposition of the sediments, thus

simulating both dredging and dredged material disposal
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operations in aquatic environments. Water and sediment

samples for their study were obtained from marine and freSh—:-"

water environments of the Southern California area._fSédiment,gl

_.Samples of silty-sand, sandy-silt and silty—clay types were
charaqterized for particle size and éeochemical fractioﬁs of
trace metals. A modified form of the geochemical extraction
scheme of Englef et al. (1974) was used for geochemical

analysis of the sediments.

Chen et al.‘(l976) sﬁspended sedimént—water
mixtures in the ratio of 1:20 in plexiglass columns for 48
hours. Then, they allowed the mixtures to séttle. Samples of
water were obtaiﬁed periodically Both under suspension and
settled conditions.and analyzed for trace metals‘after
filtraﬂion. Under settled conditions experiments lasted for
as long as 120 days.
| Under suspension conditions no release of Ag, Cd
and Hg was observed by Chen et al._(l976).. Concentrations
of Cr, Cu and Pb were increased by factors ranging frdm 3 to
10 over the background seawater levels. Release of Fe, Mn
and Zn was even larger. Release of metals from freshwater
sediments in seawater was somewhat greater than the release
from the marine sediments. Since background levels of trace
metals in seawater are generally low and the concentrations
of trace metals in seawater after release from sediments
were still low, hence‘the short-term impact of dredging on
water quality was considered insignificant.

In the long-term (120 days) experiménts of Chen

et al. (1976), afﬁer sediments were settled, redox conditions
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were accurately controlled. Release of trace metals in these
qulescent experiments depended upon redox potentlal These
results will be discussed in a different section of this
review. |

Windom (1975) reviewed the literature resulting
from field studies around dredging operations. "His review
indicated that the impact of agitation of contaminated
sediments on water quality,perticularly'with respect to trace
metals,wes minimal. However, the author narned that under
certain conditions the release could be substantial and stated
that more information is required to determine what might
happen when severely contaminated sediments are dredged.

Independent of the DMRP, Rohatgl and Chen (1975)
also carried out laboratory experiments which indicated that
sediments contaminated with sewage associated solids could
in oxic seawater release trace metals on egitation. Sewage
solids were kept in suspension in seawater in the presence of
air for periods up to 36 days. Release of Cd, Pb, Cu, Ni, Zn
and Fe was observed to take place in two-steps, a rapid
release followed by a slower long-term release. A similar
two step release was also observed for Hg when contaminated

organic rich sediments were agitated in situ (Lindberg and

Harriss, 1977). In each case the release was attributed to
oxidation of organics and subsequent release of the metal
ions in the process.

| Release of trace metals from disturbed sediments
may depend upon a number of other factors (Lu and Chen, 1977;

Jones, 1978; Forstner and Wittmann, 1979).
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2. Effect of salinity

In recent years, growiné édncern has been expréssed
that discharge of salts in indﬁsﬁrial effluents.and sprihg
runoff from the highways and snow dumps to freshwater sﬁreams
and lakes may desorb toxic trace métals (Feick et al., 1972;
Hanes et al., 1970; U.S. EPA, 1971; Scott, 1980). Experiments
" where excessive amounts of sodium chloride and calcium»
chloride were shaken with freshwater sediments indicated
that significant amounts bf trace metals like Hg may be
released due to desorption with salts (Feick eﬁ al., 1972).
In these experiménts Hg was more easily removed from sandy
sediment than from.the sediment high in organic matter.
Similarly, Holmes et al. (1974) agitated sampleé_of sediment
for 30 minutes in 0.5M soiution of NaCl. Subsequent
analysis of filtered solutions showed a substantial release
of €A and Zn. The extent of metal reléased in salt solution
was in proportion to the amount of the metal leachable from
the sediment on agitation for 30 minutes in a solution of
1M hydroxylamine-hydrochloride and 25 percent (v/v) acetic
acid. ' '

The potential’of release of trace metals bound to
sediments is greater in estuafine environments where millions
of tons of ffeshwater sediments transported by rivers are
exposed to the saline environment. Although it has been
recognized that a complex chemical environmént such as an
estuary cannot be simulated by simple laboratory experiments

involving homogenous reaction kinetics (Turekian, 1977), useful
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information about release of trace metals from sediments on
suspension in seawater has béen generated.

| As part of a major study conducted to estimate

dissolved trace metal flux from rivers to oceans, Kharkar et
al. (1968) carried out adsorption - desorption studies
involving clays, minerals and eight metals (Ag, Sb, Cr, Rb,
Cs, Se, Co and Mo). On the basis of these experiments, the
auﬁhors stated that due to desorpfion from suspended
particulates Co has an additional supply of abouﬂ twice the
dissolved load, while Ag and Se add only an additional 10
percent more, and Cr and Mo none.

Wagemann et al. (1977) leached suspended and bottom
sediments obtained from the MacKenzie River, N.W.T., Canada,
by mechanically suspending them in Beaufort Seawater for
periods of 2 to 100 hours. No significanﬁ feiease of Cd, Co,
Cr, Pb and Zn from suspended sediment was measured. Iron and
Mﬁ were released to a small but measurable extent. About 50
percent of the copper in seawater was adsorbed by the suspended
sediment. The effect of leaching time was ﬁegligible for Fe
but the percent release of Mn significantly increased with time.

Radioactive isotopes of trace metals are chemically.
jdentical to the nonradioactive atoms of the respective metals;
therefore, investigations carried out with labelled metals
are equally important.

Johnson (1966) and Johnson et al. (1967) observed

60 65

that although radioisotopes Co, Zn and 54Mn in the

effluents from the Hanford, Washington, reactor were in ionic
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form, they were incorpofated into particuiates by the time
they.reached the Columbia River estuary. The authors
realized that on mixing with seawater the radioactivity could
be released again. Subsequent experiments confirmed the
belief; under experimental conditions seawater released some
L0 percent of 54Mn, 5 to 15 percent of 60Co,and only 1 percent
or less of 652n. In another study (Robertson_et al., 1973)
these results were substantiated.

In the above experiments only one to two hour
leaching times were allowed. To investigate the effect of
longer leaching time, Cutshall et al. (1973) gnd Evans and
Cutshall (1973) provided a leaching time of up to 11 weeks.
The percentage of nuclides leached was approximately the same,

6000.

about 50 percent for 54Mﬁ and very little of 65Zn and
Patel et al. (1978) in similar experiments obéerved
that the amount of 134Cs and 137Cs released increased
linearly with salinity. |
In an estuarine situation, desorption due to
increasing salinity is just one of many processes taking
place simultaneously (Turekian, 1971). At the river-estuary B
‘boundary the three méin processes occurring are: (a)
desorption of adsorbed trace metals on surfaces of river-borne
sediments due to competing cations and.the stabilizing effect of
complexation with chloride and other anionic species
(Kharkar et al., 1968), (b) hydrolysis and coagulation of

- trace metals due to increésing pH which tends to counterbalance

the desorption effect of salinity (Turekian, 1971) and (c) the
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increaéed ionic strength at high salinity induces a
"salting out" effect on the river transported particulates
and thosé pfoduced in situ (Boyle eﬁ al., 1977; Edzwald et
al., 1974). At the estuary-bottom sediment interface,
particulates carrying trace metals accumulate from the
overlying water and , conversely, previously accumulated trace
metals may be released due to éhemiCal and biochemical
reactions. Hydraulic circulation due to tidal cycles is still
another complicating factor (Grieve and Fletcher, 1977).
Consequently, results of estuarine surveys for trace metals
are quite difficult to interpret.

| Holmes et al. (l974),during a trace metal survey
in Corpus Christi Bay, Texas, fouﬁd that Zn and Cd levels
in the sediments_were anomaloﬁsly high and changed signifi-
cantly between the summer and winter seasons. According to
these authors, the metals were precipitatéd under stagnant
reducing conditions in summer énd in winter water currents
increased oxygen levels and as a result trace metals deposited
under low oXxygen leveis were remobilized due to desorption
and dissolution of precipitates.

A trace metal survey in the Fraser River estuary,

British Columbia, indicated that both dissolved and suspended
loads were increasing in the estuary (Grieve and Fletcher,
1977). The results were explained by adsorption and desorption
taking place simultaneously. Upstream circulation of marine
bottom sediments containing Zn provides the'supply of the

metal to correct the apparent imbalance. Thomas and Grill
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(1977) also observed increases in dissolved levels for Cu and
7n in the Fraser River estuary and attributed them to
desorption at the river-estuary interface.

Graham et al. (1976) investigated Mn in samples
obtained from Narragansett Bay, Rhode Island and its
surrounding rivers. The results indicated that total Mn was
approximateiy conservative but particulate and dissolved Mn
_were not. Manganese was dissolving from riverine particulates
in tidal reaches of the river at low salinities. In the Bay,
dissolved Mn was precipitating,probably due to oxidation at

the higher bay water pH.

3. Effect of redox changes

The overéll redox condition of sediments has been
shown'to play an important role in controlling the chemical
exchange reactions affecting transport of trace metals across
the sediment-water interface. From a‘literature review
Mortimer (1971) concluded that as long as .bottom dissolved
oxygen concentrations in the Great Lakes remain between
1-2 mg/1, chemical exchange from the sediment deposits may
exert a measurable but quantitatively insignificant effect
on the chemistry of the water in the lakes. In an earlier
work (Mortimer, 1941 and 1942), he found that as dissolved
oxygen level fell to aﬂalytical zero, redox potential in the
surface layer of the sediment as indicated by an electrode
also fell. These changes were accompanied by release of

sediment trace metals: first Mn, later Fe. In addition to
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Mn and Fe release, liberation of amﬁonia and silicate wae
also measured.v A further decrease in fedox potential resulted
ih microbial reduction of sulphate.

| o Patrick Jr. et al. (1973) investigated the effect
of redox potential and pH conditions on the solubility of
strengite, a mineral component of soils and sedimeﬁts.
Suspensions of soil in water containing sﬁrengite were
incubated for 7 to 10 days at precisely controlled different
redox potentiall (+300 to -250 mV) and pH (5.0 to 8.0)
conditions . . At the end of the incubation periods the
suspensions were extracted with ammonium acetate solutions
heving the same pH and under the same redox state as the
suspensions. Analyeis of fhe extracts indicated that the
greatest release of Fe andvphosphate occurs under conditions
" of low oxidation - reduction potential in combination with low
pH. |

Experiments by Chen et al. (1976) were discussed

above. They investigated effects of agitation and redox
conditions on trace metal release from geochemically and
physically characterized sediments and showed that redox
conditions of the water control the exchange reactions, and

the geochemistry of sediments plays little or no role. In

oxygen def1c1ent condltlons they observed a greater release of

Fe and Mn,\Durlng,thelr qulescent_long—term experiments |,

1. All redox potentials reported in this thesis are
standard redox potentials (i.e. relative to hydrogen).
This is the standard practice in the literature.
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conéentrations of these metals almost reachéd the ppm2
range.under reducing conditions. | |

The effect of rédox‘changes in the water:column on
exchange from sediment was studied by Fil1os and Swansoh
(1974). Water purgéd with air or nitrogen gas wés'géntly
passed over a layer of river sediment. Concentrétions.ofl
nutrients and Fe were measured in the watef. iron and
phosphate were substantially mobilized from éediment when
"dissolved oxygen concentratioﬁ in the water wasvgéro
(achieved by purging with nitrogen gas) .

_ Iron and Mn occur in sediments as hydrous oxide
coatings on particles (Gibbs, 1973). Oxides of Fe and Mn
have long been recognized as scavengers of tface metals
(Jenne, 1968; McKenzie, 1972). Tessier et al. (1980)
conducted a geochemical partitioning study on sediments
obtained from two Quebec rivers and showed that trace meﬁals
originating from anthropogenic sources were bound to Fe and
Mn oxides. Under anoxic conditions the Fe and Mn phase of
sediments becomes unstable and a mobilization of associated
trace metals results (Morgan and Stumm, 1964).

EnQironmental conditions may change from anoxic
to oxic conditions in stagnant waters such as fjords and
.lakes due-to turnover during spring and fall (Mortimer, 1942;
“Hutchinson, 1957). Dissolved Fé and Mn species undergo

’oxidation, hydrolysis and polymerizétion (Stumm and Morgan,

.2. Parts per million. Throughout this thesis 'ppm' when
applied to water is synonymous to mg/l, but when used for
solids (sediments or biota) the unit is equivalent to mg/kg
(or mg/g) on a dry weight basis unless indicated otherwise.
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1970; Stumm and Lee, 1960) to form coatings on sediment
"particles. These freshly formed.coatings havé'strong
- affinity for other trace metal cations (Jenne, 1968; Means
et al., 1978). Thus, the trace metal release may be hindered
or completely stopped if redox conditions change from anoxic
to partiélly or fully oxic conditions. |

In the above discussion the mobilization of trace

metals under the influence of redox changes from sediments
would appear to bear a simple relationship to Fe and ancycles
in the natural environment. However, there are other components
which undergo redox changes and in the process affect
| mobilization of trace metals. Under extremly reducing
conditions, sulphate ions are microbially reduced to various
sulphide species, H,S, HS, s~ (Bella, 1972). 1In the
presence of sulphides the predicted reléase of Fe, Mn and
associated trace metals'may not be observed as metals react
with sulphide to form extremely low solubility compounds
(Thompson et al., 1975). Spencer and Brewer (1971) in a trace
metal survey of the Black Sea observed that in bottom waters
Cu and Zn were depleted due to precipitation as insoluble
sulphides. However, Fe and Mn concentrations were higher in
the bottom anoxic water layer than in the oxic upper layer
because sulphides of the reduced forms of these metals are more
soluble than the hydroxides and oxides of their oxidized forms.
Sulphide deposits of trace metals are stable under anoxic
conditions and less soluble sulphides are more stable

(Engler and Patrick Jr., 1975).
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- Presence of organic compounds also affects the
mobilization of trace metals from sediments. Pore waters
rich‘in sulphides often have been found to contain trace metal
levels far higher than those that can be calculated from metal
~ sulphide solubilities (Presley et al., 1967; Elderfield and
Hepworth, 1975; Elderfield et al., 1971). The high
concentrations were attributed to formation of soluble
complexes with organic compounds. Also ﬁnder oxic condiiions
_orgahic compounds play an important role in modifying
solubility eQuilibria of trace metals. Rohatgi and Chen
(1975) measured two stage release of trace metals Cd, Cu, Ni,
Pb and Zn from sewage-related solids on suspension in
seawéter under oxic éonditions. The first rapid release was
attributed to oxidation of readily oxidizable organic matter
 and the second slow release to oxidation of relatively inert
organic matter. A similar two-step release of Hg from
organic rich sediments was observed by Lindbefg and Harriss
(1977). Structurally complex, large molecular weight organic
compounds characteristic of anoxic environments are reported
to be altered to smailer less complex compounds with less
metal binding capacity as a soil or sediment is oxidized
(Stevenson and Ardakarni, 1972; Patrick Jr. and Mikkelsen,
1971). |

Thus, it appears that under changing redox
conditions the fate of trace metals in the aquatic environment
is determined by chemical intefactions of Fe, Mn, S and

organic materials.
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b pH effects

pH of natural waters may vary considerably; ﬁH

" values for surface waters may range from 0 to 11 (Krauskopf,
1967). High pH values in surface waters may be caused by
natural alkaline-compounds from soils in the watershed or

by disposal of alkaline industrial wastes, such as products
containing caustic soda. Runoff from miﬁing areas and acidic
~discharges from industrial operations are among the common
sourées of acidity in natural waters. In recent years, acid
rain has been recognized as an important source of

acidity of naturai waters. In Sweden alone, more than 5000
lakes have pH values below 5 (Babich et al.,~1980);

Changes in pH can have an immense effect on
solubility of trace metals in water. A number of authors
have carried‘out theoretical caiculations for solubilities
of selected trace metals (Mann and Deutscher, 1977; Hem,1972;
Hem and Durum, 1973; Stumm and Lee,1960). "According to
solubility - pH curves presented in these references ,trace
metals are extremely soluble at’pH = 1 or less and in most
cases the solubilitiés rapidly decrease as pH increases towards
neutrality. Most trace metals have solubility minima af
neutral to slightly alkaline pH values. Under strdngly |
alkaline conditions (pH < 10) the solubilities increase
again. This information 1is obtained from thermodynamic
and. kinetic data for the trace metals published in the
literature and assumes that waters contain only a few

selected anionic species such as carbonates, sulphates,
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chlofides and hydroxides. In the natural aquatic environment,
the presénce of particulate and dissolved matter bf,complex "
nature may significantly alter thé solubility - pH relation-
ships depicted from theoretical calculations (Farrah and
Pickering, 1977; Hem, 1972; Payne and Pickering, 1975; Bunzl,
1979; Gupta and Harrison, 1980).

To obtain more meaningful results a limited number
of laboratory studies have been conducted using materials
obtained from the natural environment. A brief summary of
these studies ;follows: t

Stbkes and Szokalo (1977) set ﬁp laboratory
experiments with sediments ahd water obtained from lakes in
the Sudbury areavof Ontario. The sediments were contaminated
with Cu and Ni believed to be from the metal smelters
operating in the area. The purpose of the experiments was
to study the effect of dissolved oxygen and microbioiogical'
reactions on the release of Cu and Ni associated with the
sediments. Sediment cores overlaid with a layér of filtered
wafer wére incubatéd in glass Jars undér oxic, anoxic, 'live!,
and 'sterile! conditions. The incubation conditions weré
established by gently bubbling air (oxic), sealing the glass
jars with 'saran wrap' (anoxic), and autoclaving the sediments
(sterile); ~Oxic and anoxic systems with unautoclaved
sediments represented 'live' conditions.

" Their results showed that Cu and Ni release was
substantially greater under aerobié_'live' conditions as

compared to that under anaerobic 'live! or 'sterile'
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bconditioﬂs. In each case, the release of the metals
appeared to be related to drop in pH. The drop in pH and
the release of metals was minimum under 'sterile' anaerobic
conditioﬁs. Hence, dissolved oxygen (high redox potential)
and microbiological.actiVity seem to favour release of Cu
and Ni by lowering pH of the sediment - water systems. The
authors attributed the greatest pH drop under the "live
aerobic conditions to oxidation of sulphur and sulphides in
the sediments to sulphate. This does not mean that redox
potential change was overshadowed by a pH change but that
changeétin redox potential could caﬁse a pH change which
was responsible for metal release. |
O!'Connor and Renn (1964) investigated the

equilibrium relationships between dissolved Zn, suspended
sediment and pH for freshwater systems. Results of their
laboratory studies suggest that the concentration of dissolved
'7n in a natural stream should be inversely proportional to
water pH and the logarithm of suspendéd solids concentration.

| Gambrell et al. (1980) carried out a laboratory
study to determine the effect of different pH and redox
conditions on chemical availability of Hg, Pb and Zn. Mobile
Bay sediments and surface water mixtures were kept in
suspension under precisely éontrolled.pH (5.0, 6.5 and 8.0)
and redox conditions (-150, +50, +250 and +SOO‘mV) for
periods of two weeks. A comparison of trace metal levels in
sediments before and after the two week period indicated that

substantial amounts of Zn were released to water at pH 5 and
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oxidizing environmental conditions (+50, +250 and +500 mV).
The other two metals were not significantly released,-
suggesting thét trace metal releése may.also depend on the
type of a metal. | _ |
Effeéts of pH on trace metal mobility are more
" dramatic in low pH natural waters. 'A study of Adirondack
Mountain Lakes (Galloway ét'al., 1976) showed that trace
metals, Al, Fe, Mh and Zn were 10 times higher in water of a
lake with pH 4.7 than in the ﬁater of another lake with pH of
6.7. At the same time, the top layer of the sediments in the.
more acidic lake was depleted of trace metals.
 Menon et al. (1979) observed that Cd, Cu and Zn
levels in South Mosquito Lagoon near Kennedy Space Centre
varied seasonally. Trace metal levels in the water were
high during the summer months when.pH was low; acidity in
the water was considered at least partiaily responsible for
the release of trace metals from the bottom sediments.
Sanchez and Lee (1978) noted that, in the
epilimnion of Lake Minona, Wisconsin, dissoived Cu levels
were inversely related to pH. Increase in dissolved Cu at
low pH was attributed to dissolution of Cu carbonate deposits

in the sediments of this hardwater lake.

5. Effect of organic complexing agents

Although organic matter normally makes up only 2 to
3 percent of sediments and rarely exceeds a maximum of 20 mg/l
in water, it. plays an extremely important role in processes

affecting trace metals in the aquatic environment. Humic
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compounds as principal constituents of organic matter are
particularly important; | |

Mobilization of trace metals by organic substances
may occur in a number of ways: (1) Fe and Mn may be reduced
to more soluble divalent forms (Hem, 1960; Rawson, 1963),

(2) metal ions may form soluble co-ordinate complexes with
organic compounds (Rashid and Leoﬁard, 1973; Baker, 1978;
Boxma, 1976), (3) the metal ions may mobilize by forming
metéllo—organic colloids (Hutchinson, 1957; Stumm and Morgan,
,1970) and (4) trace metals bound to particulate organic

matter may solubilize on break-down of the'orgaﬁics under

oxic conditigﬁs to simple soluble compounds (Rohatgi and Chen,
1975; and Lindberg and Hérriss, 1977) .. | |

Kee and Bloomfield (1961) studied the mobilization
of a number of trace metais (Cu, Zn, Co, Ni, Mn, Pb, Cr ,Ti,‘
Ga and Mo) from‘their oxides by decomposing plant materials.
Some of the metals (Zn, Cu, Pb, Mn, Fe etc.) were considerably
solubilizéd. Dialysis and pH-stability tests éuggested that
the metals were in true solution in the form of organic
complexes and free lons. Decomposition of plant material
was ‘generally accompanied by a decrease‘in pH; therefore, at

least a.-part of solubilizaﬁion was due to low pH.

Brockamp (1976) found that Fe and Mn were released
from rocks and minerals by the action of organic acids
(salicylic acid, citric acid, tannic acid.and humic acid)

which occur naturally in soils and sediments.
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Although the above studies indicate that natufal
organic compounds can cause considerable'mobilization‘of.
trace mefals from contaminated sediments and soils, dischérge'
of syntheﬁic complexing agenﬁs to thé aquatic environment via
industrial and domestic effluents may make the situation worse.
Considerable research effort has been made to investigate the-
environmental impact of NTA (Nitrilotriaéetic acid) from its
use in detergents. , » } _

| Gregor (1972) noted that Pb that had aécumulated in
sediments as a result of automobile émissions; was released
into water containing NTA at concentrations of 2 and 20_mg/l.
The release of Pb, at the higher concentration Qf'NTA, was 12
times the American Public Health Service maximum allowable
level for drinking water supplies.

Similarly Zitko and Carson (1972) observed that Zn,
cupric and ferric ions were released from sediments by NTA
even at concentrations as low as 1.0 mg/l. In experiments
with different concentrations (0-100 mg/l),.they observed
that the amount of released metal ions increased with
increasing concentration of NTA and ieveled off above a
certain concentration. In addition, the release depended

upon sediment type and hardness of the water used in

the study. The release was much greater from the sediments:
obtained from the Tomogonops River than from those obtained
from the Miramichi River. Ihcreasgd water hardness appeared

to suppress the release of the trace metal ions somewhat.
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Banat ét al..(l974) also measured a high percent
rélease for Cu and Cd and a slight releasé for Ni from
‘sediments shaken in water containing different concentrations
of NTA (1-100 ppm). Sediment samples for this study were
obtained frpm ﬂhe contaminated parts of the rivers Wupper
(Tributéry of Rhine) and Elsenz (Tfibutary of Neckar). The
‘release of Cu and Cd ihcreased with both increasing NTA
concentration and shaking time.

As these studies indicate, there is a little doubt
that NTA once in the aquatic environmént can mobilize trace
metals. However, at present a considerable degree of
controvérsy exists with respect to the quantities of NTA

dischargéd to the aquatic environment and its stability once

discharged, i.e. , its effective concentration in receiving

waters (Stoveland et al., 1980: Shannon et al., 1974).

6. Effect of microbial activity

Three major processes are responsible for
mobilization of trace metals through bacterial action: (1)
destruction of compléx sedimentary organic matter to simple
organic compounds which form soluble co-ordinative complekes

with the metals, (2) changes in redox potential and pH of the

sediment-water systems, and (3) bacterial leaching of metal
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sulphides. Literature on the first two processes has already

béen discussed above, a review of the third process follows.
Although the kﬁowledge that bacteria attack mineral

sulphides 1is relatively new, natural leaching has been

occurring fdr centuries. Presence of Cu in mine drainage

was described as early as Roman times (B.C. Research pamphlet).

It was only in 1947 that two American scientists, Colmer and

Hinkle, showed that acid énd iron contained in coal mine

drainage'are the result of bacterial action on the iron sulphide

in the éoal seams (B.C. Research pamphlet). As reviewed by

Forstner and Wittmann (1979),a group of bacteria, known as

Thiobacilli , is capable of oxidizing sulphide to sulphate.
The oxidation process.supplies energy required by the
organisms for their chemoautotrophic growth. These bacteria
gene?ally can tolerate acidic conditions; for example,

optimﬁm pH for Thiobacillus thiooxidans is approximately 2.0.

Oxidation of sulphide to sulphate coupled with resulting low
pH provides a mechanism for metal mobilization.

Bacterial leaching is often the cause for high
metal concentrations in streams draining mineralized areas.
Collins (1973), in a survey of a paft of the watershed of
Connecticut River, found Cu concentrations
és high as 27.8 mg/1. Corbett (1977) measured
tface mefals in streams in a cdal—mining area of West
Virginia, and found that concentrafions of Fe, Zn, Cu and Cr
varied from 0.7 to 650 mg/l. The Coeur d'Alene-Spokane

River system in Idaho was shown to contain high levels of
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dissolved trace metals.(Funk et al., 1977). Zinc
concentrations often exceeded 1.0 mg/l. Numerous other
examples of high metal concentrations in streams lewing
through a mineralized area may be cited (Leland et al.,1978).
Stokes and Szokalo (1977) studied thebrelease of
trace metals from sediments contaminated by particulate matter
from. smelters in the Sudbury area Qf Ontario. Experiments‘
were conducted under live and sterile conditions. Results
from these experiments showed that considerably more Ni and
Cu were released from live system'than from the sterile
system thus éuggesting that bacterial action stimulated
leaching of trace metals from‘the sediment.
Bécterial aétion may also mobilize -some trace
metals such as Hg by methylation (Wood et al., 1968). This

may happen with some other metals as well such as As, Pb and

Se (Forstner and Wittmann, 1979).

Still another mechanism for mobilization of trace
‘metals by bacteria in sediments under anaerobic conditions
is described by Cline and Upchurch (1973). According to

these authors, anaerobic bacterial action on organic matter

2
which while migrating upwards through sediment pores could

in sediments produces gases such as CHA’ CO2, H2 and H.S

transport metals bound to the associated surface active
the above mechanism Se and As were migrating upward through

the sediment to the water column.
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7. Summary

The .above review clearly_indicates that
environmental conditions marked by turbulence, high salinity,
low redox potential, low pH, high concentration of dissolved
organic compounds and bacterial éétivity in the presence of
metal sulphides favor mobilization of trace metals from
sediments to water. However, because of the wide variety of
possible physical, chemical and biological conditions in the
aquatic environment and complexity of interactions between
components of sediment-water syste@s exchange of trace metals
at the sediment-water interface is not fully understood.
Factors such as geochemistry of sediment trace metals and
- sediment characteristics such,as particle size and organlc
matter content may also influence trace metal mobilization

processes.

B.  Accumulation of Sediment Trace Metals by Benthic

Invertebrates

There is a largé body of literature dealing with
‘uptake'and toxicity of trace metals in soiution for arvariety
of aquatic organisms, but very little has been done on

the availability of trace metals in sediments (Leland et

al., 1978; Murphy Jr., 1981). Yet, whén trace metals enter
the aquatic environment they are very rapidly adsorbed and/
or precipitated and become a component of the.suspended
particulates and ultimately bottom sediments. The
concentrations of trace metals in sediments are often a
thousand fold greater than values.in water. Therefore,

a logical pathway of trace metal accumulation is through
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organisms thét.process large amounts of_particﬁlate material
or dwell in or near thé sediments.

- Several studies have been done relating trace metals
.in sediments ahd benthic invertebrates. The fqllowing review
is ofgaﬁised on the basis of metal type and organism
classification namely; worms, molluscs, aquatic insects and

other organisms.

1. Copper (Cu)

(a) Worms: The polychaete worm, Nereis

diversicolor , seems to reflect the extent of Cu conﬁamination

of its environment and is proposed by Bryan (1971) as a
"suitable indicator organism speciés for metal contéminatidn
of sediments. Polychaetes sampled from two estuarine
sediments having Cu concentration of 407 and 49 ppm had Cu
contents of 22 and 9 ppm respeétively.‘ Further‘work by Bryan
and Hummerstoné (1971) and Luoma and Bryan»(no date) further
supports this View. Mathis and Cummings (1973) in a trace

metal survey of water, sediments, fish, clams and worms from

a freshwater system, noted that the highest concentrations of

trace metals were measured in worms, and Cu in these organisms
was even greater than in the sediments.

- Luoma and Bryan (no date) observed that Cu in

N. diversicolor was equally related to total Cu and 1N HC1

extractable Cu in sediments. Chapman et al. (1980) stated
that fluctuating levels of Cu in oligochaete tubificids at two

locations in the Fraser River, B.C. and elsewhere
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(Bindra and Hall, 1977) reflect local differences in

biologically available metal. |

Worms ingest large quantities of\sediments
(Cammen, 1980) to bbtain food materials. 'Obéervationé of
Luoma and Bryan (no date) suggest that Cu,releésed from-
ingested sediments by stomach acids is readily absorbed by
the tissue matérial of the worms. HoweVér, thg exact rpute
of metal accumulation by tubificids has not been determined
(Chapman et al., 1980). |

In a laboratory study, Ray et al. (1981) noted

.that Nereis virens was able to control the levels of Cu in

its tissue when exposed to sediments contaihing 37.4 and
55.5 ppm of total Cu. In the study by nyan (1974) where
a large accumulation of sediment Cu by Nereis was obéerved,
Cu levels in the sediment were greater by éeveral-brders of
magnitude ,indicating that physiological mechanisms controlliﬁg
Cu levels in the organism were probably overcome. Ash and
Lee (1980) , however, believe that such differences in Cu
uptake may be due to variations in chemistry of the
environment.

Some recent studies show that bacteria (Patrick
and Loutit, 1976), algae (Laube et al., 1979) or both
(Geesey, 1980) may mobilize Cu and other trace metals from
sediments to worms. Bryan and Hummerstoﬁe (1971) also
presented evidence that a conSiderable amount of Cu may come
from adsorption of

dissolved metal in interstitial water of

sediments on to the body of the wornms.
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Preliminary research which led to this thesis
project indicated that Cu in fhe exdhangeable and easily
reducible phases was important in regulating the metal
concentrations in oligochaete worms and some other benthic
organisms (Hall and Bindra, 1979). |

| (b) Molluscs: Mollﬁscs afe filtef feeders or
deposit feeders; therefore, for.fobd supply they depend upon
ingestion of sediment or suspended particulate matter. Trace
metals associated with ingested sediments may become
incorporated in the body tissue of these organisms.

Mussels collected‘from waters close to major
population and industrial centres often contain high
concentrations of Cu (Fowler et al., 1974; Fowler and Oregioni,
1976; Anderson, 1977b; Popham et al., 1980). Fowler and
Orégioni (1976) attributed the accumulation of Cu by mussels
_ to their feeding:habitland their slow uptake‘and excretion

mechanisms. However, Anderson (1977b) believes that greater
accumulation in the organisms ig'due to their ability to

extract metals from both water and sediments.

Although the exact route of metal uptake by
molluscs is not known, there is sufficient evidence that the
organisms accumulate trace metals from sédiments. Anderson |
(1977b) and Mathis and Cummings (1973) determined trace
metals, includihg Cu,in both sediments and clams. Copper
levels in the organisms closely reflected the levels in the

sediments.
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In a laboratory study, Ray et al. (1981) exposed

Macoma balthica to two sediments moderately contaminated

with Cu for a period of 30 days. In each case & significant
amount of the.metal was accumulated by the clam. In field
conditions, however, the organism.did not accumulate any

Cu (Ray et al., 1979a). These results indicate that factors
such as biochemistry of the organism, physico-chemical
nature of the sediments or environmental.conditions like
temperature and salinity of the‘oveflying water may control
the uptake rates. | | ‘

| Pringle et al. (1968) from a literature review
conclude that molluscs appear to accumulate trace metals at
different rates depending on the type and concentrations of
- the metal in the envifonment, temperature, species and

- physiological activity of the animal. Physiological controls
of some mollusc species in regulating essential trace metals
like Cu and Zn, hoWever, have been shown to be poor

(Bryan, 1976).

Luoma and Jenne (1975a, 1975b, 1976) have shown
that = accumulation of trace metals from sediments depends
upon the nature of geochemical phase(s) to which the metal
is bound. Ray et al. (1981) found that more Cu was
accumulated from the sediment which contained higher levels
of exchangeable and precipitated Cu as indicated by EDTA
exfraction of the sedimentsﬂ Cooke et al. (1979) showed

‘that availability of trace metals in sediments to edible

cqckles is related to the easé with which a metal desorbs
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from the sediment.
Larsen (1979) measured Cu levels in hard clams,

Mercenaria mercenaria, caught from two rivers of the Lower

Chesapeake Bay Regidn. TheAconcentrations in the clam
varied significantly with the'ége’of the organisms. Others
(Roméril, 1979; Boyden, 1974) found a similar age/metal
relationship for Cu in hard clams.

From a étatistical analysés of field data obtained
for 18 estuaries, Luoma and Bryan (ﬁo date) correlated metal

accumulation by Nereis diversicolor and Scrobicularia plana

with a large number of geochemical and physical factors.
Copper in the clam was related to Ag in the organism. Also
high Cu levels in the clam wefe observed in the areas where
sediment Fe levels weré low and oxygeh levels were depressed.
Clams with shells having black hydrogen sulphide stains were
found to contain.the highest levels of Cu.

Oystérs known to accumulate high concentrations
of Cu appear to reflect levels in the environment. Greig>
and Wenzloff (1978) transferred the American Oyster,

Crossostrea virginica , from the relatively unpolluted waters

vof North Carolina to seawater and contaminated mud obtained
from Milford Harbour and placed them in an aquarium in the
~ laboratory. After 22 weeks of exposure to contamination,
. thé oysters accumulated significant levels of Cu. In an
esﬁuarine énvironment;'concentrations of Cu in oysters
ranged from < 40 ppm forlunpolluted areas ﬁo 600 ppm for

polluted areas (Watling and Watling, 1976). Ayling's
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(1974) data, however, showed that at sediment conCentratidns
of ohly 50 ppm, oyster tiésue levels of Qﬁ may range ffom

300 to 1300 ppm . Brooks and Rumsby (1965) found that
oysters from a sediment containing 100 ppm Cu contained only
L0 ppm of the metal. Evidently either ‘availability of Cu‘
in the sediment was limiting Or_sbme other controls.involving

environmental or physiological mechanisms were operative.

(¢) Aquatic insects: Anderson (1977a) monitored
trace metals including Cu in a'number of insects, but did not
relate the metal levels in the orgéniéms with those in the
sediments. | | |

Namminga and Wilhm (1977) studied the aistribution
of some trace metals in Skelton Creek, Oklahoma. Concentrations
of Cu in chironomids were 10 percent higher than those in the
sediments indicating that these organisms can accumulate Cu
from the sediments. Bindra and Hall (1977) found even greater
accumulation of Cu by these organisms; in field conditions
bioconcentration ratios ranged from 1.1 to 4.5. As evidenced
by Table 1 (data from Bindra and Hall, 1977) the
bioconcentration.ratios appear to be depressed by percent
fines (<0.25 mm) in the sediments.

(d) Other organisms: In a pollution study of

the River Irwell, U.K., Eyres and Pugh-Thomas (1978)
investigated the relationship between levels of trace metals
in substrate materials and in the tissues of Asellus

aquaticus L., a detritivorous water 1ouse,.and Erpobdella

octoculata (L.), a carnivorous water leech. The substrate
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materials were algae scraped from rocks collected from the
river botﬁom. At low substfate concentrations of Cu, the
-_louée accumulafed the metal by factors of 2 to 3 above the

' substrate levels. However, the tissue levels of Cu in the
leech did not reach‘substrate levels;possibly because of
biockage of uptake or excretion of fhe metal by the animals.
Copper levels in tissue of both species decréased as the
conéenﬁration of the metal in the "substrate material
increased, suggesting that-the animals! mechanisms to reduce
metal»levels.in the tissue were more efficient at higher
substrate leveis.

Copper levels in mud-dwelling Corophium volutator

(Crustacea: Amphipoda) were 259 ppm at a coastal site
receivihg contaminated freshwater drainage (Icely and Nott,
1980). At another site with normal concentrations of Cu, the
levels of the metal in the animals were only one-third those
of the contaminated site. Hence Cu at the contaminated site
was in a readily available form. Also, the investigators
found that accumulated Cu in the mud-dweller was
céncentrated'in the electron-dense granular'matter in the
animal tissue. Walker et al. (1975) propose that trace metals
can be detoxified within tissues of animals by incorporation
into intracellular granules. Examples of such inclusions in
biota have been reviewed by Coombs aﬁd George (1978).

Unlike Corophium volutator , the cruétacean

Crangon septemspinosa, a shrimp, failed to accumulate Cu on

exposure to two contaminated sediments in a laboratory
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Table I : Relationship Betﬁeen Bioconcentration Ratios of
Copper in Chironomids and Amount of Fines (<0.25 mm)
in the;Sediment (data from Bindra and Hall, 1977)

Bioconéentration ' . ‘Percent Fines_in

Ratiol | the Sediment
4.5 - | 1.5

2.1 N 4.3

1.9 S 189

1.5 | 52,8

1.1 | |  56.9
“Correiétion Coefficient = —0.75

. Bioconcentration Ratio = Cu in chironomids/ total Cu in
sediments C :

This ratio is equivalent to concentration factor (van'Hook,
1974) when food item(s) of consumer species can be described.

1. From Tablé 7 of Bindra and Hall,'1977.

2. From Table AL of Bindra and Hall, 1977 (Sum of particle
size fractions 4 and 5). :
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environment over a 30 day period (Ray et al., 1981).
Consistent with these results, the tissue contents of Cu and
some other metals remained virtually constant in (.

septemspinosa under field conditions. Bryan (1968) also

presented data for a decapod species indicating that some
crustaceans can regulate essential trace metals like Cu and
Zn.

2. Iron (Fe)

(a) Worms: In a laboratory food chain study
ﬁsing bacteria, tubificids and fish, tubificids coneentrated
a number of trace metals including Fe (Patrick and Loutit,
1976). Geesey (1980) demonstrated that worms ingest bacteria
adhering on to sediment particles. These studies suggest
that bacteria may facilitafe passage of Fe from sediments to
tubificid worms. In particular, availability of Fe from
sediments rich in organic matter should be greater because
of higher bacterial populations in such sediments. Bindra
and Hall (1977) observed no reiation between Fe levels in
aqaatic oligochaetes and organic content of sediments. Thus
it appears that as with terrestrial oligoehaetes, Fe in the
aquatic oligochaetes islregulated by excretion (Ireland ,
1975) .

In a laboratory microcosm experiment with five
benthic animals collected from bay areas of U.S. East Coast, the
lowest Fe accumulation occurred in a polychaete(Guthrie et al.,
1979). Since these animals are deposit feeders one would

expect tissue levels to reflect Fe in the sediments.



Chapman et al;(l980) showed that-aitﬁough Fe concéntrations
were more than 12500 ppm in sediments the levels in the
organisms were only slightly above 1000 ppmr. These studies
provide further evidence that worms can regulate Fe
concentrations in their tissue. o

(b) Molluscs: In a marine microcdsm consisting
of barnacles, crabs, oysters, élams and polychaete, Qlams
contained Fe less than only barnacles (Guthrie et al., 1979).
The mean concentration of Fe in ﬁhe clams, however, was only
1.37 percent of the mean concentration in- the sediments;

Iron in. the hardshell clam, Mercenaria mercenaria , collected

from waters of Southampton River, U.K., reflected the Fe
levels in sediments and the concentrations dropped along a
tfansect to the sea. In a field study of trace metals in
molluscs, Pringle et al. (1968) measured Fe leveis in

soffshell clams, Mya arenaria, ranging from 49.70 to 1710 ppm

on a wet weight basis. Pringle et al. also measured Fe levels
in oysters obtained from the coastal waters of U.S. The concen-
trations were: 31-238 ppm in the organisms.frbm the East Coast
and 15-91 ppm in those from the West Coast, on a wet weight bésis.
Iron has been shown to déposit in mollusc shells
as porphyrin—Fevcomplex (Brooks and Rumsby, 1965).
(¢) Aquatic insects: - Bindra and Hall (1977)

determined Fe levels in chironomid larvae collected from two
freshwater streams of the lower Mainland of Britiéh Columbia.
Aséociated sediments were characterized for geochemical and

physical parameters. Iron levels in the chironomid larvae
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appear to be related to the coarseness of the river bed

(Table II).

(d) Other organisms: In a marine microcosm

consisting of barnacles, crabs, oysters, clamsAand
polychaetes, barnacles accumulated the most Fe and the mean

concentration of Fe in this organism was . more than one order

of magnitude greater than the mean concentrations for

the other members of the microcosm (Guthrie et al., 1979).

3. Lead (Pb)

(a) Worms: A number of sfudies have been
conducted relating Pb levels in worms and éediments.‘ In a
pollution survey of Illinois River, trace metal levels were
measured in water,'sediménts, fishes, clams and worms
(Mathis and Cummings, 1973). Bottom-dwelling worms and clams
reflected the sediment Pb levels. Hall and Bindra (1979)
also found that in a freshwater environment, Pb burdens of
oligochaeﬁes were related to total Pb in the sediments.
McNurney et al. (1975) investigated distribution of Pb in the
sedimenté and fauna of rural and urban sections of a mid-
western U.S. stream. Lead contents of many organisms were
affected evidently by their contact with thé bottom sediments.
The most striking conclusion of this study, according to the
authors, was that oligochaetes which burrow in and ingest
sediments had the highest levels of Pb. The concentrations
varied widely between urban and rural sémples; high

concentrations of Pb in urban samples reflected contamination
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Table II. Relationship Between Iron in (Chironomid Larvae
and Amount of Very Coarse Sand in the Sediment
(data from Bindra and Hall, 1977, pp. 74,84,94,95)

Station Iron in Very Coarse Sand
Chironomids in Sediment

(ppm) )

- Salmon River . v
- at Roberts Road 54 0.3

Salmon River
at Springbrook Road 348 _ 0.4

Salmon River :
at 64th Avenue . 678 : 9.1

Coglan Creek
at Otter Road _
(Salmon River Watershed) 4550 12.5

Still Creek

at Grandview Highway _
(Brunette River Basin) 8790 23.9

Correlation Coefficient'=-0.92

Very Coarse Sand is 1-2 mm size:
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from effiuent dischafges. Data presented by Packer et al.

- (1980) appear to show the same trend in Pb concentrations

"in A. marina andAsediments, although.the authors report that the
correlation in éoncentrations was statistically insiénificént.

Earthworms,-terrestrial counterparts of aquatic
6ligochaétes, have also been found to accunulate Pb from acid
soils contaminated By heavy‘metals (Gish and Christensen,
1973; Irelaﬁd, 1975; Van.Hook, 1974; Ash and Lee, 1980).

| Thefe_is- ample evidence in the literature
that bacteria may piay an important role in metal uptake
by worms in soils and sediments. Aquatic oligochaetes feed
- on bacferia adhering to sediment particles (Geesey, 1980;
Loutitﬂet al., 1967) and in thé process accumulate trace
metals concentrated by bacteria from sediment substrates
(Loutit et al., 1973). 1In a food chain study by Patrick
and Loutit (1976), oligochaetes were shown to accumulate
Pb from ingestion of bacteria grown in metal contaminated
media. -, »

Ray et al. (1981) investigated the effect of
sediment type on accumuiation of Pb by invertebrates. Nereis
virens accumulated Pb from only one of the two sediments to
which the worms were exboéed for 30 days in a laboratory
aquarium. The accﬁmulation_was observed from the sediment
" which was slightly coarser, contained slightly less organic
carbon and much‘higher' concentration of total and EDTA- |

extractable Pb.
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(b) ‘Molluscs: Accumulatioh_of Pb by molluscs has

been the subjéct-of a number of studies. In a mid-western U.S.
river,Pb in clams reflected the levels in the bottom sediments
(Mathis and Cumﬁings; 1973). Lu et al. (1975) studied the
énvironmental fate and effect of Pb and Cd associated with
sewage sludge in terrestrial/aquatic interface ecosystems.
Sewage sludge contaminated by metals was applied to model
soils draining into model pools. Live animals including a
snail (Physa) were placed in the model pools and analyzed for
Pb and Cd at the beginning and at the end of the experiments.
The results clearly indicated that Pb and Cd added to soils
with'the sludge were transported to the model pools from

where the metals were being readily picked up by the animals.
Snails used in this study were aléo found to accumulate Pb
under field conditions (Enk and Mathis, 1977). Anderson
(1977b) determined Pb concentrations in ﬁissues Qf six

species of freshwater clams. Lead levels in tissue reflected

the concentrations in the environment. Popham et al. (1980)

‘showed that the filter feeder Mytilus edulis is an excellent
indicator of Pb pollution; concentrations in the clam collected
from Burrard Inlet, Vancouver; declined by two orders of
magnitude to backgrouhd levels only 30 m distance from a

source of Pb pollution. In another study, Pb levels in the

Pacific oyster, Crossostrea giga, closely paralleled the Pb

concentrations in the sedimeﬁts from which the animals were
collected (Ayling, 1974).

' Geochemical form of Pb in sediments may affect 1ts



45

availability to benthic invertebrates. Data from a
laboratory study by Ray et al. (1981) shows that equilibrium

concentrations of Pb in Macoma balthica exposed to two

sediments for a'period of 30 days were in exact proportion to
the EDTA extractable Pb in the sediments. Luoma and Bryan
(1978) related Pb concentrations in the deposit feeding

bivalve, Scrobicularia plana, collected from various

estuaries in.Europe, with metal concentrations in different
chemical extracts of sediments. The results indicated that
accumulation of Pb in the clam was related to Fe/Pb ratio in
- the 1N HC1 acid extract. Bindra and Hall (1977) determined
Pb in M. balthica and sediment samples collected from mud
flats along the jetty for the Iona Sewage Treatment Plant
outfall in Vancouver, B.C; 'The concentrations of Pb in the
invertebrates and sediment samples were 20.6, 32.0 and 25.3
ppm and 62.4 , 55.2 and 43.7 ppm. respectively. Based on the
limited data results do not agree with the control mechanism
proposed by Luoma and Bryan (1978). This suggests that[

bioevailability of Pb in sediments is a complex phenomena

and different controls may be operating in different areas,

or with different species.

(¢) Aquatic insects: A number of studies have

been carried out to determine the effect of Pb pollution on
aquatic insects. Anderson (1977a) analyzed 35 genera of
aquatic macroinvertebrates, including 15 species of insects,

collected_from the five stations on the Fox River northwest
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of Chicago.. Thé stations were affected by urban and
industrial effiuents or agricultural runoff. The.maximum
Pb concentration of 39 ppm was measured in the Mayfly
nymph, Potamanus. More commonly monitored insects, namely
chironomid larvae, had a Pb value of 30  ppm which is more
than 20 times the meaﬁ'concentration reported for those
animals collected from the Skeleton Creek,0klahoma (Namminga
and Wilhm, 1977). The'wide difference probably was due to
differénce in degree of pollution in the two rivers. |
Bindra and Hall (1977) monitored Pb levels in
chironomids.collected.fromitwo watefsheds; urban and rural,
of the Lower Mainland of British Columbia. Animals collected
from the urbah watérshed had a concentration ratio relative
to sediments of 2.76 while those from the rural watershed
had the ratios in the low rénge of 0.07 to 0.34. The
difference in ‘aécumulation of Pb between the two watersheds
probably was due to different forms Qf Pb in the sediments.
In the urban sediment 51 percent Pb was in thg exchangeable,
organic and sulphur and precipitate phases as compared to
only 11 to 13 percent in the rural sediments. Bissonnette
et al. (1975) also measured concentration ratios over a wide
range of 0.07 to 5.45 for chironomids from four lakes in
western Washington. A éimilar'explanation as in the above
study by Bindra and Hall (1977) may be extended to these
results. However, other factors such as differences in‘
concentrations of dissolved Pb may also explain the

variation in the observed concentration ratios.
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Nehring et_al; (1979) invéstigated; the relative
availability of dissolved and sediment dépositéd Pb to
aquatic insects. Iﬁsects collected from an unpolluted
freshﬁater stream were placed ih laboratory aquaria containing
‘either dissolved Pb br Pb bound to sediment substrates.
Subsamples of insects were periodicaily.withdrawn and
analyzed for Pb. .Both dissolved Pb and Pb in the sediment
-substrate were equally accumulated by the inSectsp After 100
to 200 hours invertebrates were transferredrto clean
environment whefe the tissue Pb levels drdpped sharply but
~appeared to stabilize at higher levels than the original
concentrations.

(d) Other organisms: Eyres and Pugh-Thomas (1978)

determined Pb, Zn and Cu concentrations in sediment substrate

materials and two species of invertebrates: water louse,

Asellus aquaticus L., and leech, Erpobdellé octoculata (L.)
collected from the heavily polluted River Irwell,‘U.K.

Lead concentrations in sediments, louse and leech were in the -
raﬁges of 37 - 13905 ppm, trace -595 ppm, and trace

~110.9 ppm respectively. A comparison of concentrations in
substrate and invertebrates indicated thaf as Pb increased

in substrate, tissue levels‘of invertebrates also increased
but at a lower rate which suggested that_either some
physico-chemical mechanism is blocking passage of Pb to the
animals or the animals afe able to excrete the metal actively.
Lead levels in leeches collected by Anderson (1977a) from

the Fox River near Chicago were quite low ( 40  ppm) as



48

- compared to concentrations reported by Eyres and Pugh-Thomas

(1978).

Four species of crustaceans, Orconectes,

Procambrus, Cambrus and Asellus from the Fox River had Pb

levels ranging from 16 - 26 ppm and Pb in the fifth

vcrustacean, Gammarus, was below 4 ppm (Anderson, 1977a).

L. Manganese (Mn)

Since manganese is relatively lesé toxic thén Cu,
Pb and Zn, fewer studies have been conducted fo investigate the
effect of this metal on inveftebrates;

(a) Worms: Bindra and Hall (1977) in a study
" of the mechanisms of sediment trace metal uptake by benthic
invertebrates, collected a considerable amount of geochemical
and‘physical data for 4 different aquatic environments in the
Lower Mainland of British Columbia. Oligochaete worms,
however; were found only in the sediments of two freshwater
environments, Brunette Basin and Salmon River Basin. In the
Brunette Basin, the extent of Mn uptake was related to Mn
in the easily reducible phase of the sediments (Bindré and
- Hall,1977). Combined data for the two watersheds, however,
éhowed no relationship between Mn in oligochaetes and the
geochemical phases of the metal in sediments. Some other
factors appeared'to be responsible for regulation of Mn in
the oligochéetes.

A relevant portion of the data from the study by

Bindra and Hall is summarized in Table IIT. Linear
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Manganeée Concentrations in Oligocﬁaetes and Sediment Characteristics

Which Appear to Affect the Metal Levels in Organisms (data from

Bindra and Hell, 1977, Tables A3 and AL).

. Stn. Description

Mn in Oligo- Bioconcent.

Sediment Characteristics

No. chaetes Ratio - - =
(ppm) Redox Organic Sum of Fine
: Potential Carbon Sand & Silt
- - A{mV) (%) and Clay (%)
1 Brunette R.
(Capilano
Lumber) 1670 3.21 +3 0.51 21.7
2 Brunette R. .
(Brunettg Ave.) 691 1.36 -38 0.27 13.4
3 Brunette R. . - .
(North Road) 3130 4.99 +103 0.23 24.2
4 Stoney Creek
(Beaverbrook) 612 1.33 +41 0.27 30.4
5 Stoney Creek
(E. Broadway) 435 1.14 +15 0.39 46.0
6 Eagle Creek
(Piper Ave.) 1100 0.87 -7 15.9 90.7
7 Eagle Creek
(above Golf
course) 384 0.72 -224 15.3 83.9
8 Deer Creek
(Glencairon Dr.) - 233 0.51 -340 2.1 44,2
9  Still Creek . _
(Lougheed Hwy.) 263 0.56 =434 1.73 61.8
10 Still Creek : .
(Douglas Rd.) 222 0.41 -401 6.04 78.1
11 Still Creek’
(Wellingdon) 266 0.52 -329 3.86 91.2
12 Still Creek .
(Gilmore Ave.) 1350 2.74 - 68 0.52 10.9
S- 2 Salmon R. - :
(McKinnon) 476 0.87 -441 0.91 91.4
S- 4 Salmon R. ) )
(Rawlison Cres.) 954 1.42 -164 1.23 35.7
S-14 Coglan Creek
. (Otter Road) 1140 .2.09 - 19 0.43 18.9
S-16 Salmon R. »
(Otter Road) 523 '0.69 -105 0.83 38.5
S-18 Salmon R.
(Coglan Road) 909 1.07 -110 1.74 73.4

Bioconcentration Ratio = Mn in oligochaetes/total Mn in sediment

Stations 1 to 12 , Brunette Basin ; Statioms S-2 to S-18, Salmon River
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fegression'analysis of the data (Table IV) indicates that
the moét significant correlation for Mn in oligochaetes
was with reaox potential of sediments and with percent fine
material.in'the sedimeﬁts when Mn in oligochaetes was
expressed'és a bioconéeﬁtration ratio. Percent organic matter
in the sediménts also showed some correlation with Mn
biogécumulatioh in the wérms.

The relationship between Mn in oligochaetes and redox
~ potential is further iilustréted in Figure 2. It appears
that this'nohlinéar fit is even more significant than the
linear fit. ’
Résults of the.study by Bindra and Hall seem to be
.consistent with other litératufe fér Mn in marine worms.
" Chapman et al. (1980) noted that in the Fraser River, British
_ Columbla, Mn in ollgochaetes did not reflect total sediment
levels. Similarly, Packer et al. (1980) and Bryan and
Hummerstone.(l977) observed that Mn in polychaete worms,

Arenicola marina and Nereis diversicolor , from coastal and

estuarine environments respectively, bore no relationship

to Mn in sediments. Manganese in Arenicola marina was below

sediment levels, on the average, by a factor of approximately

30 and the factor for Nerels diversicolor was 45.

Evidently, variables other than total Mn levels in the
‘sedimeﬁts determine the métal uptake by worm species. Since
redox‘potentigls of mud deposits of deep estuaries and marine
afeas are usuéllyvlow, and in light of the findings of Bindra

and Halll(1977),it ié not surprising that Mn levels are
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Table IV : Coefficients of'Linear. Correlations (r) Between
. - Manganese Lévels in Oligochaetes and. Their
Habitat-Related Parameters (data from Bindra and
© Hall, 1977, Table III of this thesis)

" Redox " Organic carbon  Sum of Fine

Potential in Sediment Sand & Silt
(mV) W) ‘and Clay (%)
Mn in Oligo- + - 0.653% -0.4817 -0.3947
chaetes - (n=17) _ (n=15). o (n=17)
Bioconcent- - | 0.641l »-0,.403-3 "  ' .—0.616?1
‘ration Ratio (n=17) ' (n=15) - (n=17)
1 ' 0.01 >P>»0.001
5 0.05 > P> 0.01
3 0.2 >P>»0.1
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Figure 2. Relationship Between Mn in Oligochaetes and

Redox Potential of Sediment (data from Bindra
and Hall, 1977). |
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‘depressed in the worms.

Patrick and Loutit (1976) showed that bacteria
may mediate transfer of Mn from sediments to tubificids. Thus,
it would appear that_the greater uptéke of Mn by oligochaetes
uﬁder higher redbx potential‘observed by Bindra and Hall
(1977) and as shown in Figure 2 may have been due to greater
~ supply of Mn containing_bacteriél mass under aerobic
(high redox) conditions.

(b) Molluscs: Feeding habits of molluscs seem to
affect the.Mn levels in the organisms. Results of several
sfudies sﬁggest that deposit.feeders_have higher tissue Mn
levels than the filter feeders. Also, the literature
‘indicates'that molluscs collected from marine environments
‘accﬁmulated only a small fraction of thé total Mn in the
‘sediments.

In‘a biomagnification study by Guthrie et al.(1979)
" Mn levels in oysters and clams from the Galveston area of
Texas were 1.4 and 7.6 ppm, respectively, while the sediment
. had a Mn conéentration of 114 ppm. ‘Bryan and Hummerstone
(1977) also obsérved a similar Mn.distribution pattern.

‘Manganese levels in deposit feeder bivalves, Scrobicularia

plana and Macoma balthica were approximateiy 1.5 - 3 times

greater than in filter feeders,‘Cerastoderma edule and

Mytilus edulis. Filter feeders as well as deposit feeders,

however, accumulated only a small fraction (0,034 - 0.10 )
of total Mn in the sediments.

Differences in’Mn-accumulation due to feeding habits
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are also_evident from the data presented by Pringle et al.

(1968) OySters (Crassostrea virginica and C. gigas) and

softshell clams (Mercenarla mercenarla and Mya arenaria)

collected from the U.S. Fast Coast and some from the West
Coast coﬁtained averageAMn levels of 4.3 ppm and 6.7 ppm
respectively.- The higher levels in clams were probably due
to their having greater contact with the sediments and being

deposit feeders. A deposit feeder, Macoma balthica, collected

from 3 stations in the Sturgeon Bank area off the Iona Sewage
Treatment Plant outfall, Vancouver, Brltlsh Columbia had Mn
levels up to 209 ppm (Bindra and Hall, 1977).

Freshwater Pelecypod molluscs (clams and mussels)
are reperted to have very high afflnlty for Mn, Zn and Al
'(Forester,1980). A review by Forester indicated that Mn
levels for freshwater mussels ranged from 500 - 3500 ppm.
Although ﬁhe accumulation was compared to water concenﬁrations,
Mn levels in sediments were not reported

(¢) Aguatic insects: Bindra and Hall (1977)

presented data for Mn in chironomid larvae and sediments
collected from a station on an urban creek and 4 stations on
a rural river system; The bioconcentration ratio (organism/
.sediment) for the urban station was 2.84 as compared to

0.034 --0.171 for the rural stations. These results suggest
that Mn from urban‘pollution is readily bioavailable.
Barica et al. (1973) found that synthetic cheiating agents
releaeed.sediment Mn aﬁd some other trace metals to water but

" had no effect on uptake of Mn by chironomids. Thus
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it appears that the insects receive Mn mainly from benthic
food sources.

(d) Other organisms: In a marine microcosm

con31st1ng of barnacles, crabs, oysters, clams and polychaetes,
crabs contained the lowest levels of Mn. (Guthrie et al.,l979)
iCrabs appearuto control Mn levels'in tissue. A freshwater
crustacean crayfish, growing'in a stream receiving mine
tailings also had relatively low levels of Mn as coﬁpared to
tadpoles (Gale et al., 1973). Manganese levels in tadpoles |
dropped rapidly w1th distance from the taillngs pond, reflecting
metal levels in the environment.

5. Zinc (Zn) -

(a) Worms: Results of studies on 7Zn accumulation

in worms are often contradictory. Dean (1974) in a laboratory
study using a radioisotope of Zn,652n, showed that tubificid
worms do not accumulate Zn when it is bound to sediments’
whereas zh in solution may be readily picked up by the worms.-'

Yet, Ray et al. (1979b) report that Zn in Nereis virens

remained constant when exposed to water containing 1.0 mg Zn/1.
Guthrie et al. (1979) attribute a high concentration of Z2n in
polychaetes from a marine microcosm to its ability to
accumulate Zn from both sediment and‘water. Bindra and Hall.
(1977) (Table V) and others (Bryan, 1976; Packer et al.,1980)
presented data which show that under field conditions Zn in
worms may accumuiate many times above the sediment levels.

Ray et al. (1981) on the contrary failed to observe any

change in concentration of Zn in Nereis virens exposed to
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Table V : Bloconcentratlon Ratios of Zinc in Oligochaetes
| 'from Three Watersheds of the Lower Mainland of
~ British Columbla (adapted from Bindra and Hall,

1977, p. 40)

Station No. Bioconcentration Ratio
(organisms/sediment)

1 8.53

2 6.06

3 7.91

4 7.95

5 4.88

6 3.32

7 -1.85

8 '1.28

9 3.06

10 '1.15
11 1.65
12 7.66
S- 2 2.86
S- 4 1.66
S-14 9.46
S-16 4 .02
5-18 4.21
A 0.20

B 0.56

C 1.27

1. Three Watersheds:
(a) Brunette River Basin - ‘stations 1-12.
(b) Salmon River Basin - stations S-2 to S-18.
(¢) Ladner Side Channel - stations A,B and C.
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two contaminated sediments, in laboratory aquaria, for 30
' days. Obviously,»mechanisms for Zn accumulation in the worms
from their ehvironment are quite complex.

In a number of field studies (Bryan, l976§ Bryan
and Hummerstone,1977; Ray et al., 1979a; Chapman et al.,1980)
correlation between Zn in sediments ahd Zn in worms burrowing
in the sediments-was found to be insignificant. In these
studies, lack of relationship between Zn in sediments and
organisms was aftributed‘to either the ability of organisms
to control metals in their tissue (Bryan, 1976; Bryan and
Hummerstone, 1977) or variability in availability of Zn

in the sediments (Chapman et al., 1980).

| Hall and Bindra (1979) studied the distribution

of trace metals_in various geochemical phases of sediments

and in the burrowing oligochaete worms, collected from various
watersheds of the Lower Mainland of British Columbia.
Sedi@ents were characterized for a number of chemical and
physical parameters such as pH, redox potential, percent
organic and inorganic Qarbon, and particle size distribution.
No single parameter appeared to control Zn in the worms.

Patrick and Loutit (1976) suggested that Zn
associated with aquatic sediments may be chcentrated by
bacteria and passed on to tubificid worms- which ingest

bacteria coated sediments for food (Geesey, 1980).

Although many such mechanisms have been proposed,c

actual route of metal uptake by worms has not been determined

(Chapman et al., 1980).
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' ' '(b) Molluscs: Freshwater clams and mussels are

A  knoWﬁ to have a high éffinity for Zn (Forester, 1980). Mathis
and Cummings (1973) determined a number of‘trace'metals in
componénts of a freshwater ecosystem (sediments, water, worms,
:cléms and.fishes). Maximum.concentrations of Zn among the biota
occurred in clams and.most closely reflectedcsediment levels.
Anderson (1977b) reported 7Zn concentrations in six species

of freshwaier clam and sediments collected from the Fox River
'near-Chicagd;A;Zinc levels in clams were greater than those

for the sediments. Distribution of Zh in vafious organs of

two species of clam (Anodonta marginata and Lasmigona

complanata).indicated maximum concentrations in gills and

viscera suggesfing that Zn uptake is mainly through food
intake. |

Zinc_leﬁels in molluécs in at least three estuariles
have been found to decline with distaﬁce from the mouths of
the estuaries. Bryan and Hummerstone (1977) iﬁ a trace metal
survey of the Looe Estuary, U.K., observed that Zn
concentrations‘in most molluscan species and sediments dropped

toward the sea. Larsen (1979) and Romeril (1979) also found

that Zn 1eve1s'in the hardshell clam, Mercenaria mercenaria,
fell as sélihity increased in the James River and
Southampton waters respecfively. Similar trends in Zn
concentrations have:been-measured for sediments (Romeril,
.1979; Chapman et al.,'l980). Popham et al. (1980) showed
that mussels are quite sensitive to metal pollution in the

environment. .
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Zinc accumulation among molluscan species may
vary>due to differences in physiological metai requirements
of the animals (Pringle et al.,1968). A trace metal survey
of shell fish along»ﬁhe U.S. Atléntic Coast and the Pacific
Coast (Washington State) fqund that Zn in the organisms
obtained from thevAtlantic Coast varied from approximately
10-40 ppm for hardshell and softshell clams to values 6f
180-4100 ppm for the Eastern oyster. Zinc concentrations
in the Pacific oysters were lower by a factor of 10. Zinc
concentrations in the organisms also depended on degree of

pollution in the coastal areas and water temperature.

Pacific oysters (Crassostrea giga) caught from 15
stations along the Témér River, Tasmania, contained Zn levels
in proportion to and exceeding those in the sediments
(Ayling, 1974). This suggests that animal controls based
on physiological needs may be overwhelmed if concentrations
in the sediments aré high enough. Results of a laboratory
study by Ray et al. (1981) support this hypothesis. The

clam, Macoma balthica, exposed to two sediments varying

widely in Zn éontamination accumulated Zn only from the
sediment which contained very high levels of the metal.

Also, it has been shown that accumulation of trace
 metals by bivalve clams may depend upon the geochemical form
of the metals {(Luoma and Jenne, 1975a;b). Luoma and Jenne
(1975b) studied the uptake of rédiolabelled Ag, Cd, Co and
Zn by the deposit feeding clam M. balthica. They coprecipi-

tated the metals with amorphous Pb ahd Mn oxides and
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éynthetic calcite or adsorbed them to biogenic carbonates

or detrital organics and then M. balthica was allowed to feed
on these materials. At the end of the experiment , tissue
levels-of metals in the bivalve were determined. The uptake-
of Zn was high from biégenip‘carbonétes, but very little
accumulation of the metal took place from Pb and Mn oxides.
Zinc bound to biogenic carbonafe was readily desorbed by
seawater. Thus, the ability of a clam to éssimilate Zn was
related to the weakness of bonding between Zn ions and thé
sediment particles. ,

Luoma and Jenne (1976) compared the leachability
of Zn (also Ag, Cd and Co) from model sediments and
accumulation of the metal by M. balthica . Accumulation of
Zn by the clam from various sediments was best related to
amount of metal extracted by 1N ammonium acetate or 1N sodium
hydroxide plus EDTA. The amount of Zn removed from sediments
by weak acids (0.1N hydrochloric acid; 25% acetic acid),
reducing agents.(lN hydroxylamine hydrochloride in 0.01N
nitric acid; sodium dithiqnite plus citrate) or oxidizing
agenté (3% hydrogen peroxide plus citrate) showed a poor
relation to the metal accumulated by the clam.

Ludma and Bryan (1979) investigated availability

of sediment-bound Zn to two species of clam (M. balthica and

Scrobicularia plana) under field conditions. Sediments and
organisms were collected from two separate study areas. One
study area was San Francisco Bay where M. balthica and

sediments were sampled. The second study area was southwest
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England in which S. plana and sediments were collected from
17 estuaries. Zinc concentration ratios between the clams
and sediments were regressed against Fe, Mn and Zn in various
chemical extracts and sediment characteristics such és
organic and inorganic carbon content and combinations of
these. The regression analyses indicated that physiochemical
form'of Zn in the sediments affected_theA availability of
the metal to the clam. Significanf correlation was obtained
between ammonium acetate soluble Zn in sediments and Zn in

Scrobicularia. Other correlations indicated that the presence

of high levels of amorphous Fe and Mn oxides or humic
substances in sediments enhances availability of sediment-
bound Zn to clam species.

(¢) Aquatic insects: Namminga and Wilhm (1977)

related trace metal levels in chironomids and sediments
collected from Skeleton Creek, Oklahoma. The mean concen-

tration of Zn in the organisms was 57 ppm, 3.6 times the mean
concentration in the sediments. Bindra and Hall (1977) also
determined Zn levels in chironomid larvae collected from the
Brunette River and Salmon River basins in the Lower Mainland
of British Columbia. The metal levels in the chironomids
werebcompared to Zn concentrations in various chemical
extracts of sediments and physical and chemical character-
istics of sediments such as organic and inorganic carbon, pH,
redox potential, particie size fractions. No relationships
were observed. Bioconcentration ratios between organisms

and sediments differed considerably betweeh grossly polluted
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Still Creek and only slightly polluted rural Salmon River
"(Table VI). - '

(d) Other organisms: In a trace metal study of

River Irwell, U.K., Eyres and Pugh-Thomas (1978) found that
as substrate Zn leVels increased, tissue levels in Asellus

aguaticus ahd Erpobdella octoculata decreased. The authors‘

admitted although the exact mechanisms of trace metal
contrei in the animaiS'were not known, two possibilities
existed: (1) the animals were able to block entry of the
metal into their bodies or (2) the metals entering the animal
bodies were effectively removed through animal excretions.
Similar metallcontrols.were also operative in Crangon

sepﬁemponosa when it failed to accumulate Zn from two

contaminated sediments to which the shrimp was exposed in a

laboratory for a period of 30 days (Ray et al., 1981).

6. Summary-

Trace metal levels in benthic organisms do not
always reflect the concentrations in sediments. This
suggests fhat other factors help regulate organism trace
metal‘leveie. Although the exact nature of these controls is
.not known, much speculation exists. Among the suggested
controls are the abiliﬁy of the organisms to block uptake or
effectively excrete the metals eﬁtering'the animal body, and
limited bioavailability of the total‘metal in the sediments.
The latter.hae_been recognized only'recently; It is believed

that the geochemical form of.the metal in sediments may
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Table VI : Comparison of Bioconcentration Ratios of Zinc in
‘Chironomids: from Two Watersheds, Lower Mainland,
.British Columbia (from Bindra and Hall, 1977,p.40)

Watershed Station Bioconcentration Comments
........ - Ratio
Still Creek ‘Grandview Hwy. - 8.16 - Urban
Salmon River =~ Springbrook Rd. 3,76 Rural
Salmon River 64th Avenue 3.34 - Rural
Salmon River Coglan Creek at 2.95 Rural
‘ - Otter Rd. ,

Salmoﬁ River Roberts Rd. | a 2.48 Rural

Bioconcentration Ratio = Zn in chironomids/ total Zn in
"sediment :
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deﬁermine its potenfial availability. Not many studies

have been conducted to evaluate the relationship between

biological uptake and geochemistry of trace metals.



65

Chapter 2
MATERIALS AND METHODS

I. MATERIALS AND METHODS FOR EXCHANGE BETWEEN SEDIMENTS
AND WATER

Laboratory experiments were set up to determine
the effects of oxygen , pH, salinity, sediment type (particle
size and organic content) and agitation on the exchange of
trace metals between sediments and water. Vertical plexi-
glass cylinders containing 5 cm of sediment under a 100 cm
éolumn of water were used to simulate natu:al quiescent
-coﬁditions for exchange. The variables studied in these
static columns included oxygen, pH, salinity and sediment
type. Concentrations of trace metals Cu, Fe, Pb, Zn and
sometimes Mn were monitored in the water column above the
sediment for apbroximately.5 weeks or until equilibrium
conditions were established. Elutriate tests (see P. 8)
were performed to investigate the effects of agitation in
combination with oxygen, pH, salinity, and sediment type on
trace metal exchange.
| A1l column studies and elutriate teéts were
performed on two sediments differing in particle size and

organic matter content.’
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A. Column Studies

1. Sampling

(a) Sediment: Sediments for all exchange

studies were obtained from the two previously established
‘stations in Still Creek (Bindra and Hall, 1977), station.
No. 11 (at Willingdon Avenue) and No. 12 (at Gilmore Avenue)
in the Brunette Basin ih Burnaby, B.C. The criterion for
their selection was that sediments at both stations contained
high levels of exchangeable trace metals and differed signifi—
.cantly in particle size and organic matter content. The
sediment collected at Willingdon Avenue was mainly silt and
clay ahd relativély high in orgahic matter content. In contrast,
the sediment collected at Gilmore Avenue was coarse (sandy) and
relatively low in organic content.

| For column studies the sediments were collected

on two occasions:
- (1) 23 Dec. 1977 . (used in oxic, anoxic, salinity columns

: and low organic-pH columns)
(2) 19 April 1978 (used in high organic-pH columns, also
, used in elutriate tests described later)

Approximatély 20 liters of sediment were collected
on each occasibn with an aluminum pot. Thé sediments were
immediately sieved through a coarse (2 mm) plastic sieve to
remove coarse materials and placed iﬁ plastic bags flushed
with nitrogen and transported to the laboratory in iced
coolers. A small portion of each sediment was used for
geochemical fractionation and for determinafion of organic
matter, pérticle size and percent dry weight. The remaining

' Sediments were placed in plastic bags and stored for periods

up to 115 days in a_freezer until needed. Although storing
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of sediments even under.freezing conditions can affect geo-
chemical distribution of metals, for bomparison of results it
is important that all similar experiments be performed with the
same sediment.

(b) Water: Freshwater for the column studies

was obtained at the same Still Creek stations as the sediments
just prior to setting up the columns. Seawater for salinity
changes was oBtained from the>seawater tap at the Pacific
Environmental Institute (PEI) in West Vancouver which takes
seawater several hundréd meters offshore and several meters
deep. All water was collected in clean plastic containers

and stored at 4 OC until used.

2. Construction of columns

Four plexiglass columns 122'cm high, 30.5 cm OD
and 29.2 cm ID with plexiglass bottoms and tops were
constructed in the Civil Engineering Workshop. A glass tube
with a gas dispersion tube at its lower end was suspended in
each column. The columns were fitted with several sampling
ports covered with rubber cups filled with silicon sealant.
Columns were supported on 45 cm wooden bases to facilitate
sampling and cleaning of columns. A schematic of a column
is shown in Figure 3.

Three similar columns of smaller diameter
(14 cm OD) were used to study the effect of pH on trace

metal dynamics.

3. Setup of columns, operation and sampli@g

Frozen sediment with a wet volume of approximately

3.5 liters was placed into a column and immediately overlain
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Figure 3. Sketch of a Column
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;with“70 liters of freshwater uéing a-siphon arrangement to
give a Sediment.to water ratio of 1:20. Compressed air from
the léboratOry outlet was'connected to thé glass tubes and

allowed to purge the water column with the dispersion head
10 cm above the sediment to prevent sediment fesuspension.
To generate4anoxic conditions, compresséd nitrogen gas,
passing through a ?yrogallol and deionized water cleaning
train, was used to_replace the air. For anoxic runs,
freshwater was purged with nitrogen before siphohing into
the columns. After 24 hours equilibration, sampling-began
through the lower port using plastic‘syringes to obtain 250 ml
of sémple,' The samples were filtered through O.45/Am membrane
filters}'abidified and storedvfor subsequent analysis. The
filters retaining suspended solids were stored in clean petri
dishes prior to digestion. Sampling continued for
appfoximately 5 weeks or until equilibrium was reached. At
this time, the first salinity ghange was made where half of -
the freshwater was replaced with seawater (~~28 ©/00).
Subsequent salinity changes were made to attain values of
21 °/oo and 28 ®/oo in the columns.

| The three smaller plexiglass columns were used to
study pH effeéts using one sediment for each experimental
series. These experiments were only operated under oxic
conditions with compressed air and the same ratio 1:20 of
sediment to water was employed. No salinity changes were

attemptéd in the pH series. The three pH values used were

—

1. Throughout this work Millipore-type (cellulose acetate)
membrane filters were used. The filters were soaked in
0.05M phthalate buffer (pH=3.6) for several hours and
rinsed in deionized water before using.
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the natural pH of approximately 7 and adJusted pH's of 5 andb”;
10. The pH 5 buffer (0.1M) was an acetate buffer made by -
dissolving 86.59 g of sodlum acetate and 25. 64 ml of glac1alf-

acetic a01d in 15 llters of Stlll Creek water. The pH lO

buffer was a carbonate buffer (0.1M) made by d1ssolv1ng
87.45 g of sodium carbonate and 50.70 g of sodium blcarbonate
in 15 liters of Still Creek water. - B |

\ The various combinations of oxygen, pH, salinity |
and sediment employed in the column'studies are summarized
in Table VII. |

During all column studies, in addition to trace

metal analyses, color, turbidity and pﬁ measurements were
made periodically until no significant change was apparent.
Also, water in the columns before and after each change was
analyzed for color, turbidity, pH, residue, ou evaporation,
dissolved inorganic and dissolved.organic carbon, nitrate
nitrogen, chloride, sulphate, hardness, calcium, alkalinity}
acidity, conductivity and salinity.

A1l column studies were conducted at room

0

temperature (22-23 "C).

B. Elutriate Studies

1. Sampling

(a) Sediments: The sediments collected on 19
April 1978 for the column experiments were used in these studies.
(b) Water: Laboratory tap water was used

as the freshwater source allowing at least 10 minutes to
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'Table VII : Combination of Env1ronmenta1 Condltlons Used in
’ o ' Statlc Column Studies.

"ExPérimentl - :-OXygen' pH Salinities (0/00)2
: " Conditions

~oxic 3 natural (~7) 0, 14, 21, 28

1 .

2 anoxic 4 - natural (-~7) 0, 14, 21, 28
3 oxic 5 0

4 . oxic - natural (~7) 0

5

oxic ' 10 0

1. Each exper1ment was conducted only once with both the low
organlc (Gllmore) and high organic (Willingdon) sediments.

2. .Sal1n1t1es were adjusted stepw1se with a period of
5 weeks allowed for equilibrium.

3. Continous dlsper31on of compressed air in water column.

L. Continuous purglng of water column with oxygen-free
nitrogen.
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purge the pipes. Seawater was obtained from PEI as discussed
earlier. Water was stored at .4 OC but allowed to come to

room temperature before the tests.

2. Test'prodedure

Wet - sediment equivalent to 25 g dry weight was
placed in 1 liter Erlenmeyer flasks containing 475 ml of
water (including interstitial water). The flask contents
were agitated for 30 minutes with compressed air or nitrogen.
After 1 hour of settling, 200 ml of supernatant was decaﬁted
into a plastic centrifuge tube and centrifuged for 30 minutes:
at 3000 rpm followed by filtration through a 0.45 u4m membrane
~filter. The filtered Qater samples were acidified and stored
for subsequent analysis. |

For tests involving anoxic‘conditions, a nitrogen
atmosphere waé maintained over the water until it was filtered
and acidified.

A blank of water with no sediment was carried
through the procedure to eliminate some of the errors due to

sorption on to and deéorption’from the apparatus.

3. Environmental conditions of elutriate test

Elutriate tests were performed with compressed air
(oxic) and nitrogen (énoxic conditions) on both low and high
organic content sediments at salinities of 0, 1, 4, 10 and
25 °/oo and at ambient pH and adjusted pH's of 5 and 10.
All tests were performed at room temperature (22-23 OC). For
cach set of conditions the test was performed on triplicate

samples and the results averaged.
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II. MATERIALS AND METHODS FOR EXCHANGE BETWEEN SEDIMENTS
AND BENTHIC INVERTEBRATES

A, Organisms for Exchange Experiments

Four groups of organisms were collected for the
trace metal exchange experiments. They included an estuarine

amphipod (Anisogammarus confervicolus) taken from a

laboratory culture maintained in the Institute of Oceanography,
U.B.C. The parent stock was collected from the Squamish
estuary at the head of Howe Sound. The second organism, the

opossum shrimp (Neomysis mercedis), was taken from a laboratory

populafion that had been collected in the main arm of the
Fraser River near Woodward Island. Oligochaetes were
collected on May 31, 1978 in the middle of contaminated Ladner
sidechannel, which is the main harbour area for Ladner,
épproximately 40 km from Vancouver, B.C. They were collected
with an Ekman dredge and sieved from the sediment with a

" 0.038 mm bucket sieve at the collection site. Recent sufveys

have indicated Tubifex tubifex and Limnodrilus hoffmeisteri

are the dominant speciesAat this station (Hall and Yesaki,

unpublished data). Chironomids, predominantly Chironomous sp.

and Cryptochironomous sp., were collected on June 19, 1978

in a marsh side channel adjacent to the Ladner sewage lagoon.
Samples weré taken with a hand scoop from the side channel
bank at low tide and sieved with a 0.038 mm bucket sieve on
site. Both the oligochaetes and the chironomids were placed
in river water in plastic buckets for transportation to the

laboratory.
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B.  Sediments and Water for the Experiments

Two COntaminaféd sediments were collected on
May 23, 1978 at the saﬁe two stations of Still Creek énd
using the same methods as discussed éarlier for the sediment-
water exchange. As befqre,'Willingdon Avenue sediment was
fine and relatively,high in organic matter content, and
Gilmore Avenue sediment was relatively coarse (sandy) and
lower in organic matter. A small poftion of the sediment
was used for determination of total trace metals. A geo-
‘chemical distribution of trace metais in sediments collected
earlier (April 19, 1978) provided‘sbme information on the

form of trace metals in the sediment.

Unchlorinated freshwater from a well at UBC was
used to set up the sediment-invertebrates eXchange_experiménts.
The amphipods required brackish water conditions. Therefore,
seawater collected from'Burrard Inlet at PEI with a salinity
of approximately 28 °/oo was diluted with wéll water to give

a brackish water of 7 °/oo.

C. Experimental Setup

Trace metal exchange expériments with the
amphipods, chironomids, and opbssum shrimp were set up in
wide mouth 3.64 liter (128 oz.) jars while the chambers for
experiments with oligochaetes were wide mouth 0.45 liter
(16 oz.) bottles. ASediment and water were placed in the

bottles in a ratio of 1:8 . To each amphipod microcosm

chamber, 5 g wet weight of the benthic algae, Enteromorpha,
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was added as a food substrate. The microcosm bottles were
set up in a Percevall incubator at 10 °c bn a 12 hour light,
12 hour dark cycle. Compressed air was bubbled into each
chamber with care taken to prevent resuspension of the
sediment. The microcosm chambers were allowed at least 24
hours to come to equilibrium before any organisms were added.
Approximately 40 - 50 opossum shrimp, 100 amphipods
and 1 g wet weight total masses of oligochaetes and
chironomids were placed in individualAbottles for the
microcosms; The numbers and masses were selected in order
ﬁo provide sufficient material for trace metal analysis. At
approximately one week intervals, organisms in the two
different sediment types were collected for analysis. Since
the analyses required relatively large numbers of organisms,
it was only possible to make duplicate analyses for some of
the oligochaete microcosms. The opossum shrimp were collected
with a large bore pipette. Amphipods were hand picked with
_tweezers from the algae followed by sieving the sediment
thréugh a 0.035 mm stainless steel Tyler sieve. Both
oligochaetes and chironomids were sieved from the sediments
with the 0.035 mm sieve, transferred to a white enamel tray
‘aﬁd segregated from large detritus particles with tweezers.
A1l organisms were rinsed with distilled water,
placed‘in aluminum dishes and dried at 60 °C to constant

weight.
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III. -_ANALYTiCAL PROCEDURES FOR EXCHANGE AT BOTH SEDIMENT -~
WATER AND SEDIMENT-INVERTEBRATE INTERFACES

A. Geochemical Partitioning of Sediments

1. General

All glassware and polyethylene bottles used for
.geochemlcal extractlons and in general handllng and storage
iof samples were soaked in 50 percent hydrochloric acid for
‘several'hours and then rinsed 4 - 5 times with distilled
watsr. Glassware and polyethylene were stored in distilled
water.untll used. A1l chemicals were reagent grade.

The extraction scheme used in this study was first
proposed by Engler et al. (1974). Serne (1975) utilized this
scheme to partition trace metals in marine sediments. The
" method of Engler et al. was preferred to others since it
attempts to keep the sediment as close as possible to in situ
conditions fsr the first three extractions. Drying, grinding
~and exposure to atmospheric oxygen are avoided. The first

three extractibns;namely interstitial water, exchangeable

'~ phase, and easily reducible phase,are carried out under a

hitrogen atmosphere in a glove box.

Two analytical difficulties were encountered when
attempts were made to use the'pfoposed partitioning scheme.
In the moderately reducible phase, the dissolved solids were
too high for atomic sbsorption flame spectrophotometry and
the chemisals used to extract this phase were grossly

contaminated with zinec. Both of these difficulties were
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avoided by using an alternative geochemical extraction méthod
thch empioyed 0.3M hydrochloric acid rather than the citrate-
diihionite buffer. Malo (1977) has shown thét this technique
is;equally selective and somewhat more effective than the
citréte—dithionite extraction. This geochemical phase will

be referred to as the easily acid extractable phase (EAEP).

2. Interstitial water (IW)

Well mixed sediment was transferred ffom the sample
: boﬁtlé to a éentrifuge tube with a large plastic spatula in
the'glove box under é positive nitrogen pressure. Enough

' sediment was centrifuged at 3000 rpm for two hours to provide
‘at least 150 ml of interstitial water (IW). The IW was 0.45 am
‘membrané filtered, acidified to pH 1 and Stored in

polyethylene bottles for trace metal analysis.

3. Exchangeable phase (EP)

Preweighed centrifuge tubes (250 ml) and aluminum
disposable evaporating dishes were placed in the glove box
‘containing the sample and spatula. A portion of sediment
containing aboﬁt 20 g of dry material was placed in the
.centrifuge tube and -sealed with a screw cap. Another
portion of the sediment containing approximately 10 g dry
material was placed in the evaporating dish. Both aliquots

were weighed and the sample in the aluminum dish was dried

to constant weight at 103 °; to determine the moisture

content. One hundred ml of deoxygenated 1.3M ammonium
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acetate (pH=7) was transférred to each centrifuge tube in
the gloVe box. The tubes were capped and_shaken for 1 hour
on a Burrell wrist-action shakervénd then centrifuged; The

supernatant was 0.45 am membrane filtered, acidified (pH=1) and

stored in polyethylene bottles for subsequent analysis. The

extracts also contained interstitial water so it was necessary

to correct values for the trace metal content -of the 1W.

L. Easily reducible phase (ERP)

The residue from the EP was wdshed oﬁce with 50 ml
of deoxygenated distilled water,. centrifuged at 3000 rpm for
1 hour and the supernataht discarded. This was done outside
the glove box but under a stream of nitrogen gas. A 3-4 g
sub-sample (on a dry welght basis) of ‘the washed sedlment was
transferred to a preweighed centrifuge tube in the glove box.
An additional sub-sample was taken for moisture determination.
One hundred ml of deoxygenated 0.1M hydroxylamine—hydrochloride,
adjuéted to pH 2 with nitric acid, was added to the sample,
shaken for 30 minutes on the Burrell shaker and then
centrifuged for 1 hour. The supernatant was filtered through
a 0.45 #m membrane filter and stored for analysis.

| Since the residual componenfs’of sediment are

not affected by atmospheric oxygén the sﬁbsequent extractions

were conducted on the open laboratory bench.

5. Organic and sulphur phase (OSP)

The sediment from the ERP was washed with 50 ml of

distilled, deionized water in exactly the same manner as
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}'previously described‘fbr‘the ERP except it was not protected
from the air. _Tubes.éontaining the washed residue were
placed in a 90 - 95 °c,wa£erbath'aﬁd 30%-}1202 , acidified

to pH 2, was added in small aliquots until no vigorous
steaming was noted. -MineralAions liberatéd by this digestion
were extracted with 100 ml of l.QM'ammonium acetate soluﬁioﬁ,
adjusted to pH 2 with ﬁitric acid, by -shaking on the Burrell
shaker for 1 hour followed by filtration as previously

described.

6. Fasily acid extfactable phase (EAEP)

The residual sediment was washed, 10 ml of 3N HC1 .
added and immediately diluted td 100 ml with distilled water.

°¢

The tubes were heated with periodic shaking in a 90 - 95
waterbath until temperature reached 80 °C and then continued
for 30 minutes. The extract was recovered by centrifugation.

The residue was washed with 10 ml of distilled water and the

washings combined with the acid extract which was filtered

and stored for analysis.

7. Residue phase (RP)

A weighed sub-sample (approx. 0.5 g dry wt.) of
the washed residue from the previous'extraction was digested
on a sand bath at 180 °¢c with 10 ml of fuming nitric acid

andle ml of conc.? hydrofluoric acid in a covered Teflon

2. Approximate strengths of the concentrated inorganic
acids used in the experimental work of this thesis were:
HNOB, 90%, 21M; HC1,36.5-38%, 12M; HF, 4,8-51%, 29M; and

HClOA. 70-72%, 9M.
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beaker. Upon complete evaporation,'5 ml of cona. pefchldric_,,
acid was . added and evaporation continued until dry again.
_This was followed by successive 10 ml additions of hydrog_ 
fluoric acid andievaporation until the silicate mineréls
were digested. The residue was dissolved in dilute hydro-
chloric acid and made to volume in a 50 ml volumetric |
flask with a 5% solution of 1:1 mixture of nitric and
hydrochloric conc. acids. A separaﬁe sub-sample of sediment
was taken for moisture determination and a blank was carried
through the digestion procedure to account for acid

impurities.

8. Total trace metal analysis (Total)

Sediment sub-samples used to determine moisture
content for the exchangeable phase were finely ground in an
agate mortar and approximately 0.5 g portions transferred
to Teflon beakers. The sediment was digested and brdught
to volume in the same manner as the.residue phase except
'that the perchloric acid was diluted with 5 ml of fuming
nitric acid as a safety measure.

| All these geochemical extracts were analysed for
Cu, Fe, Mn, Pb and Zn using the atomic absorption

spectrophotometric method described later in this chapter?

3.  Precision checks were made in a previous study (Bindra and
Hall, 1977) standard deviation were within 10% of the average
- values except for some geochemical phases containing low
concentrations the deviations were as high as 25 percent.
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A
B. Trace Metals in Water

Water samples were analyzed by atomic absorption
flame spectrophotometry. A complexation-solvent extraction
procedure was used due to the low levels of metals in the
a—water (MéQuaker, 1976). Two problems were encountered

when attempts were made to use this procedure on the

elutriate samples. The solvent formed a stable emulsion with

the water and the small volume of solvent that separated

from the emulsion appeared to give an enhanced signal.

These problems were probably caused by extraétion of oils and
greéses from these polluted sediments. To overcome these
difficulties, water samples from elutriate tests were

digested with strong acid before solvent extraction.

1. Digestion of elutriate samples

The filtered samples (100 ml) were transferred to
250 ml glass'beakers and 10 ml of fuming HNO3 + 10 ml of
conc. HC1 were added. Samples were evaporated to reduce the
contents to approximately 35 ml followed by dilution to
100 ml with deionized water.. A blank was run through the

above procedure to account for any trace metals in the acids.
5. Digestion of suspended solids

Suspended solids on membrane filters were

transferred to 250 ml beakers and digested in fumehood after

adding 2 ml of fuming HNO3 and 1 ml of conc. HClOA. Samples

were taken to dryness and then solubilized with 3 ml of a 50%

solution of 1:1 , HNO3 « HC1l conc. acids. A blank was also

run to correct for contamination from membrane filters and acids.
To check precision eight 100 ml ‘aliquots of & water sample collected from :

Still Creek were analysed for Cu, Pb and Zn by solvent extraction methed.

Mean concentrations and percent standard deviations for the 3 metals are:

15(3.1%), Cus 11(4.6%),Pb; 29(3.7%), Zn.
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3. Preparétion of reagents

Thé diethyldithiocarbamate (DDC) solution was
prepared by dissolving 20 g of NaDDC in 380 ml of deionized
wafer,.0.45 ﬂm mémbféne filtering and extracting with several
20 ml aliquots of methyl isobutyl ketone (MIBK) until the
yellowish c&lor of the extract disappeared. This solution
was prepared fréshifor each batch of samples.

The biphthalate buffer was prepared by dissolving.
87.4 g of potassium Biphthaléte in 960 ml of deionized water,
followed by the addition of 12 ml of 1N HCl and diluting to
1 liter. The bufférvwas extracted with 25 ml of 0.01%
éoiution of dithizone in MIBK followed by several 25 ml
aliquots of MIBK until the:green residual color of dithizone
was completely removed. _ |

A standard stock sblutién of Cu,.Pb, Zn (25 mg/1)
and Fe (50 mg/l) was prepared by diluting 1000 ppm Fisher
AA solutions of these elements with a 10% solution of 1:1,

HNOB: HCl conc. acids.

L. Extraction procedure

The standard stoék solution was diluted with
acidified water (4 ml conc. HNOB/l) to prepare standards of
i, 3, 5, 10, 20, 30, 50, 80 énd'120 uz/l for Cu, Zn and Pb
and twice the concentration for Fe. . All standards and lOO ml
pdrtions of water samples were transferred to 250 ml beakers.
Two ml of biphthalate buffer Vas'added and the pH adjusted

to 3.6 # 0.1 with NH, OH or HCl. The standards and samples

4
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were transférred to 250 ml volumetric f1asks-to.which 10 ml
of DDC solution was added, followed by mixing,_and standing.
for 30 minutes. Six ml of MIBK was added to eéch flask and
shaken for 10 minutes on a mechanical shaker (Burrell Wrist
Action). The samples were allowed to stand.for‘lO minutes
to separate thevphases and then'deionized'water was added

to bring the MIBK layer into the neck of.the'flask. Samples
were aspirated into the spectrophotometer afﬁer standing

for 20 minutes.

C. Trace Metals in Benthic Invertebrates and Algae

Benthic organisms and algae samples were analyzed
for trace metals by atomic absorption spectrophotometery

after dissolution as follows.

1. Dissolution of benthic invertebrates

In trace metal analyses of organisms, error due to
gut content is generally overlooked (Flegal and Mértin, 1977) .
The common practice is to keep live organisms for several '
hours in clean water to empty their guts. This procedure has
been questioned since organisms may still contain significant
- quantities of sediment after several.hours of fasting ;
Further, the procedure does not prevent organisms from
reingesting their feces. . Therefore, to eliminaﬁe most of
the gut error , organisms were digested over medium heat -
in 100 ml Erlenmeyer flasks by several additions of 30%
hydrogen peroxide. One ml of fuming nitric acid was added

followed by 15 ml of distilled water before the acid
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 combietely eQaborated. ﬁndigested sediment from organisms'
gutsﬂwas.removed by filtration on prewéighed 0.45 4m
membrane filters.

The membrane filter and the filtered sediment
were oven dried to constant weight (103 OC). The previously
determined membrane weight was subtracted to obtain gut
sediment weigh£.4 The filters and sédiments wére transferred
'to'teflbn beakefé and digested similarly to the residue
phase. Solubilized material was combined with the previous
organism digestateiin an Erlenmeyér.flask. The combined solution
was evaporated and brought to a final volume of 10 ml (for
50 - 100‘mg of organisms) or 5 ml (for 25 - 50 mg of organisms).
Trace metal contént of organisms was corrected for gut content
by using gut sediment weight and separately determined total

trace metal concentration in the sediments.

2. Dissolution of benthic algae

Algal samples were cleaned with tap water and
distilled water then oven dried (70 OC). The dry material
was grouﬁd and weighed portions digested in 50% H202 followed
by.fuming nitric acid. Samples were filtered to remove any

residual sediment and thevfiltrate diluted to 25 ml for

trace metal analysis.

D. Atomic Absorption Spectrophotometry

A Jarrell - Ash Model 810 double chanﬁel atomic
absorption spectrophotometer was used to determine Cu, Fe,

Mn, Pb and Zn in the sediment extracts, MIBK extracts of
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water samples, and in the digested benthic organisms and
algae. Calibration curves were prepared with diluted Fisher
Standard AA Solutions. Background corrections could be
conveniently made by using both channels and subtraction
made by the instrument; The analytical settings fpr each

element are summarized in Table VIII.F

E. Other Analytical Techniques

1. Color

Trué color in water was measured with the Fisher
Scientific Hellige Aqua Tester on fiitered samples. Highly
colored samples were diluted to within the range of the

instrument (0 - 100 mg/l Pt.).

2.  Turbidity

_ Turbidity measurements were made on vigorously
.agitated water samples with a Hach Turbidimeter (Model 2100A).
The instrument was calibrated with Nephlene standards provided
with the instrument. Results are expressed in NTU
(Nephlomefric Turbidity Units) or as equivalent JTU

(Jackson Turbidity Units).

3. pH
A Fisher Scientific pH meter (Model 320)

standardized with buffers of pH 4, 7 and 10 was used to

measure pH.

L.  Residue

" Appropriate volumes of filtered and unfiltered
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Table VIII : Analytical Settiqﬁs,for Atomic Absorption -

Spectrophotometry
. Element Absorbing -Teﬁb. S1it Flame
‘ Wavelength Current Width Stoichiometry
[¢9) (ia)
Cu 3247 7 5 Very slightly
' _ reducing
Fe 2483 8 3 "Lean
- Mn : 2795 10 4 Very slightly
) reducing
Pb 2833/2170 - 5 4 Slightly reducing
Zn = 2138 7.5 3 ‘Lean ’
1. used air/acetylene as oxidant/fuel mixture.

9 2833 A for samples high in dissolved solids.
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‘water were dried overnight at 103 °C in preWeighed
aluminum dishes. On cooling in a dessicator, dishes were

reweighed to determine total and dissolved solids.

5. Dissolved carbon

Total carbon and inorganic carbon were measured
on filtered samples with a Beckman Total Carbon Analyzer
(Model 915). Organic carbon was determined by difference.
Samples containing high levels of inorganic carbon relative
to organic carbon were acidified with HC1l and purged before

measuring the organic carbon on the total carbon channel.

6. Hardness, calcium, alkalinity and acidity

' These water quality parameters were measured by
standard techniques ouflined in Standard Methods (APHA,AWWA
‘and WPCF, 1975). Thé EDTA titrimetric method was used for
hardness and calcium measurements. Acidity samples were

titrated with 0.1N NaOH to pH 8.3 .

7. Nitrate, chloride and sulphate

- These anions were also quantitated by Standard
Methods techniques (APBA, AWWA and WPCF, 1975). Nitrate
nitrogen was measured by the UV absorption techniques using
a Pye Unicam SP8-100UV spectrophotometer. Chloride was
titrated using the mercuric nitrate method and sulphate was

determined by turbidimetry.

8. Condubtivity and salinity

A Radiometer Conductivity Meter (Model COM3)
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was used to measure conductivitiés of water samples. Water’
samples and 0.0100N KC1 solution were ailowed to come to
‘room temperature and then temperature and specific
conduetiVity were measured. Knowing the specific conductance
of 0.0lOON_KCl_as agfunction of temperature allowed semple
conductiﬁities to be corrected to 25 °c. Salinity was
determined from chleride measurement by the following
Arelatiomship. | |

Salinity ( ®/00 ) = (1.80655) . (C1™ g/1)

9, Weight loss on ignition

Weighed sediment samples dried at 103 °C were
placed in preweighed crucibles and combusted in a muffle
furnace at 600 °c for 3 hours. Weight loss represented the

organic matter content of the sediment.

10. Particle size analysis

Sediment samples were dried at 150 °Cc and
disaggregated in a large mortar. Fifty to one hundred grams
of disaggregated sediment were separated by shaking for
4 minutes on a nest of Standard Sieves made up of No. 18, 35,
- 60 and 230 which have mesh sizes of 1, 0.5, 0.25 and 0.063 mm
respectively. The five size fractions were labelled from
coarse to fine.as (a) very coarse sand, (b) coarse sand, (c)

medium sand, (d) fine and very fine sand, (e) silt and clay.
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Chapter 3
RESULTS

I. TRACE METAIL EXCHANGE BETWEEN SEDIMENTS AND WATER

A. Characteristics of the Sediments'

1. Sediment trace metal geochemistry

The geochemical distribution of the trace metals,
Cu, Fe, Mn, Pb and Zn in the sediments used in the column and
elutriate sediment-water exchange studies is presented_in
Tables IX and X. The sediment described in Table IX was
collected on Dec. 23, 1977 and used in the 6xicl, anoxic,
salinity, and low organic - pH éolumn studies. The sediment
described in Table X was collected on April 19, 1978 and was
used for the high organic - pH column studies and the
elutriate tests. During the period between collection of the
two sediment samples there ﬁas an increase in the total trace
metal levels in sediments from both stations. The Willingdon
station showed the greatest increase with the concentrations
of total Cu, Pb and Zn increasing by factors of approximately
5, 7 and 2.5 respectively. Sediment contamination during

this period resulted in a large increase in most trace metals

1. Terms ‘oxic! and ‘anoxic', when used to express experi-
- mental conditions of sediment-water exchange studies of
this thesis, signify: oxic-continuous dispersion of
compressed air, anoxic-continuous purging with oxygen-
free nitrogen (see chapter 2).



Table IX . Trace Metal Distribution in Sediments from the Brunette Basin Used in
Sediment-Water Exchange Studies (December 23, 1977)1, )

Trace Metal Station Sediment Geochemical Fraction
Iw EP ERP OSP EAEP Residue Sum  Total
Copper Gilmore 0.02 0.08 2.98 47.0 9.52 9.08 68.7 66.1
Willingdon 0.13 0.11 2.82 57.8 19.4 7.05 87.8 71.4
Iron ) Gilmore ' 0.16 1.90 592 133 3460 15200 19400 19400
Willingdon 2.21 3.81 777 1180 9280 20600 31800 31400
Lead Gilmore 0.04 3.81 35.2 62.1 35.0  37.8 174 171
Willingdon‘ 0.12 1.08 5.89 80.0 25.3 25.0 137 138
Manganese Gilmore 0.58 31.1 41.9 6.74 34.3 432 547 441
Willingdon 6.90 18.4 30.6 24.6 89;6 443 613 560
Zinc Gilmore 0.38 1.61 23.2 27.4 21.8 3.8 - 109 101
Willingdon 0.35 1.42 27.0 62.7 26.8 33.1° 151 181

1. All values are in ppm ( ug/g) on oven dry (103°C) basis. Sediment used in oxic, anoxic,
salinity and low organic-pH column studies.

2. IW = interstitial water, EP = exchangeable phase, ERP = easily reducible phase ,
OSP = organic and sulphur bound phase , EAEP = easily acid extractable phase.
Total determined independently.

Weight loss on ignition : Gilmore = 2.4%, Willingdon = 9.97%

06



Table X :

Sediment-Water Exchange Studies (April 19.1978)1.

Trace Metal Distribution in Sediments from the Brunette Basin Used in

Trace Metal Station Sediment Geochemical Fraction?
v EP ERP osP " EAEP Residue Sum Total
Copper Gilmore 0.01 0.13 17.2 67.8 11,4 11.8 108 125
Willingdon 0.06 0.13 28.9 208 32.8 12.8 283 328
Iron Gilmore 0.22 232 1520 443 3270 15700 21200 22600
Willingdon 42.6 66.6 2180 789 4870 19300 27200 26100
Lead Gilmore 0.04 4.8 120 56.4 24,7 26.2 232. 253
Willingdon 0.09 32.3 555 304 96.3 44.5 1032 980
Manganese Gilmore 1.35 55.6 44,3 10.6 35.5 353 502 549
Willingdon 7.05 60.8 56.1 17.7 45.7 398 586 525
Zinc Gilmore 0.16 5.8 61.5 36.6 17.9 38.0 161 162
Willingdon 0.35 30.0 216 110 >34.9 26.8 418 450

1. All values

are in ppm ( wg/g) on oven dry (103°C) basis.
column and elutriate studies.

Sediment used for high organic-pH

2. 1IW = interstitial water, EP = exchangeable phase, ERP = easily reducible phase, OSP = organic

and sulphur bound phase, EAEP = easily acid extractable phase. Total determined independently.

Weight loss on ignition :

Gilmore = 2.6% , Willingdon = 6.76%

T6
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-~ in' the exchangeable and easily reducible phases. There was
also a 30% decrease (9.97 - 6.67% change) in the organic

content of the Willingdon sediment.

5. Sediment particle size distribution

Particle size distribution of sediments obtained
from Willingdon Avenue and Gilmore Avenue stations in the
Still Creek area of the Brunette Basin is presented in
Table XI.>~This particle size analysis is from a field survey
of sediﬁeﬁts carried out earlier in f@ur different areas of the
Lower Mainland of British Columbia(Bindra and Hall,1977). The
analyses indicate that high organic Willingdon sediment 1is
fine and consists of fine to very fine_sand.(SB%) and silt
and clay (38.2%). 1In gontrast,.Gilmore‘iow organic sediment

is mostly (»87%) medium to coarse sand.

B. Diésolved Trace Metal Ekchange in Static Columns

at Different Oxygen and Salinity Conditions

The concentrations of dissolved trace metals, Cu,
Fe, Pb and Zn in the columns containing the two sediments and
~subjected to different oxygenAand_salinity conditions are

presented in Figures 4, 5, 6 and 7.

1. Copper (Cu)

The initial éoncentratioﬁs of dissolved Cu very
rapidly dropped to values of less than 10 #g/1 for both
sediments under both oxic and anoxic conditions (Figure 4).

Dissolved Cu in:the low organic sediment columns reached an



Table XI
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. Particle Size Distribution of Sediments at Two

Stations on Still Creek (Brunette Basin) Sampled
~ for Trace Metal Exchange Studies (Bindra and Hall,
- 1977)
Station Description Particle Size Analysis (%)
No. i 2. 3 4 .5
11 Still Creek at
, Willingdon Ave. 0.2 1.2 7.4 53.0 38.2
12 Still Creek at :
"Gilmore Ave. 2.0 33.5 53.7 8.0 2.9

1

very coarse sand (2-1::mm), 2 = coarse sand (1-0.5 mm),

3 = medium size sand (0.5-0.25 mm), &4 = fine'and'very'fine
sand  (0.25-0.063 mm), 5 = silt and_clay (4£0.063 mm).
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equiliﬁrium concéntration which was twice as high as values
for the high organic sediment even though the high organic
sediment contained a slightly higher total Cu concentration.
After the first salinity change, the dissolved Cu in the
anoxic column dropped to less than the detection level and
remained low throughout subsequent salinity increases. In
the aerobic system (Figure L), dissolved Cu increased to
approximately 10 ug/1l in the high organic sediment during
the first salinity ihcreasev(14.5 O/oo) bﬁt decreased to
1-2 ug/1 upon subéeqﬁent salinity changes.' In the low
organic oxic column the dissolved Cu did not increase to as
high of concentration as in the high organic cﬁlumn during
initial salinity additions but during the final‘salinity

change it established a higher equilibrium concentration
of 5 ug/l.

2. Iron (Fe)

Dissolved Fe in the oxié systém (Figure 5) reached
an equilibrium concentration of approximately 70 Mg/l after
15 days. Salinity adjustments in the oxic columns caused
dissolved Fe concentrations to fall to less than 10 ug/l for
both high and low organic sediments.. Under anoxic conditions
(Figure 5) the column containing the low organic sediment
with the lower total Fe level (19;400 ppm) released Fe
into solution redching values over 2 mg/l. After the first
and second saliniﬁy adjustments there was an initial drop |

in dissolved Fe levels followed by a'large release of Fe
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into solution. When the salinity was adjusted to full
seawater, Fe values dropped to the detection level of 1 ug/l
in this.column. In the high organic sediment system with
higher sediment Fe levels (31,400 ppm), the dissolved Fe
levels dropped to the detection level after the first salinity

adjustment and remained low.

3. Lead (Pb)

. In the oxic columns,vdissolved Pb in both the high
and low organic sediment systems showed a similar pattern
(Figure 6). During the initial equilibrium stage with
freshwater theré was an equilibrium level between 5 énd 10
#g/l Pb. The first salinity change removed the metal from
solution but there was some release after 5 days from both
sediments which stabilized at 7 u#g/l. Dissolved Pb was
removed in the oxic systems after the second salinity
' adjustment; In the anoxic system there was\a gradual
decrease in dissolved Pb in freshwater (Figure 6). Lead
decreased to the detection level after the first salinity

adjustment in the anoxic system.

L. Zinc (Zn)

Under oxic conditions (Figure 7) there was an
initial removal of dissolved Zn reaching an equilibrium
concentration between 3 and 5 Ug/l after 12 days. The first
salinity increase caused release of Zn into solution with
the low organic sediment system reaching an equilibrium

concentration of approximately 25 ug/l. The second salinity
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change initiated a slow removal of Zn from solution with one
sporadic increase attributable ﬁo analytical éontamination.
After the final salinity change, there was & gradual release
of Zn from both sediments which was still occurring after
two months. In the anoxic system (Figure 7), Zn was
gradually removed from solution over the 30 day freshwater
period.. After the first salinity change, Zn was rapidly
removed from solution and remained low throughout subsequent
salinity changes with some sporadic increases attributed to

resuspension of particles or analytical error.

5. Water quality conditions in sediment microcosms

The water quality conditions in the columns
subjected to different oxygen conditions and a series of
salinity changes are presented in Appendix A (Tables-Al to A4). !
Both initial and final water quality conditions are presented
for each salinity change. After the first seawater addition,
the system was dominated by the quality of the seawater
which buffers any minor changes that take place due to the
éxchange reactions with the sediment. There was a general
increase in the pH of all columns between each salinity
change which could be attributable to purging of carbon
dioxide from the water. Alkalinity values showed a genéral
decrease between each incremental salinity change. However,
under anoxic conditions in freshwater, there was an increase
in alkalinity probably reflecting dissolution of carbonates

under the low redox conditions. An increase in dissolved
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solids‘(BO - 45 mg/l) in the oxic systems occurred for

both sediments during the ffeshwater incubation period. This
inerease could not be accounted for by the water Quality
parameﬁers neasured. Changes in dissolved solids in the
anoxic systems under-freshwater conditions were smaller and

showed no consistent pattern.

‘Cc. Effect of pH on Dissolved Trace Metal Exchange

The effect of three pH's (5, 7 and 10) on the
-exchange of dissolved Cu, Fe, Pb and Zn in oxic columns
containing both higH and low organic sediments is presented

in Figures 8, 9, 10 and 11.

1. Copper (Cu)

Dissolved Cu concentrations were much higher at

low and high pH's than at thg ambient pH of 7

(Figure 8). In the low organic éediment equilibrium
concentrations of 40 and 80 ug/l occurred in the pH 5 and

10 systems respectively. For the high organic sediment at
low pH_there_was a rapid release of Cu with a gradual removal
‘over a month period. At high pH there was gradual rélease

of Cu.from.thié sediment over the entire study period.

Final concentrations of Cu in the high ofganic sediments

were approximately twice the level for the low organic

sediments in the pH 5 and 10 systems.

2. Iron (Fe)

Dissolved Fe concentrations were higher in the
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Figure 8. Effect of pH on Dissolved Copper Exchange in

Microcosms (Oxic Conditions, Salinity<l ©/50).
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Figure 9. Effect of pH on Dissolved Iron Exchange in

Microcosms {Oxic Conditions, Salinity<1l °/o0).
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Figure 10. Effect of pH on Dissolved Lead Exchange in
Microcosms (Oxic Conditions, Salinity <l ©/00).
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Figure ll.' Effect of pH on Dissolved Zinc Exchange in

Microcosms (Oxic Conditions, Salinity 1<°/oo0).
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low and high pH systems ﬁhen compared to the ambient (pH 7)
system except during the initial incubation period (Figure 9).
The release of Fe in the high pH system was very similar to that
of Cu with the high_organic sediment system reaching twice the
concentration level found in the low organié sediment. In

the pH 5 system (Figﬁre 9) there was a rapid release of Fe

from the high organic sediment followed by a gradual decrease
and final increase when the gradually rising pH was adjusted
back to 5. The low organic, low pH system did not release

Fe until after one week then concentrations increased to levels

found in the high organic system (11.5 mg/l).

3. Lead (Pb)

Release of Pb from the sediments showed é response
similar to Cu. The high and low pH systems showed a greater
release of Pb fhan the aﬁbient pH 7 system (Figure 10). The
low organic sediment system achieved a rapid equilibrium with
the values of.50 and 200 mg/l for the pH 10 and 5 treatments.
For the high organic sediment at pH 10 there was a gradual

release of Pb over the month incubation period.

L. Zinc (Zn)

Similar to the other trace metals, there was
gfeater release from the high'and low pH than at ambient pH
with a greater release from the high organic sediment

(Figure 11).
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5. Water quality conditions in the variable pH

. - sediment systems

The thirteen water quality parameters measured in
each pH system for the two different sediments are summarized
in Appendix A (Tables A5 and A6). The water quality
measurements were made at the beginning and end of the
experiment. In the pH 5_system the total organic carbon
content, acidity, and alkalinity were high due to the acetate
used to buffer the pH at 5. Inlthe high pH system the
inorganic carbon and alkalinity values were high due to
"bicarbonate—carbonafe buffer used to keép the pH at 10. This

high pH resulted in dissolution of organic matter from the
sediment aé indicated by the great increase in true color
and total organic carbon. These. organic dompounds are
probably 'humic-like' substanceé since they are very colored
and dissolve at high pH. In the low pH systems a gradual pH
increase was taking place but dnring the first experiment
with low organic sediment the increase was delayed and
slower. The increase was probably attributable to microbial
" breakdown of the acetate buffer and the delay and slower
action for the first run was due ﬁo lag in development of a
sufficient active population of acetate conéuming bacteria.
After 27 days, the second, low pH high organic sediment
system was adjusted back to initial pH level of 5. The high
nitratevponcentration was most 1ikely due to interference

of color in the ultraviolet absorption technique used to
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measure this ion.

D. Effect of pH on Particulate and Dissolved Trace

Metal Exchange

In addition to monitoring the dissolved traée
metals invthe pH microcosms,.samples were periodically
analyzed for particulate trace metalé. The dissolved and
particulate trace metals in the columns at.pH 5, 7 and 10
containing high and low organic matter are presented in
Appendix B (Tables Bl, B2 and B3). The results for the pH 5
column are also presented in Figure 12 to show the effect of
upward drifting pH on the turbidity and partibulate and
dissolved trace metal exchange; Thé pH 7 and 10 columns had
no significant drift in pH over the duration of these

experiments.

1. pH 5

In the low organic colﬁmn, pH gradually increased
from 4.93—> 5.50 (Figure 12). Turbidity dropped quickly
after the first day and began to increase slowly after day
26 when pH increased beyond 5.10 . Beyond pH 5.10 the
dissolved Cu and Pb began to come out of solution. Iron
came out of solution above pH 5.3 whereas Zn was still
dlssolv1ng at the final pH of 5.5 .

Partlculate Cu, Fe, Pb and Zn were hlgh at the
beginning of the experiment, coincident with high turbidity

(Figure 12). Particulate associated metals dropped to low
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values at the second day and remained low except particulate
Fe and Pb which increaséd afterIBO days when pH went above
5.3 , again coincident with a slight increase in turbidity.

| .In the high organic columns at pH 5, there was a
much faster increase in pH.which was readjustedvto pH 4.9
after 26 déys (Figure 12). With the exception of Zn, the
dissélved trace metals gradualiy decreased until the pH was
readjusted which released more Fe énd'Pb into solution.
Dissolved Zn increased continually over the test period , as
was the case with low organic sediments.

Particulate Fe, Pb and Zn followed turbidity very
closely with high initial values that-dropped very rapidly,
then slowly increased as pH increased and dropped when the.

pH was readjusted back to 4.9 .

2. pH 7

In both sediments, there was an initial release of
dissolved metals and particulate associated metals were
high (Table B2). Both dissolved and particulate metals

gradually decreased throughout the equilibration period.

3, pH 10
In both columns (Table B3) there was an initial

suspension of particulate associated trace metals which
grédually decreased as the columns came to equilibrium. In
the high organic system the cpncentrations‘of dissolved
metals increased towards the end of the experiment whereas

in the low organic columns, dissolved metals reached an
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equilibrium concentration after approximately a Weekhte 10
days. However, during the fifth week, disSolved Fe ~

concentrations showed some increase in the low organic system.

L. Comparison of different pH columns

The finel.concentrations of dissolved ahd particulate
associated trace metals at the different pH's after 34 days |
of equiiibration are summarized in Figure.lB; It is quite
evident that both the low and high pH cause a greater releese
of trace metals from sediment than occurs at neutral pH.

There are usually higher trace metal concentrations in the
dissolved phase at these high and low pH's. With the
exception of Fe, there was a much greater release of trace
metals from the high organic eediment which had a higher
total trace metal concentration and'highef levels in the

exchangeable and easily reducible geochemical phases.

E. Dissolved Trace Metal Exchange in Agitated Water-

Sediment Systems (Elutriate Test)

1. Effects of oxygen and salinity

The release and uptake of dissolved Cu, Fe, Pb, Mn
and Zn in agitated systems under different oxygen (oxic and anox-
ic, see footnote p.g89) and salinity conditions are summarized
in Figure 14. Both the high and low organic sediments were
equilibrated under all conditiens. A greater number of lower
salinity values were ueed in the elutriate procedure since
the column studies indicated that the interesting exchanges

were taking place between O - 10 O/oo salinity. The negative



Figure 13.. Final Concentrations of Dissolved and Partidulate Trace

Metals in Microcosms at Three Different pH's (Oxié, S< 1 O/oo).
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Figure 14;A Exchange of Dissolved Trace Metals in the Elutriate
- - Test Under Oxic and Anoxic Conditions and Different
Salinities.
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v(-)>values on Figure 14 fefer to uptake of dissolved
element Dby thevsediment while positiye (+) values indicate
release from the sedlment

Copper was removed from solution by both the hlgh
~and low erganic sediments under both oxic and anoxic conditions.
The amount of Cu taken up by the sediment decreased as the
salinity increased‘because the seawater had a lower Cu
"concentfatiOn'and:effectively diluted the Cu in the freshwater.
However, expressed on a percent removal basis the effect of
changingvsalinity on Cu removal was negligible. |

Uﬁder oxic conditions there was some release of
~ Fe by the low organic sediment at low salinities (0-4 ©/00)
whereas there was no Fe exchange from the hlgh organic
sediment. Under anoxic conditions Fe was released from both
the high and low organic sediments over a wide salinity range.
For the low organic sedimeht maximum releese occurred at low
salinities.

Lead was released from the high organic sediment
in freshwster ﬁnder both oxic and'anoxic conditions.
Increases in salinity caused a rapid removal of Pb from
solution-with values decreasiﬁg to the detection level at
4 o/oo salinity for both sediments under high and low redox
conditions.-

There Qas a release of Mn by both sediments under
oxic and anoxicfcenditions. Release increased with
increasing saiinity reaching a plateau at 4 °/o0 salinity

with a Mn concentration between 1500 = 2000 ug/l.
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Conceﬁtration levels were slightly higher for fhe low
organic sediment even though the total Mn and geochemical
distribution in the two sedimenﬁs was similar.

Zinc was taken out of solution in freshwater for
both sediments under oxic and anoxic conditions. A.elight
increase in salinity (1 °/oo) caused Zn to be released by
the low organic sediment. - As salinity increased in the low
ofganic sediment system, Zn was remo?ed from solution. In
the high organic sediment there was a gradual increase in
the releese of Zn as salinity increased both under oxic and

anoxic conditions.

2. Effect of pH

The effects of pH on the exchange of trace metals
in sediments using the elutriate test aré summarized in
Figure 15. In general there was a greater release of trace
metals at pH 5 and pH 10 than at the natural pH of 7.

The eiutriate teet results compared favorably with the
_ obsefvations made with the static columns.

For Fe, Mn and Pb, metal was.releesed into solution
for both the high and low organic sediments at all three pH's.
The greatest release occurred at pH 5 for three metals.

There was no consistent trend for release of Fe, Mn and PDb
.from the high or low organic sediments in spite of the
gfeater concentration of most metals in the high organic
 sediment.

_Both Cu and 7n were adsorbed to the sediments at



280 -

2401

2001

(+) Release

{(—) Uptake

|_2oL

Cﬁ

Figure 15. Exchange of Dissolvéd Trace Metals in the Elutriate Test

at Different pH's (Oxic Conditions, Salinity <1 ©°/oo).

3000~

1000

1000}

Fe 3000 S
2000}
10 "
1000}
, _
1000t

[ High organic Sediment

[l Low Organic Sediment

* Mn

300}

200

100

Values along the vertical axes are in ag/l

(]
2745

100

Numbers above histogram indicate pH

200

100

100}

91T



117

pH 7. The release or uptake of Cu and Zn at pH 5 and 10
varied considerably depending upon the character of the

sediment.

II. TRACE METAL EXCHANGE BETWEEN SEDIMENTS AND INVERTEBRATES

A, Initial Organism and Sedimént Trace Metal Levels

The initial concentrations of total trace metals,
Cu, Fe, Mn, Pb and Zn in the organisms and sediments used in
the exchange experiments microcosms are presented in Table
XII. The amphipods had Qery high initial levels of Cu and
Pb reflecting polluted condition of the Squamish River
estuary at the head of Howe Sound (Thompson, 1974).
Similarly, oligochaetes collected from a relatively polluted
area (Ladner sidechannel) of the Fraser River (Hall,
unpublished data) contained high initial concentrations of
Pb and Zn. The opossum shrimp had the lowest levelé of Fe,
Pb and Zn. The lowest levels of Cu and Mn were observed in
chironomids and amphipods, respectively.

All total trace_metal levels were considerably
higher in the Willingdon Avenue high organic (approx. 7%)
sediment than in low orgénic sediments (approx. 2.5%)
collected at Gilmore Avenue. A geochemical distribution of
these 5 metals in sediments collected from the same stations a
few weeks earlier provides some information on their potential
availability to benthic invertebrétes (Tabie X). The high

organic sediment contained much higher levels of trace metals
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Table X11 : Total Trace Metal Concéntrations in Organisms and Sediments

Used for Microcosmsl

Sample Copper Iron Lead Manganese Zinc Comments
Aﬁphipods 162 550 204 23 83.1 Polluted
(Lab., UBC) .

Chironomids 23 5320 35 92 106

(Ladner Sidechannel
-near sewage lagoon)

Oligochaetes 217 7130 167 99- 147 Polluted
(Middle of Ladner
sidechannel)

Opossum shrimp 27 383 <8 Ll 64.9

(Lab. UBC)
Gilmore sediment 129 18300 194 452 ‘ 108 Low organic
. | ‘ matter (2.5%)
Willingdon sediment 356 23500 1280 597 526 High organic
. | _ matter (6.8%)
Algae? 19 3380 7 81 32.5

(Enteromorpha)

A1l values in ppm (mg/kg) dry weight.

Food substrate added to amphipod microcosms.

Trace Metal Distribution of Ladner Sidechannel Sediment from which
Oligochaetes were collected (Data from Bindra and Hall, 1977)

W

Metal Concentration in Geochemical Fractions (ppm)

Trace
Metal

Iw EP ERP OSP EAEP RESIDUE TOTAL

i (Independent Test)

Copper <0.02 0.6 <0.3 8.4 27 17 49
[ron 45 7 2070 685 10800 41900 43500
Lead <0.2 «<0.3 <3 6 7 23 22
ilanganese 14 28 8 42 178 432 698

Zinc 0.02 0.3 -~ 5 9 33 68 121
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associated with organic-sulphur phase. Also, considerably
higher levels of Pb and Zn were associated Qith the
exchangeable and easily reducible phases in the high organic
sediment. In both sediments, with the exception of Fevand Mn,
only a small portion of thé total trace metals was bound in the
residual phase. The low organic sediment (Gilmore) was very
sandy with approximately 35% of the material larger than 0.5 mh
and approximately 85% larger thén 0.25 mm while ﬁhe high
organic sediment (Willingdon) was much finer with ovér 90%

of the material in the very fine sand (0.25 - 0.063 mm)

and silt-clay (< 0.063 mm) fractions. -

B. Accumulation or Loss of Trace Metals in the

rBenthic'Invertebfates -

The changes in concentrations of tracé metals Cu,
Fe, Pb, Mn and Zﬁ in the aquatic organisms during the exchange
experiments are presented in Appendix C (Table Cl) and
Figure 16. | |

The opossum shrimp did not live much beyond one
week so trace metal levels were only available for this
period. Those in the high organic sediment did not even
survivé for one week. Possibly these organiéms are more
susceptible to trace metal pollution since they live under
a lower trace metal_stress as indicated by their initial
concentrations of Pb, Fe and Zn. Inrthe low organic sediment,
the concentrations of Cu, Fe, Pb and Mn in the shrimb

increased by a factor of 3 to 4 during one week.
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in aﬁphipods; the levels of Fe and Mn increased

by a'fadtor of_A in both sediment . miérocosms during a four
Week‘périod,_ Tﬁe cbncentrations of Cu, Pb and Zn in the
amphipods did ﬁot Shéw much change over the initial levels.
There does not appear to be much difference in trace metal
exchange from ihe two different sediments wifh the possible
exception ofer where organism levels decreased in the low
organic sediment'while in the high orgaﬁic sediment the
levels remained fairly constant. The trace metal

concentfations.in the food substrate (Enteromorpha)(Table XII),

provided for the amphipods, was probably one of the factors
affecting trace metal levels in their tissues. The levels

of Fe and Mn, which were the only two elements to show

accumulation, were higher in Enteromorpha than in amphipods
whereas levels of Cu, vaand'Zn, the elements that did not
accumulate in the organisms examined, were lower in

Enteromorpha than in the émphipods.

The chironomids showed increases for all five
trace metals in the two sediments over the six week microcosm
period. There was no consistent trend in accumulation of
trace metals from the two different sediments. Both Cu and Mn
had consistently'highér levels in the organisms in contact
with the low organic sediments; Although ﬁhere was
considerable variability between Pb and Fe levels in
chironomids in the two sediménts,_the final concentrations
were twice as high in-chironomidsAthat were in contact with

the high organic sediments. Zinc is another metal for which
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the accumulation in chironomids from the two sediments
varied auring the period of the experiment but unlike Pb
and Fe, the final concentrations of Zn in the organisms
collected from the two microcosm sediments were similar.
In oligochaetes, the levels of all trace metals
dropped from initial values during the first week of the
microcosm. This was followed by a general increase in
concentrafions during the second and third week of the
vﬁicrocosm with a final decrease at the termination of the
midrocdsmf. Iron and Mn followed a similar pattern‘in
. oligochaetes. Levels of both elements in the oligochaetes
in the high organic sediment remained very low while there
"was a greater attempt to recover tb the initial Fe and Mn
levels in the low organic sediment. Lead concentrations
in oligochaetes in the high organic Sediment always remained
above levels in organisms présent in the low organic
" sediments although the final concentration was very close
to the initial leyel.v The concentrations of Cu and Zn in
the oligochaetes did not show any consistent patterﬁ that
could be attributed to the sediment used in the microcosm.

Calculations of changes in the concentration

. " ratios of metal in organism / metal in sediment, over the

microcosm period; help to rormalize the variability of the
different initial trace metal levels in the organism and
provide a good.method tp'compare accumulation ability
among fhe diffefent.organismé for different metals

(Table XIII).



" Table XIII:

Trace Metal Bioaccumulation in Benthic Invertebrates
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Organisms

Bioaccumulation Ratio

(+) ind%cates relative increase over sediment concentration,
(-) indicates relative decrease over sediment concentration.

L = low organic sediment, H = high organic sediment.

Trace Metal : 1 2 3
Initial Final Change
L B oL oL

Copper Amphipods 1.26 .46 1.30 .51  #.04  +.05
Chironomids .18 .06 .7 .12 +.53  +.06
Oligochaetes .20 .07 .21 .18 +.01 +.11
0. Shrimp .21 - .67 - +.46 -

Iron Amphipods .03 .02 .21 .22 +.18 +.20
Chironomids .29 .23 .40 32 +.11 +.09
Oligochaetes .39 .30 .31 .13 -.08 -.17
0. Shrimp .02 - .05 - +.03 . -

Lead Amphipods 1.05 .16 .63 7 =462 +.01-
Chironomids .18 .03 .62 .09  +.44 +.06
Oligochaetes .86 .13 .63 .35 -.23 +.22:
0. Shrimp .02 - .10 -  +.08 -

Manganese Amphipods .05 .04 .94 .81. +.89 +.77
Chironomids .20 .15 .93 .25 +.73 +.10
Oligochaetes .22 .17 .31 .10 +.09 -.07
0. Shrimp .10 - .47 - +.37 .

Zinc Amphipods .77 .16 .93 .26 +.16 +.10
Chironomids .98 .20 1.68 .29 +.70 +.09
Oligochaetes 1.36 .28 1.81 A4 +.45 +.16
0. Shrimp .60 - .64 - +.04 -

1. Ratio of initial conc. in organism/conc. in sediment.

2. Ratio of final conc. in organism/conc. in sediment after 1 month

incubation. For Opossum shrimp time interval = 1 week.
3. Difference between initial and final bioaccumulation ratio,
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The amphipods showed a pQSitive accumulation for

- all metals except Pb in the low organic sediments. The

. order of accumulation in the amphipods for both sediment

types was Mn<Fe<Zn<Cu<Pb. Thére was very little variability
in concentration ratio changes for the two different,sediménts

suggesting that the trace metals in the Enteromorpha may have

influenced accumulation.

Chironomids showed an increase in concentrétion
_ratios fbr all trace metals. There was a much greater
increase in the concentration'ratios'of all metals in the low
brganic sediment. With the exception of Fe, changes in the
concentrétion ratios were 7 to 8 times higher for the low
organié sedimeﬁt than for the high organic sediment.

| Oligochaetes showed considerable variability in their

abiliﬁy to accumulate trace ﬁetals. There was an incréase in
_accuﬁulétion ratio for Cu and Zn in both sediments, whereas
the ratios for Fe decreased. Lead and Mn showed a variable
change in accumulation ratio depending upon the sediment.

Opossum shrimp showed an increase in the
accumulation ratio for all metals in the low organic
sediments. The largest increase was for Cu and Mn with only

small changes for Fe, Pb and Zn.

C. Rate of Uptake or Loss of Trace Metals by Benthic

Invertebrates

The changes in trace metal levels in the benthic

invertebrates over the one and two week intervals spanning
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a 28 day period of the microéosms as shown in Appendix C

: (Tablé C) were used to calculate the rate.of ﬁptake or loss
of the metals in the organisms for eéch time interval. The
uptake rates for individual ihtefvals were used to obtain
average rates over the 28 day period.b The averaged results
expressed in mg/kg dry weight/day are_presented in Table X1V
with standard deviations in parentheses. " The ﬁegative sign
denotes a loss.

The uptakevrate calculations were limited to a 28
day period aithoﬁgh chironomid and oligochaete microcosms
spanned a period of 42 days. This was considered. appropriate
for comparisons of uptéke reéults between different species..

Amphipods showed the highesf uptake rates for Fe
and Mn followed by chironomids and the amphipods hadwthe
smallést of the rates for Cu and Zn. These relative rates
were consistent for both the high and low ofganic sediments.
The uptake rates bf Cu and Pb for amphipods in contacﬁ with
the low organic sediment were negative indicatiﬁg that the
metal was being lost by the organisms over the 28 day period.
With the exception of Zn, chironomids showed a higher uptake
rate in the low organic sediment. Chironomids had.the highest
uptake rates for Cu and Zn followed by oligochaetes in contact
Qith both the low and the high organic sediments. Except for
Mn from low organic sediments the oligochaetes' uptake rates
of Fe and Mn were negative.indicatingAthat the metals werellost
by the organism over the 28 day period. The uptake rate of Mn

by oligochaetes from the low organic sediment was positive but
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Table XIV: Average Uptake Rate of Trace Metals by Benthic

Invertebrates: (0-28 days).

Trace Metal Organism High Organié Low Organic
‘ _ Sediment Sediment :
Average (S.D.) Average (S.D.)
Copper Amphipods 0.33(3.9) -0.033(3.8)
: Chironomids 1.34 . 3.53 (5.29)
Oligochaetes 1.05(1.75) 0.38 (3.26)
‘Iron Amphipods 143(150) 183 (254)
Chironomids 68 92 (133)
Oligochaetes -212(767) -101 (937)
Lead Anphipods 0.67(2.10) ~3.25 (1.84)
Chironomids 5.37 6.67 (18.4)
Oligochaetes 8.59(16.73) -2.92 (20.6)
Manganese Amphipods 10.45(8.82) 16.05 (15.93)
Chironomids 1.79 16.9 (25.1)
Oligochaetes -2.33(7.82) 1.31 (11.14)
Zinc Amphipods 2.09(3.06) 0.93 (3.78)
Chironomids 3.02 2.81 (0.72)
Oligochaetes 2.41(3.28) 1.71 (5.66)

1. Values expressed as mg/kg dry wt. of organism/day.
Negative values indicate a net loss of metal.

S.D. =

Standard Deviation

n = 3, except for chironomids in high organic sediment

microcosms for which n

= 2
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smallest of the rates for thé three species examined.
However, because of the large variability in uptake rates

as indicated by standard_deviations the differences in
.uptake rates do not appear to Be significant. Purely on the
basis of statistiés, it is possible to miss the importance
of_thé results. As depicted in Figure'lé the Qariation in
uptake rates between successive intervals reflects dynamics
of trace metal uptake and control mechanisms.

D. Reproducibility of Trace Metal Determination in

Organisms

“Analysis of oligochaetes from dupligate microcosm
‘chambers containing similar sediments and harvested on the
same day are presented in Table XV, There was insufficient
space and numbers of Qrganisms to set up duplicates for each
organism at each time interval.v However, the four duplicate
sets of oligochaetes provide some estimate of biological
variébility and analytical precision. The percent variation
in thé two values of each replicate relative to their mean
value is summarized in Table XVI.

Manganese showed the gfeatest variability with
‘an average of 24.8 percent between replicates with a high
value of 41.2 percent.' The avérage reproducibility of Fe,
Pb and Zn wés'within 8 - 11 percent of the mean, while Cu

" values had an average‘difference of 19 percent.



Table XV : Reproducibility of Trace Metal Determinations in Oligochaetes from

Replicate Microcosm Chambersl.

Sampling Date Bioassay .
and (Sediment) Chamber Coppef “"Irqp Lead Manganesel‘ lec

June 14, 1978 ‘ : _
(High Organic Sediment) 1 29.4 2310 235 35.3 155

39. 2140 261 : 48.4 169

N
[

July 12, 1978

(High Organic Sediment) 1 19.4 789 168 39.0 155
' : 2 21.6 829 168 26.5 123

June 28, 1978 3 -
(Low Organic Sediment) 1 31.9 5200 112 150 203

2 37.1 5890 - 133 . 130 190

July 12, 1978 - | .
(Low Organic Sediment) 1 53.2 3490 92.4 88.6 133
’ | 2 E 67.0 . 3820 108 78.0 140

1. All values in ppm (mg/kg dry wt.).

8CT
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Table XVI : Percent Variability in. Trace Metal Levels in
: ' "Four Duplicate Oligochaetes Microcosm.

Trace Metal | " percent Variability
Average Range
“Cu v 19.1 10.7 - 28.3
Fe 8.4 7.6 - 12.3
Mn 24.8 12.7 - 41.2
Pb o | 10.7 0.0 - 17.7

7n ' 10.8 5.1

23.0
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Chapter 4

DISCUSSION OF RESULTS

I.  GEOCHEMICAL PHASES

It has recently been recognized that to fully
assess impact of trace metals on water quality and aquatic
‘organisms, exact knowledge of the metals' association with
various mineral phases of the sediments iednecessary (Kitano
et al., 1980), The bulk ehemical composition of sediments is a
poor indicator of environmental significance of trace metals
in sediments (Serne, 1975). As a result, a half dozen
different extraction schemes have been developed (Tessier
et al., 1979). A modified version of the scheme proposed
by Engler et al.,‘(1974) was chosen for this study. This
scheme is designed to previde a realistic representation of
actual trace metal and mineral associations, for sediments
~are kept in their original physical and chemical state as
much as practically possiblel. Following is a brief discussion

of the various geochemical phases obtained by the extraction

scheme employed in this work.

A. Interstitial Water (IW)

Interstitial water is water in sediment pores which
is in dynamic equilibrium with various mineral and organic

components of the sediment. Trace metals in interstitial

1. Since fresh sediments were used for geochemical extractions but frozen sediments for
exchange experiments, the relationships between trace metal exchange and their geochemical
distribution as discussed in this chapter should be viewed keeping in .mind that geochemical -
distribution of metals in sediments can change in freezing (Thomson et al. 1980, Water, Air

and Soil Pollution,l} , 215-233).
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water may diffuse toioverlying water or may be released
during dredging operations (Chen et al., 1976). The inter-
stitial fraction of trace metals may also bé accumulated by
burrowing tubificid wofms (Guthrie et al., 1979). Chenistry
of IW in Saanich Inlet, British Columbia,was investigated by

Presley et al. (1972).

B. Exchangeable Phase (EP)

EP is that portion of trace metals in sediments
which is bound to sediment particle surfaces through
adsorption from water. Exposure of sediments to salt waters

as it occurs at river-estuary interface may result in release

of the exchangeable phase of trace metals by replécement action
of Na+, K+, Ca2+, Mg2+ jons (Kharkar et al., 1968). 1In the
laboratory EP phase may be extracted with NHAOAC, or other

similar chemicals (dilute HCl, NaCl, MgCl,, ete.).

C. Easily Reducible Phase (ERP)

ERP extract represents trace metals held in Mn
oxides, some amorphous Fe oxides and carbohates. Under
reducing conditions this phase of trace metals may be
relatively easily mobilized (Jenne, 1968; Leeper, 1972).
Chao (1972) proposed a method for selective isdlation of

this phase of trace metals from soils and sediments.

D. Organic and Sulphur Phase (OSP)

Trace metals bound to organic compounds and

sulphides oxidizable with hot acidified H202 comprise the
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'OSP phase. Under oxidiziﬁg conditions, as may occur in the
case of disposal ef anoxic, contaminated dredged sediments onA
land, the OSP phase may become unstable and be leached out in
storm runoff. Jackson (1958) recommended the use of hydrogen
peroxide digestionlfor determining the eoncentration of soil

OSP nutrient trace metals.

E. Fasily Acid Extractible Phase (EAEP)

Trace metals contained in metamorphic crystalline
Fe oxides constitute the EAEP phase. EAEP trace metals may
mobilize in a persisting anoxic environment or under acidic
conditions. This phase of trace metals is relatively more
: tightiy held in Sediments than the previously discussed
phases. 'Englef et al.(1974) proposed the use of a method
first suggested/used by Holmgren (1967) for soils. Recently
Malo (1977) recommended a new method which proved to be
equally efficient and selective.for isolation of iron oxide
associated trace metals but without presentihg some of the
analytical difficulties associated with the Holmgren's

approach (see chapter 2).

F. Residue Phase (RP)

This phase represents the fraction of trace metals
tightly bound in silicate minerals. Only a harsh chemical
treatment such as digestion in hot HF—HNO3 acid mixtures
can free this fraction of trace metals from sediments. This

‘phase has been found to contain the largest fraction of trace
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metals in sediments (Serne, 1975) and the fraction decreases
where traee metals in sediments accumulate from anthropogenic
sources(Tessier et al.,‘l980). This phase is least important

from an environmental point of view.

G. Total Phase (Total)

| ‘Determination of total concentrations requires a
chemical digestion similar to that discuesed for the residue
phase (RP). Only a fraction of the total trace metals may
affect the aquatie environment; therefore, the importance
of total trace metal concentrations has been questioned

(Gupta and Chen, 1975).

II. TRACE METAL EXCHANGE AT SEDIMENT-WATER INTERFACE

A. "General

1. Static columns

The static column laboratory tests were used to
simulate relatively quiescent field conditions in which
the trace metals are present in sediments where very little
resuspension occurs bﬁt where possible change in overlying |
water chemietry could affect exchange reactions. Changes
in.water‘chemistry could reeult from strafification with
esseciated oxygen depletion and pH reduction that often
occﬁr “in eutrophic lakes,or from tidal salt wedge penetration
in an estuary. - |

Static eolumn laboratory experiments have been

conducted by other researchers to investigate sediment
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exchange reactions under conditions of minimum sediment
disturbance (Fillos and Swanson, 1974; Stokes and Szokalo,
1977; Lu and Chen, 1977; Leudﬁke and Bender, 1979; Bothner

et al., 1980).

2. Elutriate tests

The elutriate test simulated exchange reactions
between sediment and water; These could occur under natural
conditions where high surface runoff results in sediment
suspension. Also man-induced activities such as dredging,
pile driving and shipping in shallow channels can result
in sediment disturbance and resuspension which could affect
metal exchange reactions (Windom, 1975; Lee and Mariani,
1977; Chen et al., 1976; Wakemann, 1977). Physical distur-
bance 6f sediments is a well documented phenomenon (Rhoads,
1963; Gordon, 1966; Jones and Bowser, 1978) which could also
imbalance the normal equilibrium state of the sediment-water
interface and thereby influence trace metal exchange (Robbins
and Edington, 1975; Aller and Cochran, 1976; Schink and
Guinasso, 1977; Leudtke and Bender, 1979).

Trace metal exchange in elutriate tests was
different from exchange in column tests in some wéys. In
elutriate tests, exchange was rapid in the sense that sediment
and water were exposed to each other extensively.and
immediately but severely hindéred because of lack of time for
chemical and biochemical (bacterial) reactions to approach an

equilibrium state. In contrast, although physical exchange
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for columns was slow as it depended upon diffusion of water
in and eut of the sediﬁenf layer, sediment and water
(interstitiai water) were in contact for long enough times
to undergo diageﬁetic reactions involving transfer of trace
metals. These differences should be considered in comparing
exchange results between the elutriate tests and the column

studies.

B. Dissolved Trace Metal Exchange

Initial set ﬁp of coluﬁns resulted in the release
of disSolved metals from resuspended'sediments. However,
values soon decreased reaching equilibrium after 2 to 5 days.
The’ihitial release of metals probably resulted from
bintroduction of metal-rieh sediment pore.water_into the
water layer. Filles and Swanson (1974) also reported high
initial concentrations of_Fe_and phosphorus during experiment
initiation,which they attributed to distﬁrbance of sediment.
Similarly high initial release of Mn was observed by Graham
et al. (1976) in their in situ chamber studies in
Narragansett Bay. Graham ef al. attributed the high initial
release of Mn to introduction of pore water as the sediment
was disturbed in the.chambers during emplacement. Therefore,
the initial release efimetals from resuspension of sediments
‘seems to be a common problem in setting up quiescent systems
even though extreme care is exercised;

"Results of dissolved trace metal exchange studies

carried out in column microcosms and using the elutriate test
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procedure are discussed below taking one metal at a time.

1. Copper (Cu)

In column studies, during freshwater equilibrium
dissolved Cu in the low organic system under both oxic and
anoxic conditions (see footnote p. 89) reached equlllbrlum
values of approximately twice those found in the high organic
system even though both sediments contained similaf total
Cu and had a similar geochemical distribution of Cu. The
highef Mn, Fe.and organic matter content of the Willingdon
sediment most likely limited release of Cu into solution.
Means et al. (1978) have shown that oxides of Mn and Fe and
organic matter have adsorptive capacities for trace elements
which could result in lower equilibrium concentrations in
overlying waters. A field study by Lopez and Lee (1977)
indicated similar profiles of Cu, Fe and Mn in Torch Lake,
Michigan, sediments which supports the belief that Fe and
Mn may depoéit Cu in freshwaters. Sanchez and Lee (1978)
observed lower values for dissolved Cu in Lake Monona,
Wisdonsin. Low Cu levels in the hypolimnetic anoxic layer
were attributed to lower solubility of Cu sulphide, but
carbonate was believed to be controlling solubility in the
aerobic epilimnion layer. In this study inorganic carbon
in sediments was low , so Cu carbonate probably was not
regulating solubility. Also, production of Cu carbonate
during the experiment coﬁld not be significant because

constant purging by nitrogen or air prevented accumulation
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of carbon dioxide (Khalid et al., 1978). In the freshwater
systems of this study, the_organic_earbon (8-19 mg/l) was
probably more important in regulating dissolved Cu levels
through eomplexation and / or through influence on adsorption-
desorption reactions. Payne and Pickering (1975) have
demonstrated that ligands such as acetate and tartrate can
greatly influence the adsorption of Cu to clay. Presence of
NTA-like ligands may also control levels of Cu in freshwater
systems (Sanchez‘and Lee, 1973). The two types of sediments
used in the present study‘also differed in particle size.
Wolfberg et al. (1980) believe that high organic soils or
clayey soils could remove Cu to a greater‘extent than the
sandy soils. Resﬁlts of Lu and Chen (1977) confirm this.
belief in that Cu was more readily released from their sandy
sediment than from their clayey sediment.

In freshwater elutriate tests, Cu was completely
removed regardless of organic matter content, oxygen
conditions or Cu concentrations in sediments. Since Cu in
solution is exposed to large mineral surface areas, the metal
was readily removed (0'Connor and Kester, 1975) and differ-
ences in geochemistry of the sediments or chemistry of
water were superseded.

In column studies, during the first salinity
adjustment in the aerobic system there was some release of
Cu into solution especially in the high organic column.

This is attributed to desorption of Cu from the sediment
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as it hasAbeen observed in the Rhine Estuary (Groot et al.,
1976) and in the Fraser Estuary (Thomas and Grill, '1977)

in the former case up fo 80 percent Cu was released as
sediment was transported through the estuary. In a coastal
environment, Menon et al. (1979) also observed similar Cu
desorption from sediments and the authors believe that cations
Ca2+ and Mg2+ in the seawater were exchanged for Cu ions. A
greater release from the high organic sediment can be
explained.by the results of Rohatgi aﬁd Chen (1975) where Cu
among somé other traée metals was removed from sewage related
organic solids oh suspensioﬁ in seawater in.the presence of
dissolved oxygeﬁ. The removal of the'metals from the organic
solids was believéd to have occurred due to oxidation of
organic matter and simultaneous‘release of associated trace
metals. Free metal ions in seawater are probably stabilized in
solution by formation of coordinate complexes with various

| 2=, HCO _.and‘SO 2= (Long and Angino,

3 7 3 L
1977).The high organic sediment also contained slightly more

anions, OH , Cl~, CO

Cu in the OSP‘phase.Although the EAEP phase of the high organic
sediment contained twice és much Cu as this phase in the low
organic sediment because of greater stability of crystalline
iron oxide under aerobic condiﬂions, the greater release of
Cu from the high organic sediment could not be attributed to.
this difference in geochemistry of the metal.

In elutriate tests, Cu was removed from solution

under both oxic and anoxic conditions over a wide salinity
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range even though Cu concentrations in the sediments used
in these tésts were several times greater than the
concentrations for the sediments used in the column studies.
}Aefation of the sediment-water mixture over a 30 minute period
for the high organic sedimehtvobviously-was not sufficient
to break down (éxidize) organic matter as observed by
Rohatgi and Chen (1975) and Lindberg and Hafriss (1977).
Removal of Cu from seawater by freshwater sediments in
elutriate type tests has been observed elsewhere (Wagemann
et al., 1977; Gustafson, 1972; Lee et al., 1975). The
removal was most likely due to adsorption of Cu on surfaces
of sediment particles. Précipitation of Cu could also occur
but through different mechanisms for oxic and anoxic tests.
Lee et al. (1975) showed that under oxic conditions dissolved
Fe from iW phase of sediment oxidizes and precipitates and
in the process removes other trace metals from solution.
Under anoxic conditions formation of low solubility Cu
sulphide may result in removal of the metal (Okutoni and
Okaichi , 1971). "Oakley et al. (1980) showed that under
anoxic conditions Cu preferentially binds to Fe sulphide.
Under oxic conditions at full seawater strength
(5=25-30 °/oo) both in quiescent (column) and elutriateA
studies there was some release of Cu from both sediments.
It seems that forces responsible for Cu removal as discussed
previously were eventually overcome by increasing
concentrations.of exchange cations Ca2+ and Mg2+ and

complexing anions such as chloride and hydroxide. In
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elutriate tests where surface reactions of-metal removal
from solution can be more effective, slightly less Cu was
released from the high.organic»fine sediment. In column
studies where exchange of water through sediment pores may
control exchange rates, greater Cu release was measured from
the coarser low organic.sediment;

In the pH studies, both in microcosms and
élutriate.tests, dissolved Cu levels were generally higher
in the high-(lO) and low (5) pH systems than that at the
natural pH (approx. 7). In thé low pH systems, acetate was
used as a buffer which could aid in desorption of Cu from
the sediments (Payne and Pickering, 1975) and keep it in
solution as an acetate complex although metél spediation was
not determined. Under acidic cénditions carbonates, oxides
and hydroxide mlneral phases of sediments react with protons

nd dissolve in water releasing the as3001ated trace metals
in the process. A number of geochemical phases namely EP,
ERP, OSP and EAEP are unstabie under low pH conditions and
hence must have contributed to trace metai release at pH 5.

Trace metal release under low pH conditions has
been measured by others. Naumov et al. (1972) measured
dissolvéd Cu concentrations in the range.of 26.6 - 153 mg/1
in the ore waters of Cu - Bi deposits>where pH ranged from
3.05 - 4.25.' Stokes and Szokalo (1977) also observed that
release of Cu and Ni ffom sediments placed in laboratory
~aquaria was related to a decrease in pH of the overlying

water.
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‘In,the high pH systems, carbonate buffer ;hould
‘coﬁtrol the dissolved Cu at a low concentration as measured
-by‘Sanchez and Leé (1978) in Lake Monona, Wisconsin.
Theoretical calculations of Zirino and Yamamoto (1972)
suggest that at pH 10 Cu(OH)2 would be a dominant species
and.therefore control the solubility of Cu. However, high
pH also solubilized organics from the sediment (T0OC=50 mg/1
~and color=500 mg/l Pt.). These humic-like organic substances
have a high complexing capacity for Cu and other trace metals
(Schnitzer and Skinner, 1967;‘Cheshire et al., 1977; Reuter
and Perdue, 1977). Kunkel and Manahan (1973) discuss how
chelating agents can stabilize cupric ions in solution at
pH 10 by forming multiligand coordinate complexes with the
metal. Results of a study by Bondarenko (1972) are
particulariy inﬁeresting in relation to the present study.
Humic and'fulvic acids were used to dissolve Cu in concentra-
‘tions up to 26.25 mg/l under alkaline conditions. Solutions
at initial pH values from 10 to ll.were unstable over a
périod of 510 days; both dissolved Cu and pH values dropped
over the 510 day period. 'The concentrations of dissolved

Cu were still in the 10 to 20 mg/1l range.

Inbthe.pH studies, the high organic sediment when

subjected to low (5) and high (10) pH conditions released more

Cu into solution than did the low organic sediment. The

- greater release from the high organic sediment can be
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attributed to differencés in Cu distribution bétween the two
_ sediments and their geochemical phaseé. The high organic
sediménts used in the pH studies were c¢ollected from Still
Creek about 4 months after the low organic éediménts

(Table IX and X). During the intervening period trace metal
(Cu, Pb and Zn) concentrations in the sediménts increased.
Therefore, Cu levels in the high organic sediment were
almost 5 times those in the low organic sediment. The
presence of more Cu in the high organic sediment could have
resulted in a greater release of the metal from this sediment.
Copper in the ERP, EP and IW probably accounts for ﬁost of
the release at low pH (Chester and Hughes, 1967). The three
geochemical'phases ERP, EP and'IW of the high organic
sediment together contained 9 times more Cu than the total
for the three phases in the low organic sedimént. At high
pH (10), dissolution of organic matter occurred and since
overIZOO ppm Cu was bound to the 0SP phaée of this sediment
(Table X), high dissolved Cu conéentrations were obtained.
‘This Cu would be stabilized in solution by association with

humic-like substances as discussed previously.

C 2. Iron (Fe)

Irbn in the oxic freshwater columns reached
equilibrium concentrations of approximately 75 mg/l.
Koenings (1976) in a study of Fe in an acid-bog lake

e
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calculated that dissolved iron in an oxygenated systém at
neutral to basic pH should not exceed 17‘Mg/1. Iron
concentrations in rivers far exceed the concentratlons
calculated from equlllbrlum relatlonshlps involving
inorganic reactions (Stumm and Morgan, 1970; Jones et al.,
1974). Co-océurrence of high concentrations of dissolved
Fe and organic matter has been observed by many authors
(Abdullah and Royale, 1972; Perdue et al., 1976; Moore et
al., 1979). Organic substances are believed to cause high
concentrations of Fe in oxic waters by eitﬁer.formihg
chelate type of complexes with the metal ions.(Perdue et
al., 1976) or adsorption on inorganic ferric hydroxide
colloids (Hem and Cropper, 1959). Adsorption of organics
enhances stability of Fe collbid suspensions. Under the okic
conditions of the columns in this study.probably the latter
mechanism was predominant. The- colloid particles could
readily pass through fhe 0.45 mm size membrane filters used
in obtaining samples for dissolved metal analyses (Hem,1972).
In oxic elutriate tests ét near freshwater
conditions (Salinity <4 ®/00) there was some release of Fe
especially from the low organic sediment. A greater release
of Fe from the low organic sediment may be attributed to
desorption of its poorly adsorbed abundant exchangeable phase
(Tablé X). At higher.salinities, however, desorption was
accompanied by coagulation of colloidal Fe, the form in ﬁhich

filtrable Fe occurs at slightly alkaline pH values. Edzwald
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et al. (1974) studied the stability of particulate

suspensions in.estuariné water of varying saiinity (0-16 °/o0).
Stability of colloids sharply drops in the salinity range of
2-to 4 o/oo. Iron flécculation in estuaries has been stgdied
by Coonley et al. (1971), Boyle et al. (1977) and

Sholkovitz (1976).

In column studies,lthé'first salinity change,
achieved by replacing half the existing freshwater with
seawater, resulted in a large salinity increase from zero to
14.5 O/oo. Under oxic conditions dissolved Fe concentrations
dropped below the 10 ug/l level. As in the elutriate tests, this
can be attributed to coagulation of ferric hydroxide colloids.

Under anoxic conditioﬁs there was a considerable
release of Fe from both sediments in the elutriate tests and
from the low organic sediment in the column studies. Under
anoxic conditions, release of Fe‘ffom sediments has been
observed in other studies. Patrick et al. (1973) found that
L 2H20) incubated in water under low redox
and iow pH conditions underwent maximum dissolution. In a

strengite (FePO

laboratory microcosm, Fillos and Swanson (1974) measured
significant release of Fe andiphosphate when water above the
sediment was made anoxic. Mortimer (1941) found that Fe and
Mn were not released until dissolved oxygen values dropped
below 2 mg/l. In a laboratory study, Chen et al. (1976)
also measured considerable releasé of Fe (maximum 1.95 mg/l)

from sediments to water adjusted to low redox conditions by
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purging with nitrogen gas. In eluﬂriate tests Lee et al.
(1975) obtained identical results. Under anoxic conditions
Fe concentrations in the elutriate were up to 7 mg/1l whereas
‘ under oxic condifions the values did not exceed the 0.048 mg/1
llevel for the Corpus Christi Bay sediments; Under anoxic
conditions the ERP bhase of sediments is unstable and hence the
ﬁost likely source of measured release of Fe under these
conditions.

With.respect to Fe release under anoxié conditions,
the two sediments behaved differently. In column studies
: under anoxic conditions Fe levels dropped to the detection
-ievel (<1 #g/1l) in the high organic sediment while as
discussed above there was a substantial release of the metal
from the low organic sediment. The water quality conditions
in these two anoxic systems do not provide an explanation for
thg large differences in Fe release. Therefore, the
geochemistry of Fe in the sediment must be - the important
regulating factor. It appears that the Willingdon sediment
wiih the higher organic content and finer particle size was
able to prevént the release of Fe into solution even though
-it had a higher total Fe level and higher levels in the more
labile phases (EP and ERP). Also, the high organic sediment
may have precipitated more Fe as,FeS,inhibiting further
release; Free sulphides which are produced under anoxic
conditions in the sediments react with the available Fe to

form characteristic black FeS deposits (Berner, 1969); Such
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deposits are commonly observed in reduced lacustrine sediments
(Jones and Bowser, 1978). In this study, coincident with

the drop in Fe levels in the.Willingdon sediment under:
freshwater conditions was the appearance of a black color’
characteristic of FeS on the surface of the sediment. The.
black color of the sediment surface for the high oréanic
microcosm system persisted throughout the subsequent salinity
changes. No such black colorafion of the low organic sediment
was observed. In the elutriate tests, due to lack of
sufficient time for production of hydrogen sulphide,
subsequent inhibition of Fe release was not possible.

Iron released from the low organic sediment was
less stable at higher salinities probably becauseithere was
less dissolved organie matter.to stabilize its colloids in
water (Hem and Cropper, 1959).

In the variable pH microcosms and elutriate tests ,
the greatest Fe release occurred at pH 5 which is consistent
with observations of Patrick et al. (1973). High release of
Fe at pH 5 is easily understandable because at such a low
pH hydrous oxides of Fe and carbonates are unstable (Gupta
and Chen, 1975; Chester and Hughes, 1967). At pH values of
6 or higher the solubility of ferric hydroxide should control
Fe in solution at very low levels (Koenings, 1976). Lewis
(1977) studied the effect of acidic mine drainage on the

210Pb concentrations in the water of the West Branch of the

210

Susquehanna River (WBSR) ; he noted that Pb, Fe and Mn
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were-precipifating ouf of solutioh as pH was rising from
.leés than 4 to 7 as a result of alkaline discharges
| downstream from the pqiqt of the mine drainage éntry.

Release of Fe at high pH (10) systems was
obviously attributable to association with_humic-like organic
compounds in carbonate-bicarbonate buffer (Shapiro, 1964).
According to Shapiro (1964) mobilization of Fe at high pH
and redox potential is due to formation of chelate typé
soluble complexes (Hutchinson, 1957; Stumm and Morgan, 1970).
Also, Shapiro (1964) has shown that Fe holding capacity of
yellow organic acids separated from aquatic sediments was
maximum at pH 10 in the pH. range of 5 to 11 tested. Ferric
iron, which is dominant under oxic conditions,has been shown
to form stronger bonds with humic acids than Fe2+ (Stumm and
Lee, 1960; Sensi et al.,.l977).

In microcosm pH studies, Fe release from the high
organic sediment was generally greater than the Fe release
from the low organic sediment. Since water chemistry, due
to the use of identical buffer systems, was similar the_
"differences in metal release can be only attributed to
differences in sediment geochemistry and physical charac-—
teristics. The high organic sediment used in pH microcosms
(Table X) contained several times more Fe in IW, EP, ERP,

OSP and EAEP phases than in the same phases in the low
organic sediment (Table IX). Hence it is not surprising

that Fe release from the high organic Willingdon sediment
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was greater at pH 5, 7 and 10. Low pérmeability of this
fine sediment deposit was more than offset by greater

geochemical availability of the metal.

A greater release from the high organic sediment
at pH 5 can be similarly explained by a greater amount of
Fe in geochemical phases (IW, ERP, OSP and EAEP) of the high

organic sediment.

In elutriate tests, a greater releaserf Fe_at
high pH (10) from the low organic Gilmore:Avenue sediment
containing lowef OSP phase Fe levels (Table X) is a
surprising result. The substantially greater EP phase Fe
levels of the low organic sediment together with differences
in physical characteristics such as particle size distribution
and differences in chemical nature of organic matter content

may account for this result.

3. Lead (Pb)

In microcosm studies, dissolved Pb rapidly dropped
to équilibrium concentrations of less than 10 mg/l in both
freshwater oxic and anoxic systems. My data accord with
those of Hem and Durum (1973). They predicted an equilibrium
solubility for Pb of 10umg/l at pH of 8 with total carbonic

species of 107°M. According to Saar and Weber (1980)
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cerfain types of organic materials may limit the concentration
of Pb ions by co—precipitafion. Conditional stability |
constants for river water humic acids (WHA) determined by
Buffle et al. (1977) at near neutral pH values are: Pb-WHA,
pH=6.7, -log B =6.0, Pb-WHA, pH=6.8, -log B,=5.5; Pb-(WHA), ,
pH=6.8, —lég 32=10.4. Based on data from Buffle et al. and
their own experiments ,Saar and Weber (1980) believe that
Pb-WHA or Pb—(WHA)2 Co-precipitation in freshwater;where Pb

7M and humic substance

concentrations seldom exceed 2.4 X 10~
(MW=1000) concentrations typically are lO—6 to lO_AM, is not
likely to occur. At low concentrations of Pb, adsorption is
more likely the mechanism of removal. Under freshwater
conditions adsorption was rapid by the high organic sediment
which had greater exchange capacity for Pb as indicated by
the exchangeable amount of the metal present in the sediment
(Tables IX and X). This sediment also contained higher easily
reducible phase Fe precipitate which is known to scavenge
trace metals like Pb by sﬁrface action. The low organic
sediment contained more ERP Mn; it appears that the higher
ERP Mn in the low organic sediment was not sufficient to
offset the effect of greater ERP Fe in the high organic
sediment.

Under slightly saline conditions in elutriate
tests and after the first salinity change in microcosms,

Pb was released from the sediments. Metals adsorbed by

sediments under freshwater conditions may be desorbed
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under saline conditions due to exchange reactions of Na+,
Ca2+ , and Mg2+'cations and complexing réactions.of anions
like Cl~ and OHf.. Desorption of tracé metals from sediments
in saline waters has been observed by_others (Kharkar et al.,
1968; Troup and Bricker, 1975; Ramamoorthy and Rust; 1978;
Revitt and Ellis, 1980). According to Biggins and Harrison
(1980) Pb colloids deposited from automobile exhaust may bei
resuspended in water and pass through 0.45 mm membrane filters
(Hem and Durum, 1973) and hence beAmeasured as dissolved

Pb. Net effect of increasing salinity and pH may be removal
of dissolved Pb. After the second salinity‘chaﬁge iﬁ
microcosms (24.5 ©/00) and at salinity of 4 O/oo in elutriate
tests,Pb was reﬁoved to below detection levels. As Edzwald
et al. (1974) have shown , increasing salinity was probably
coagulating Pb colloids. Poor desorption of Pb from

' sediments suspended in saline waters has also been observed
elsewhere (Benninger et al., 1975; Wagemahn et al., 1977;
Scott, 1980).

The release of Pb measured in okic static columns
at a salinity of 14.5 o/oo was not observéd_iﬁ elutriate tests.
Perhéps the  kinetics of Pb desorption and/or complexation
are slow.and a longer équilibrium time is required to bring
Pb into solution. Four days were required before Pb was
measured in the coluﬁn at 14.5 o/oo salinity. Similar slow
release was measured by Chen et al. (1976) and Khalid et al.

(1978) in their desorption experiments under oxic conditions.
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Lead associated with sewage solids was less mobile under
brackish conditions than some other metals (Rqﬁatgi and Chen,
1975). Most Pb in the sediments used in the present study
was bound to OSP phase (Tables IX and X).

In the elutriate tests more PDb wasAreleased from
the_high organic sediment under slightly saline conditions.
Since desorption is a surface phenomenon; the finer particle
size of the higher organic sediment may have been a factor in
the higher release of Pb from this sediment.

| Under anoxic conditions Pb was not released into
solution under differenﬁ'salinity regimes. TIdentical results
were obtained by Lu and Chen. (1977); dissolved Pb at the
sediment-seawater interface remained in the sub ppb (Mg/1)
range during a 30 day period. This result was independent
of sediment type (silty-clay, sandy-silt or silty-sand).
Under reducing conditions, particularly in the long- term
static column experiments, sulphide precipitation of metal
ions probably inhibited Pb release (Bella, 1972; Hem and
Durum, 1973; Engler and Patrick, 1975). The ERP phase of the
low organic sediment contained about 6 times more Pb than
the corresponding phase of the high organic sediment
(Table IX). Since Pb release was not measured from either
one of the two sediments, it suggests that sulphide
precipitaﬁioh overwhelmed any releaée'of Pb from dissolution
of the ERP phase. |

In the variable pH studies,bhigh concentrations
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of Pb were released at the low (5) and the high (10) pH
systems. Results obtained from static columns were confirmed
by the elutriate studies. Geochemical fractions from IW to
EAEP,containing over 80 percent of Pb (Tables IX and X) ,are
unstable under acidic conditions and tend to dissolve. Hence
it is not surprising that maximﬁm dissolution occurred at

the lowest pH (5). At pH 5 hydrolysis of Pb is at a minimum
(Hahne and Kroontje, 1973) and hence other species in water
such as organics and carbon dioxide may be controlling the

Pb concentrations. According to thermodynamic calculations
of Hem and Durum (1973) at a low concentration of carbonic
species (lO_BM 002) , at pH 5 Pb concentration in water may
reach as high as 1000 mg/l. Henderson et al. (1979) leached
Pb from ceramics up to concentrations of over 100 mg/1
depending upon the amount of Pb used in glazing. The leaching
agent was a 5 percent solutlon of acetic acid. Patrick et al.
(1977) and Day et al. (1979) also measured considerable
release of Pb from sediments and street dusts respectively.
Day e£ al. (1979) argue that a greater solubility of Pb at
low pH and oxic conditions is not unreasonable because both
carbonates and sulphates of the metal convert to soluble
bicarbonates and bisulphates respectively and adsorbed Pb
ions exchange for abundant hydrogen ions. The most likely
source of Pb in the sediments was automobile exhaust

(Hall et al., 1976) which is emitted mainly in carbonate

(ERP) and sulphate (ERP) forms (Motto et al., 1970; Daines
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et al., 1970; Biggins and Harrison,-l980; present study,
Tables IX and X). |
Concentrations of Pb at pH 5, howéver, were much
lower than the value of 1000 mg/1l suggested by calculations
of Hem and Durum (1973). The maximum dissolved Pb
concentration of approximately 2.7:mg/l was measured in the
elutriate of the high organid sediment. Under quiescent

conditions dissolved Pb concentrations were lower probably

because of poor contact between the acidic overlying waters
and the sediments. _Discrepancies'between the theoretical
calculations and the measured values may be accounted for

by the presence of other species such as acetate ion and
natural organic compounds which were not taken into consider-
ation by Hem and Durum (1973) in their calculations. Payne
and Pickering (1975) have shown that the presence of organic
compounds may affect the adsorption/desorption behavior of

metal ions.

A high release 6f trace metals at as lowa pH as 5
is a common observation and a readily accéptablevresult,
whereas a high release at pH 10 is a somewhat unexpected
observation; although similar observations have been made
elsewhere (MacPherson et al., 1958; Hakanson, 1974). As
discussed earlier for Cu and Fe, a high releasé of Pb and
other trace metals at pH 10 may be attributed to dissolution
of humic-like substances carrying the metal jons (Desai et
él., 1972; Cooper and Harris, 1974).7 A considerable portion

of the total Pb in the sediments was in the organic and
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sulphur phase (Tables IX and X). Both low pH (5) and high
pH (10) release of Pb from the Willingdon sediment were
considerably greater than release at neutral pH. This can
be easily explained by the differences in concentrations of
Pb in the geochemical fractions of the sediments (Tables IX
and X). TFor static column tests the Willingdon sediment
contained approximately 6 times moré total Pb, 15 times more
Pb in EP and ERP (readily soluble at pH_S) and about 5 times
more than in OSP (Soluble at pH 10) than Pb in the
corresponding phases of the Gilmore sediment. These
diffefences for the elutriate tests, however, were

considerably less (Table X).

L. Manganese (Mn)

Manganese réleaSed from sediments in static column
tests was not monitored. Release of trace metals in these
tests was generally low: therefpre, determination of their
concentrations by flame AA spectrophotometry required
preconcehtration by solvent extraction. Trace metals Cu,
'Fe, Pb and Zn can be simultaneously extracted‘but a separate
extraction run for Mn is required because of the poor
sfability of its chelate complexes (McQuaker, 1976). To
save time Mn was omitted from these tests; The time saved
was used to extend the scope‘bf exchange studies for Cu, Fe,
Pb and Zn. |

The results for Fe from.the static column studies

may provide some insights into Mn behavior under similar
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conditions. However, in view of the litefature discussed by
Hoffmann and Eisenreich (1981),one must use caution in
projecting results obtained fof one of these elements to the
other. Although reactions affecting the exchange of Fe and
Mn from sediments to water are similar in nature, the
variatione arise from differences in kihetics of the reactions
and relative stabilities of the reaction products.

In elutriate tests Mn was‘released from both
sediments and under oxic and anoxic conditions. The extent
of release was independent of redox conditions but increased
with salinity and became asymptotic above 4'0/00. Also,
release was slightly greater from the coaree, low organic
sediment. The difference in release of Mn from the two
sediments cannot be explained by the geochemical variations -
be%ween the sediments. Manganese in all readily available
phases such as IW, EP, ERP etc. is lower in the low organic
sediment (Table X).. Althoﬁgh total Mn is slightly higher in
.low organic sediment the difference does not seem to be
significant. The greater release from the low organic
sediment may be due te its coarser particie size and lower
organic content.

Similar findings for Mn release have been made
elsewhere. Chen et al. (1976) studied the release of Mn from
sediments on suspension in seawater.The results for a one-half
hour suspension time indicate‘that Mn'release was independent

of redox conditions and a sandy type sediment released more
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Mn than a élayey type sediment. Lee et ai. (1975),in a study
to assess the Elutriate Test for predicting release of trace
metals during dfedging of contaminated sediments,noted that
felease of Mn depended upon sediment type among other factors
but was independent of the total Mn levels in the sediments.
Desorption of Mn from sediments on suspension in saltwater
}has also beén investigated by many others (Johnson et al.,
1967; Picer et al., 1973; Wagemann, 1977), but these authors
did not use‘the_standard elutriate procedure. Results of |
Picer.et al. (1973) and Evans et al. (1977) are particularly
relevant to this study. Picer et al. (1973) noted that Mn
was released from limestone and aquatic sediments on suspen-
'sion in water as salinity was increased from 0O - 18 o/oo;
above 18.0/00 the distribution coefficient of the metal
between the solid and aqueous phases remained constant.
Evans et al. (1977) observed a similar dependence on
salinity in Newport River Estuary, North Carolina; maximum
levels of dissolved Mn occurred between 4 and 14 ®/oo salinity.
. In this study, the levels of Mn in éolutionbwere
~much higher than for othef trace metals with the exception
of Fe under anoxic and low pH conditions. A recent review
of the literature on poténtial release of contaminants from
sediments during dfedging and dredge disposal operations
concluded that Mn as well as ammonia are the most readily
released pollutants (Lee and Mariani, 1977). Lee and

Mariani also measured high release of Mn in elutriate tests
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~on'dredge'ma£erialé. For a sediment to water ratio of 5:1,
'a maximum Mn concentration of 6 mg/l was measured.

»In variable pH elutriate tests a iarge Mn
release was obserVed at pH 5 as was the case for Fe. Again
" this was éttributable to solution of Mn oxides which usually
regulate solubility of Mn in oxic aquatic sysﬁéms. Substantial
amounts- of Mn and Fe were leached with organid acids (pH 2,
4, 6) from rocks (Brockamp, 1976). At pH 5 a slightly
greater release from the low organic sediment cannot be
~explained by geochemical differences; therefore it has to
be attributed to differences in physical characteristics of
. the seaiments. V

 Unlike other trace metals, minimum Mn release
wés measured at high pH (10). This indiCates that associa-
tions of Mn with humic-like substances are weaker than for
othér trace metals. This is not surprising since the geo-
chemical distribution of Mn (Table X) shows that very little
Mn is bound to the 0OSP phase of the sedimenté. Also, data
from Schnitzer (1969) and Irving and Williams (1948)
presented by Jones (1978).show that the stability of the
Mn2+ - Fulvié acid complex ranked 11lth among a dozen different
metallib jon-fulvic acid complexes. The logarithms of the
stability constants of the fulvic acid-metal complexes of

special interest in relation to this study are: Fe3+ = 9.40,

cuRt = 8.69, Pb** = 6.13, Fe?t = 5.77, Mn** = 3.78,

2+

Zn~ = 2.34, all at pH = 5.0. A number of other authors
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also report poor associatiOn of Mn with organiés (Abduilah
and Royale, 1972; Krom and Sholkovitz, 1978; Moore et al.,
1979). Another, probably more likely; reason for the low
release of Mn at high pH (10) is the oxidation of any Mn(II)
to (highly insolublé)'Mn(IV). The rate of okidation of Mn(II)
is highly dependent on concentration of hydroxide ion (Stumm
and Morgén, 1971).

5. Zinc (Zn)

Like Pb, dissolved Zn levels in static freshwater
oxic and anoxic systems rapidly dropped to equilibrium
concentrations less than 10 mg/l. Durum et al.(1971) also
reported Zn concentrations below 10 ug/l in some U.S. rivers.
Chemical thermodyhamic calculations of Hem(1972), however,
indicated considerably higher levels of Zn. For example, in
pure water at pH 8 the calculated Zn concentration was 400 ug/l
and in the'preéence of carbonafe species (440 mg/l as COZ) the
concentration was lowered to 25 mg/l. The preéence of
silicate ilons was éhown to further limit the concentration of
Zn by 1 to 2 orders of magnitude by formation of sparingly
soluble ZnZSiO4 (willemite). At naturally occurring silicate
concentrations of about 6 mg/l, Zn concentrations of less
than 46 g/l may be attained. Co-precipitation of Zn with
silica has been further investigated by Willey (1977). Hem
(1972) attributed low (undersaturated) measﬁred concentrations
of Zn and Cd in rivers to removal of metals from solution by

such processeé_as adsorption. Means ot al. (1978) presented
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informétion.which showsvthat oxides of Mn, Fe and organics

- méy rémove traée.metals from solution. O'Connor and Renn

(1964) showed that the extent of adsorption of Zn may depend
: upon pH and the concentratlon of suspended sedlments in water.
lFreshwater sedlments are believed to be effective scavengers

of trace metals (Iskander and Keeney, 1974; Dreher et al., 1977;
.'Chfistensén and Chien, 1981). | |

Zinc adsorbed under freshwater conditions may be

desorbed under saline conditions. After the first salinity
ad3ustment}(14.5 O/oo) in oxic statlc column and under both
,oxic aﬁd_énoxic cond1t1an’1n elutrlate tests, Zn was
.releésed into solution. Similar desorption of trace metals
héve 5een‘observed'in a number of other studies (Bradford,
1972; Tfoup and Bricker, 1975; Thomas and Grill, 1977;
Kharkar et ai., 1968; Grieve and Fletcher, 1977). Freshwater
sediments entering‘a saline régime as in an estuary are
eqused to cafioné such as Na+, Ca2+gand Mg2+ and anions
Cl™ and QH— in concentrations a thousand times or more those
in the freshwaters. - Consequently, equilibrium between the
dissol%ed and adsdrbed fractions of trace metals is upset
‘and to attain abnéw equilibriuﬁ; Ca2+ and Mg2+ may replace
trace metals-in sediments. Freshly dislodged metal ions

may form coordinate complexes with abundant anions such as

chlorides and hydroxidés‘(Stummfand Morgan, 1970). MClB_

.and M0142— are the dominant chloride complexes at chloride

concentrations of greater than 3500 ppm (Hahne and Kroontje,
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1973); however, at the neutral and slightly alkaline pH of a
mixture of freshwater and seawater, M(OH)+ could also be
important complexes because they generally have higher
formation constants than the chloride cbﬁplexes (Long énd
Angino, 1977). Rohatgi and Chen (1975) also observed the
release of_60 percent of the Zn from Los Angeles River
suspended sediments after reaching equilibrium in a 2:1
seawater-riverwater mixture. In another study at a higher
dilution (lO:l)_the percent release was considerably lower,
26 percent (Chen and Hendricks, 1974). These studies confirm
the importance of desorption processes and chloride complex
forﬁation in regulating the solubility of some heavy metals
under brackish and marine water conditions;

In the anoxic static colﬁmns, as in the case of Pb,
7n was not released into solution under different salinity
regimes. Identical results were obtained by Lu and Chen
(1977); under anoxic conditions Zn concentrations remained
in the sub ppb range at the sediment-seawater interface
during a 30 day period for all three sediment types (silty-
clay, sandy-silt, silty-sand). The redox conditions in the
water column were the controlling factors for release and
uptake of Zn. Under reducing conditions sulphide precipi-
tates regulate the release of most heavy metals from sediments
(Bella, 1972; Holmes et al., 1974; Engier and Patrick, 1975;
Morel ét al., 1975). Pohland et al. (1981) recommend that

landfill'leachates should be pumped back into anoxic layers
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of landfill to remove trace metals as sulphide preeipitates.
The relatively high concentration of Zn in the OSP phase of
the sediments reflects the deposition of Zn as sulphide under
.natural cenditions.

The anoxic conditions in elutriate tests failed
“to prevent release of Zn as occurred under statlc conditions
due. to insufficient time avallable for generatlon of reduced
sulphide species. The available supply of sulphides from
the IW phase appears to have been preferentially precipitated
with Cu and Pb which have lower'sulphide solubility products

Cof 8.5 x 10745 and 3.4 x 107%8 23

as compared to 1.2 x 10
for Zn (CRC, 1971). |

In the variable pH systens, high concentrations
of Zn were released from the sediments at pH 5 and 10. As
previously discussed, geochemical fractions EP and ERP are
highly unstable under low pH conditions and hence are easily
mobilized into solution under acidic conditions. Solubility
curves presenﬁed by Hem (1972) show that at pH 5 in the
absence of controls, Zn concentration may reach levels >
lOOO mg/l. The presence of various ligands, as is often
the case in natural systems, may limit the concentrations
to a considerable extent. For example, in the preeence of
_lO_ZM Carbonic species Zn solubility is reduced to 650 mg/1.
The'maximum measured concentration was 3.0 mg/l indicating

that release was limited by coordinate complexatien with,

various inorganic 1ligands as discussed above.
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Despite these controls, the_measuréd concentration of Zn
was still very high as compared to the commonly measured

values in natural watérs (Hem, 1972).

High release of Zn at pH 5 wés also meésﬁred by
Patrick et al. (1977). Data presented by these authors showed
that Mobile Bay sediments incubated at three‘pH values (5.0,
6.5 and 8.0) and four redox potentials (-150, +50, +250,
+500 mV) released maximum Zn concentrétions at pH 5 and at
redox potential of +500 mV. This confirms the results of
the present study in which oxic conditions at é pH of 5
had the highest release. |

As for Cu, Pb and Fe, mbre Zn was measured in
solution at pH 10 than at the uncontrolled neutral pH(near 7).
The geochemical distribution of Zn in-the sediments
(Tables IX and X) shows that subsfantial amounts of the
metal were bound in the.OSP phase. According to the
pfevious discussions on fulvic acid-metal stability
constants of the last section (for Mn), Zn is expected to
poorly associate with the organics in the sediments.
However, the sediment organics are cémposed of a complex
group of substances called humic substances,and fulvic
acids constitute only one component of-this group of

substances. Therefore, Zn association with the OSP phase ,
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as indicated by geochemicai fractionation,is possible

through bonding tovcertain organic compounds other than

fulvic acids. Sediment organics.(humic substances) are

known to preferentially dissolve at alkaline pH values

(Cooper and Harris, 1974). Thefefore, it is likely that the
measured high solubility of Zn at pH 10 was due to dissolution
of the sediment associated ofganic complexes of the metal.
Shapiro (1964) noted that yellow organic acidsHSolubilized

Zn at alkéline pH values where it should precipitate.

Some of the high solubility of Zn at pH 10 can be
~attributed to its amphoteric nature.b According to Hahne and
‘Kroontje (1973) Zn, due to its amphoteric néture, can form
soluble hydroxide complexes in alkaline waters. Model
calculations by the authors ihdicated at pH 10, Zn(OH)2
(neglecting water molecules) has an intrinsic solubility
(molecular solubility) of 160 mg/i. However, the solubility
curves of Hem (1972) do not support this concept because the
maximum solubility of Zn as indicated by the curves for pH 10
is only 6.5 ug/l. Therefore; it is not clear to what extent
the amphoteric nature of Zn could have contributed to the

measured high solubility of the metal at pH 10.

Both at pH 5 and pH 10 release of Zn was mﬁch
greater from the‘high organic sediment. These differences
can be explained’by geochemicél distributionvof Zn in the
relevant phases of the two sediments. In static tests the EP

and ERP phases,which readily dissolve under acidic conditions,
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had a wide difference in Zn concentrations between the two
sediments. The sum of Zn concentrations in these two phases
in the high organic sediment was almost 10 times greater
than the sum for the low organic sediment (Tablés IX and X).
In elutriate-tests the sum bf Zn levels in EP and ERP phases
in the high orgénic sediment was approximatély 3.5 times the
sum for the ldw organic sediment. Therefore, the higher
release of Zn af pH 5 from the high organic sediment was due
to greater availability,of the metal from the high organic
sediment. Similarly, for the pH 10 tests it is likely that
the greater release of Zn from the high organic éediment was

due to there being more Zn in the OSP phase of the high organic

sediment.

C. Particulate Trace Metal Exchange (pH Effects)

1. pH 5

Particulate trace metal levels generally feflected
the turbidity.levels thus indicating that high particulate
trace metal levels were either due to resuspension of bottom
sedimentsvor due to precipitation of metals from solution. |
The initial high concentration of particulate trace metals were
due to re;suspgnsioh of sediments during the setup of the col-
umns. The later increase wés related to failure of pH (5)
acetate buffer, probably due to micfobial breakdown of acetate
ion. In the high organic system the failure set in earlier
because the column was resued after the low organic sediment run.

Despite a thorough clean up,bacterial contamination might have



165

remained, especially through the fritted glass aeration tube.
As tﬁe pH rose due to failure of the acetate
buffer, Cu and Pb were substantially rémovéd'from solution
and release of Fe, and Zn appears to_have'been inhibited.
Smith (1973) has shown that metal splutions may be unstable
even at pH values as low as 2. Sediments may readsorb
extracted trace metals under aciaic conditions; Cu and Pb
adsorption hés been shown to strongly depend upon pH changes
(Rendell et al., 1980). According to James and MagNaughton
(1977), adsorption of metal lons occurs rapidly over a narrow
pH'range.which is characteristic of the metal ions and their
complexes, In the present study a slight increase in pH
(4L.9> 5.1) appeared to have‘créated conditions favourable for
- readsorption of Cu and Pb. Iron adsorption starts at pH 5.3
and Zn seems to be least affected within the pH range of the

- experiments.

The loss of Cu and Pb from solution was not
completely reflected by a parallel increase in the suspended
‘particulate trace metal concentrations. This can be
explained by deposition of trace metals in éssociation with
the settling partiéulates. Coincident with the buffer failure
i(by bacterial action on acetate ion), rusty colored particu-
lates formed in the water column and some settled to the
sediment layer. The bacteria associated with the settling
.particles probably pro#ided an additional mechanism for Cu

and Pb removal through adsorption on cell walls.
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‘Particulate trace metal level trends for both
‘sediments were similar except that in the high organic
sediment, the increase due to buffer failure occurred

" earlier in the run.

2. pH 7

In the'pH 7 microcosms, particulate trace metal
levels were high initially due to resuspgnsion of sediments
during set up of columns. As the sediments deposited,
parficulate trace metal levels remained low with the exception
of some increases which may be attributed to resuspension of
sediments or to analytical contamination. Particulate levels
" for the high organic sediment were higher becahse it contained

higher levels of the metals. .

3. pH 10

Particulate trace metal trends at pH 10 were
similar to those of the pH 7 experiments.with two important
differences. First, particulate trace metal levels dropped
more slowly; probably because the particulates were stabilized
:by the organics released under alkaline conditions. Secondly,
trace metal levels were regulated by trace metal-organic
matter associations. For example, Fe and Pb are known to
strongly bind to brganic humic matter; hence particulate
levels for these metals were much higher than those for Zn.
Also OSP levels of the metals in the sediments seem to be

reflected in particulate trace metals. Results show that Cu
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preferentially binds to the dissolved fraction of organic
humus.

ITI. TRACE METAL EXCHANGE AT THE SEDIMENT-INVERTEBRATE
INTERFACE

The concentrations of all trace metals were higher
in the high organic sediment. Copper, Pb and Zn associated
with the OSP phase in the high organic sediment were
approximately as high as the tbtal metal levels in the low
organic sediment. Greater association with the OSP phase
did not result in greater éccumulation‘of trace metals in
the organisms associated with the high organic sediment.

Copper in the high organic sediment was almost
three times the level found in the low organic sediment with
twoAthirds of it bound to the OSP phase. However, chironomids
accumulated higher levels of Cu from the low organic sedimeﬁt
and there was very little difference in acéumulation of
Cu by amphipods or oligochaeteé in the two sediments.
Therefore, O0SP-bound Cu does not appear readily available to
these invertebrates. Luoma and Jenne (1975a) found that
radioactive cadmium, 109Cd, was not available to clams
when it was adsorbed to organic detritus or Fe oxide coated
with organics. Similarly, Phelps (1979) observed that the Cd
isotope béund to albumen was not taken up by the soft shell

clam, Mya arenaria , whereas the isotope adsorbed to bentonite

clay was readily absorbed. The low bioavailability of

albumén-held Cd was attributed to strong bonding between the
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metal and the substrate. Bryan and Hummerstone (1977) in a

field survey noted that Ag in sulphide form from mining

sources was not available to Scrobicularie plana, an estuarine
bivalve mollusc. Although the similarity of behavior of Cd and
Ag to Cu as indicated in these studies may be only c01nc1dental,
it is obvious that the geochemlcal form of trace metals in sedi-
ments may determine accumulation. Hall and Bindra (1979) in a
field study found that Cu in oligochaetes was related to concen-
trations in EP, ERP and OSP phases. In addition, Cu concentra-
tions in the organisms depended upon the percentage of coarse
.sand (0.5 - 1 mm) in the sediments. A high percentage of silt
and clay depressed Cu levels in chironomids (Table 1).8imilarly,
in the present laboratory study, particle size seems to have
played an important role. Luoma and Jenne (1976) also found no
correlation between trace metal levels in bivalves and metal
concentrations in the acid extractable and easily reducible
fractions of the sediments. Uptake rate of sediment bound
metals by 1nvertebrates is also spe01es specific. Ray et al.
(1981) studied the uptake of Cu, Pb and Zn from two contami-
nated sediments by three invertebrate species. .The inverte-
brates were exposed to the sediments for 30 day period and

metal concentrations in fhe organisms were measured several

times during the 30 day period. (Crangon septemspinosa and

Macoma balthica accumulated Cu from both sediments but in the

third specie, Nereis virens, Cu levels at the end of 30 day

period dropped slightly below the initial levels.



169

The Fe levels were higher in most organisms kept
in the low organic sediment even though it had a slightly
lower Fe concentration. However, there was four times as
much exchangeable (EP) Fe in the low organic sediment which
appears to be biologically available. The higher level of
dissolved Fe in.the interstitial water (IW) of the high
organic sediment did not affect accumulation indicating
that direct absorption of the dissolved element was not
occurring to any measurable extent. Removal of the
exchangeable (EP) Fe from the sediment probably occurs‘by
ingestion and release in the gut of the deposit feeders.

Coarseness of the low organic sediment appears to be another

factor favoring greater accumulation of Fe . Although this
conclusion is not statistically sound (n=2) it is supported
by many (n=5) field data (Table II)% Characteristics of
adsorption sites on coarse sediments probably are such that
adsorbed Fe is readily available. In the present study,
although the uptake rate’of.Fe was high for the amphipods and
chironomids, there was only a small increase in their accumu-
1atinn ratio during the study period, indicating that the
organism can regulaté tissue Fe levels to some extent.

Higher Pb.accumulation occurred in amphipods and

oligochaetes the high organic sediment microcosms. The levels

2. Similarly, elsewhere in this thesis conclusions have been
drawn from results for two sediments. Replication of
experiments of this study with a large number of sediment
types would be difficult and very time consuming.
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of Pb in the EP, ERP and OSP phases of the high organic sedi-
ment were 5 to 6 times the values in the loﬁ ofganic sediment,
so if is diffiéult ﬁo»relate accumulation to a single geo-
~chemical fraction. Previous research indicated that the best
relation was between total Pb in the sedimpnt and accumulation
for organisms collected in the field (Hall and Bindra, 1979).

" Similar relationships between Pb levels in macroinvertebrates,

Asellus_aquéticus L. and Erpdbdella octoéulata (L), and total
Pb levels in thé sediment subsfrafe were found in fhe River
Irwell, U.K. (Eyreé and.Pugh-Thomas, 1978). Chapman et al.
(1980) also obsefved that in-the Fraser River estuary total Pb
concentrations in the sediments were reflected in the oligo-

. chaetes. A laborétory uptake expefiment similar to the present
~ study, indicated that Pb accumulated by three species of marine
invertebrates, over a 30 day period, was greater from a finer
sediment containing higher levels of total Pb (Ray et al., 1981).
Unlike the present study, the finer sediment .contained lower
concentration of organic carbon; however, the difference in
percent organic carbon between the two sediments was small.

As in the case of Cu, Pb uptake may be affected by Fe (Luoma

and Bryan, 1978). Statistical'analysis of field data obtained
from 17 estuaries in England and France 1ndlcated that the Pb/Fe
ratio in 1N hydrochloric acid extracts of surface sediments is
related to the Pb levels in the.estuarlne bivalve

Scrobicularia plana. In the present study, metals in the

non-residue fractions are approximately equivalent to metals
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in a 1N hydrochloric acid extract. This amounts to 2060 ppm
Pb and 5500 ppm Fe for the low organic sediment and 987 ppm

Pb and 7900 ppm Fe for the high organlc sedlment Therefore,
the Pb/Fe ratios are 0.0375 and 0.1249 for the low organic and
high organic sediments respectively. This'suggests that Pb in
the high organic sedimentvceuld be 3 to 4 times more availlable
than in the low organic sediment. However, a number of other
factors such as parﬁicle eize, organic carbon and calcium
carbonate levels may also affect availability of trace metals
(Luoma and Bryan, 1978). Therefore, the Pb uptake by inverte-
. brates was not in exact proportlon to the Pb/Fe ratios

(Table XIV).

Manganese levels were higher in all organisms from
the microcosm containing the low organic sediment even though
this sediment contained 100 ppm less of total Mn. No specific
geochemical fraction of Mn was at a muchvhigher level in the
low organic sediments; therefore, the physieal'character
(finer barticle size and higher organic.level) of the high
organic sediment possibly makes the element less available
when the sediment is ingested. A_field survey demonstrated
a fairly good relationship between the ERP phese (Mn bound
as oxides and carbonates)Aand biocaccumulation ratios in
chironomids and oligochaetes (Figure 1, adapted from Bindra
and Hall, 1977). In this laboratory study such a relationship

was not observed. A number of studies (Packer et al., 1980;
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Bryan and Hummerstone, 1973; Ireland,'1979) indicate that
Mn levels are regulated by organisms. The fine particle size
~and high organic content of the high organlc ‘sediment
probably also inhibited organism uptake of Mn (Table IV,
data from Bindra and Hall, 1977).

Even though there was five times the level of
total Zn in the high organic sediment as well as higher
levels in the chemically more available phases (EP, ERP
" and 0SP), there was a much larger change in the bioaccumulation
ratio in the low organic sediment,although the actual final
concentration in the organisms was very similar to both
sediments. Hall and Bindra's (1979) study indicated that Zn
in oligochaetes and chironqmids is‘negatiVely related to Fe
in the EAEP phase of the sediments. The high organic |
sediment contained approximately 1.5 times more EAEP Fe than
the low orgénic éediment, therefore, availability of Zn
in the high organic sediment could be suppressed by the
higher Fe levels._ In a laboratory study (Romeril, 1974)
similar to tﬁe present one ,where uptake of 65Zn from sediments

to two species of oysters, Crossostrea angulata and Ostrea

edulus, was investigated over a six week period, it was
demonstrated that Co and Fe could inhibit the biological
uptake rate of Zn. The limiting effect of Fe and Co on
uptake of Zn was attributed to competition for sites at
the point of uptake. Luoma and Bryan (1978) in a field

investigation noted that availability of Zn in aquatic
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sediments to two bivalves, Macoma balthica and Scrqp;gularia

plana, was negatively affected by the total organic carbon
content of the sediments. Ray et al. (1981) observed that
uptake rate of Zn and some other trace metals in

sediments was related to metal levels in EDTA extract of

‘sediments (adsorbed, precipitated and complexed phases).

In addition to the geochemical form of the trace
~metal, inter—elemental interactions, and the physical —
chemical properties of the sediment., there are other
important factors which may regulate the levels of trace
metals in an organism and its ability to mobilize and excrete
the elemen£ from tissue. Possibly those organisms living
under high trace metal stress are induced to develop a more
efficient system to eliminate trace metals. Eyres and

Pugh-Thomas (1978) investigated accumulation of Cu, Pb

and Zn by a-freshwater louse (Asellus aquaticus L.) and a

leach (Erpobdella octoculata L.) , and found lower levels

of Cu and Zn in organisms living under higher environmental
concentrations. They suggested a possiblé mechanism for
excretion develéping at high concentrations. Bryan (1976)
also reported that some species were able to excrete a higher
proportion of the trace metal intake under%Eontaminated
conditions and thereby régulate the concentration in the

body at a fairly normal level. Reéent research (Brown, 1978)
has shown that aquatic organisms living under traée'metal .

stress can induce synthesis of a trace metal binding protein,
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metallothionein, which méy aid in excretion of trace metals.
It appears that some mechanism was working for the oligpchaétes
"in this study since concentrations of all five trace metals
decreased after one week, increasgd to a peak value at four
weeks and then showed a decrease during the final week of
the.microcosm. Also, the‘fact that some organisms showed
lower levels of trace metals when incubated in the sediments
with higher trace metals in the more chemically, and possibly
biologically, available phases,suggestslpossible induqtioﬁ
of some mobilization mechanism. Stickney et al. (1975),
however, believe that if trace metals reach a certain high
level, homeostatic trace metal elimination mechanisms may be

overcome.

The decrease in the Fe and Mn concentratiQns in
the oligochéetes after one week from the time of transfer to
microcosms appears to have occurred at least partly due to
transfer to an environment relatively less‘polluted with Fe
apd Mn. Ladner Sidechannel sediments, from which the oligo-
chaetées were collected for microcosm studies contained twice
as much Fe és in the microcosm sediments. Similarly Mn was
higher in the Ladner Sidechannel sediments than in the micro-
cosm sediments (Table XII), but the difference wasrnot--quite
as large as for Fe. The exposure of oligochaetes to lower Fe
and Mn concentrations in the microcosms probably resulted in
loss of these metals. The much higher levels of readily avail-
able EP phase Fe and Mn in the microcosm sediments (Table X)

probably resulted in subsequent increase in the organisms.
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Microbial populations in aquétic sediments may
also affect ﬁptake rates of metals Dby benthic.invertebrates
(Patrick énd Loutit, 1976). Carter (1976) in a study of
uptake rates 85Sr and 137Cs by oribatid mites collembolans
from soil and litter,noted that 85Sr body burdens of
the mite» over a 60 day.period debe@ded on the isotope
levels in fuhgal mycelia growing on contaminated litter.
Geesey (1980) investigated the distribution of bacterial
populations in sediments andvassociated interstitial waters
in two watérsheds of ﬁhe Lower Mainland of.British‘Columbia.
He noted that only a small fraction of the‘bacteria existed
as free floating cells and the majority was attached fo
‘fibrous material in the sediments. Preferential.ingestion of
fibrous matter or exélusion could affect metal uptake rates by
the ihvertebrates. In ﬁhe present study although bacterial

population dynamics were not monitored, it is possible that

the observed uptake or loss of metals by the amphipods
reflected the accumulation or loss of metals from the sedi—
ments by miéroorganisms growing on thevalgae introduced to
the microcosms as food for the amphipods.

From this discussion it is obvious that the trace
metal uptake or loss processes are quite complex and a number
of factors such as trace metal geochemistry, sediment charac-
teristics and biology of the organisms can influence the
exchange rates. A large variation in the *trace metal uptake
rates for different time intervals of the microcosm period
probably resulted from different factors gaining control of

the exchange processes at different times.
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Chapter 5.
SUMMARY AND SIGNIFICANCE OF RESULTS AND RECOMMENDATIONS

FOR FUTURE RESEARCH

I. SﬁMMARY

The results of this laboratory study encompass
a wide range of trace metal 1nteractions which have
significant management implications in the aquatic environ-
ment. Mobilization of trace metals in sediments to both
water and benthic invertebrates was - investigated. The
results of mobilization of trace metals’have been discussed
with reference to trace metal geochemistry in sedimentsvand
sediment characteristics such as organic matter content and
particle size distribution. Experimental conditions were
kept.as close as practicallyvpossible to naturally occurring
conditions.

Under 'normal pH‘l‘and both okic and anoxic
conditions2 through varying salinities release of the toxic
trace metals Cu and Pb from contaminated sediments was not
excessive. Under the same conditions, however, a 51gnificant
release of Zn'was observed.. Physical character of sediments

(organic matter and particle size distribution) determined

1. Between pH 6.5 and 8.

2. For definition of 'oxic'! and 'anoxic! conditions see
footnote on p. 89.
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the releése pattern uhder the normal pH conditions. Under
some extreme environmental conditions, however, very high
concentrations of trace metals were measured. Generally, a
high release of all metals was observed at low pH (5) and
high pH (10). Iron and Mn ‘were substantially released from
contaminated sediments undervanoxic conditions. Agitation
of sediments in a saline environment resulted in a very high
release of Mn under both oxic and‘anoxic conditions and the
release was independent of salihity above 8 O/oo.

" In microcosms, the concentrations of total trace
metals in sedimenté'provided'an indication of the potential
for exchange with benthic invertebrates.A The geochemical
distribution of the trace metals as well as the physical
character of the sediments:influenéed bioavailability.
However, possible development of excretion mechanisms under
high trace metal stress complicates interpretation of data
on exchange mechanisms.

More‘specific findings for exchange across the
sediment-water and sediment-biota interfaces are outlined

below.

A. Trace Metal Exchange at the Sediment-Water

Interface

(1) Under oxic freshwater condiﬁions in the static
column tests equilibrium concentrations of the more toxic
trace metalé (Cu, PDb and 7n) were less than 10 ug/l,with Fe

concentrations'less than 100 Mg/l,even with total concentra-
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tions in the sediments of several hundred ppm. There was no
relationship between the level of sediment contamination

and eXchange_of trace metalé into the water. Often the

high organic sediment with higher levels of trace metals
released less metal into solution. The high organic content,
fine particle size and high Fe and Mn levels appear to

have limited release of toxic trace metals.

(2) Initial set up of columns resulted in a
release of dissolved trace metals which is in égreement with
observations repérted by others. Solution from resuspended
sediment seems to be a common prbblem in setting up quiescent.
columns even though extreme care is exerciéed.

(3) Unlike quiescent column tests, elutriate tests
do not represent equilibrium exchange conditions. Despite this,
the rapid elutriate tests confirmed many of the observations
made dufing fhe long term guiescent studies.

(4). In the oxic system at low salinities some Cu
and Pb and higher levels of Zn were released into solution.
This was apparently attributable fo desorption from Fe and
Mn oxides and/or formation of chloride complexes. A greater
releaSe.of Cu from the high organic sedimentlwas attributed
to break down of Cu chelates under oxic conditions. Higher
concentrations of Zn were released at low salinities from
the low organic sediment,even though it had a lower Zn
content than the high orgahic sediment. Apparently organic

matter helps to bind Zn tightly in the sediment and inhibits
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its release by desorption and complexation processes. The
_geochemical differences between the two sediments were not
Significant enough to account for variations in trace metal
release.

(5) Some Fe was released from the low organic-
sandy sediment at very low salinities (4 o/oo){ however, at
salinities above 10 o/oo,Fe was readily removed from solution
by flocculation processes. Manganese was released from
sediments to a maximum concentration over a wide salinity
range (4-26 °/oo0) and thé release was slightly greater from
the low organic sediment. ' The difference in Mn release
betweén the two sediments could not be explained by differ-
ences in geochemical distribution of the metal. Therefore,
it probably can be attributed to differences in sediment
particle size. | |

(6) Under anoxic conditions, Fe and Mn were
réleased in relatively high concentrations; Apparently
sulphide precipitation controls the solubility of Cu, Pb
and Zn under reducing conditions. In the anoxic static
columns, Fe release was much higher from the low organic
sediment, again demonstrating the strong binding capacity
of the organic matter and a greater sulphide.precipitation.
Sulphide precipitation in the high organic sediment was
apparent from the characteristic FeS black coloration of the

surface layer.

(7) Low (5) and high (10) pH resulted in a higher
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releése of all trace metals than occurred at neutral pH.
Release atvhigh>pH was attributablé to sblution of organic
bound metals (a component of the OSP phase) and stabilizaﬁion
of metal species in solution by association with humic-like
substances. This mechanism of trace metal release apparently
overwhelmed the precipitation-mechanisms operating under
alkaline conditions. For Zn, a part of the high solublllty
at high pH probably was due to its amphoterlc nature.

Trace metal release at low pH was attributable to dissolution
of Fe and Mn oxides and £heir associated trace metals (EP
(desorption) and ERP phases). However, in more calcareous

sediments, solution of carbonate precipitates and their

associated trace metals would also occur.

'_B.‘ Trace Metal Exchange at the Sediment-Invertebrate

Interface

(1) Opoésum shrimp were most susceptible to the
toxicity of the contaminated sediments; in the more
contaminated high organic Sediment, mortality was 100 percent
within one week.

(2) Chironomids showed the highest uptake of
all trace metals over theAstudy period. Change in
bioconcentration ratio in the low organic sediment was in the
rangé of +0.11 to t0.73 énd for the high organic sediment the
change was between +0.06 and +O.iO. Thus for chironomids,

high organic content of sediments appeared to suppress
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uptake of all five trace metals.

(3) Results for oligochaetes were highly
Qariable, thus suggesting that these organisms had a
significant capacity to both mobilize and excrete trace
metals from their tissues.

(4) In amphipods, accumulation of Fe and Mn
appeared to have resulted from conéumption of the algae

Enteromorpha which was provided as food to this organism.

(5) High Cu levels in sediment, especially when
associeied with ﬁhe OSP component, are not readily available
_ to benthic organisms. Sediment particle size appears to
ehave played an important role in determining degree of Cu
"uptake by the organisms.

(6)- Iron and Mn accumulated to higher levels in
invertebrates kept in loﬁ organic sediment containing lower
levele of Fe and Mn. Iron in the exchangeable‘phase of the
low orgaﬁic sediment probably was responsible for higher
levels in the organisme. Physical characterisﬁics such as
coarse particle size and low organic conﬁent could be other
possible causes for high uptake from the iow organic sediment.
»The physical characteristics were apparehtly_particularly
important for higher uptake of Mn froh the low organic

sediment, there being no large difference in the geochemical

distribution of Mn in the two sediments.
(7) Amphipods and chironomids appeared to be

controlling their uptake of Fe. Although the uptake rate of
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this metal was high for these organisms there was only a
small increase in bioaccumulation ratio,which indicates that
the organisms can regulate tissue Fe levels ts some extent.

| (8) A greater accumulation of Pb in amphipods and
oligochaetes occurred in the high organic sediment containing
higher levels of Pb in EP, ERP and OSP phases. It was difficult
to attribute accumulation to a single geochemical phase.
| (9) Zinc levels were higher in the organisms 1in
the lOw.organic sediment, as was the case for Cu, Mn and Fe,
even though the low organic sediment had total Zn levels
one-fifth of those in the high organic sediment. The
| higher organic matter and Fe levels‘in the high organic

sediment probably inhibited uptake of Zn.

IT. SIGNIFICANCE OF RESULTS

A. Impact of Trace Metal Contaminated Bottom Sediments

on Water Quality

Disturbance of bottom sediments (particulariy in
freshwater systems) even under normal pH (6.5-8) and oxic
sondifions may result in high concentrations of dissolved
trace metals. Fortunateiy, the high concentration solutions
of trace metals under normal pH and oxic conditions are
unstable'andvrapidly drop to low equilibrium levels (less than
10 ug/l). ‘Therefore, dredging of city water supply reservoirs
may be permitted without endangering health of the citizens

if moderately high dissolved oxygen conditions can
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be maintained at the same time.v Wheﬁ such dredging operations
must be carried out under anoxic conditions,water from the
reservoir must be treated for removal of Fe and Mn before
distribution fbr drinking. - Lower dissolved trace metal
‘levels may be expected for waters underlain by organic matter-
rich finé sediments as compared to waters standing above
coarse, low organic sediments with similar levels of trace
metél contamination.

In estuaries under normal pH and oxic conditions ,
concentrations of dissolved Cu and Pb in water overlying
contaminated sediments would not become high enough to have
an acutely toxic effect upon most aquatic life. The
concentration of Zn under changing'salinity conditions,
howe&er, may reach levels of some environmenﬁal concern.
Special care must be exercised when dreﬁging contaminated
sediments ffom estuaries or harbours becauée agitation of
sediments in saline waters results in elevated concentrations
of Mn and Zn in the water column.. In elutriate tests with
seawater , Mn concentrations up to 2 mg/l were measured.

Such high concentrations of Mn could adversely affect some
forms of aquatic life.

Under the variéble pH and oxic'conditions a
greater release of dissolved metals occurfed. The highest
values for all trace metals occurred at pH 5 for the high
organic sediment. Dissolved levels of Cu, Fe, Pb and Zn

reached values higher than 100, 10,000 , 1,000 and 1,000 Mg/l
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respectively in the "static" columns. Similar eoncentrations
of these trace metals may be expected to occur in a system
such as a lake, provided the lake sediments are similar to
those nsed in this atudy and provided there is no renewal of
the water column. These concentrations could have some adverse
effects on aquatlc biota even with limitedvexposure. However,
“these extremely acidic conditions are ordlnarlly not very
_likely to occur. But energy shortages in the recent years

are forcing the use of coal high in sulphur and nitrogen
elements whlch results in emissions of large amounts of acid
gases like 802 and NO2 which wash out from the atmosphere as
acid rain. To make thlngs worse, installation of devices by
industries for recovery of acid gases has become cost

. prohibitive under the adverse economic conditions. As a
result, the probability of reaching Very low pH values in
lakes and soils has increased greatly. Hence the potential

of exposure of organisms and plants in the aquatic environment
and crops in the soils to trace metal contamination has
considerably increased lately. The Coastal Mountain areas

of British Columbia, Nova Scotia and the Canadian Shield of
Ontario and Quebec, where alkalinity is too low to counteract
acid rain are more sensitive areas in Canada. Accidental

acid spills may occur anywhere and thus release high levels

of toxic trace metals.

| Release of high levels of trace metais from

contaminated sediments is also possible if alkaline materials

1ike NaOH or KOH are accidently spilled into natural waters.
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Trace metal reiease was high both at very low (5) and very
" high pH (10) conditions. The potential of trace metal
'release at high‘pH (10) is greater where sediments are rich
in organics. However, the potential of naturaily occurring
high_pH conditions is relatively less severe because

" industrial emissions are generally acidic.

Agitation conditions such as those in laboratory
elutriate tests result in the release of highef concentrations
of diséolved metals than occur under quiescent conditions.
Mgnganese under both oxic and anoxic conditions and Fe under
anoxic conditions aré released in concentrations well above
1 000 ug/l and could be potentially toxic. However, it
requires extreme pH cbnditions to cause significant release
of more togic elements such as Pb and Zn. Probably the
physical disturbanne with resultant sediment suspension and
- high tufbidity‘would have more acute toxic impacts on aquatic
organisms than would the trace metal levels.

The impact of'long term exposure to lower levels
of dissolved toxic metéls such as those observed in this
study should not be overlooked. Uptake of elements such as Pb,
with an extremely long biological half-life, and the accumula-
tion of trace metals by direct adsorption.or food chain
Qoncentration processes provide a mechanism whereby even low

levels can prove to be detrimental if exposure times are long.
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B. Impact of Trace Metal Contaminated Sedimehts on

Benthic Invertebrates

Results of this study indicate that contamination

of bottom sediments can be disastrous to some benthic species

like the opossum shrimp. Its survival time in the more

contaminated high organic sediment was less than one week.

Some organisms like.chironomids constitute a
major food source for freshwater and estuarine fish and
can accumulate toxic trace metals from contaminated sediment
substrates. In the process, toiic elements may be mobilized
directly from sediments to food chains linked fo human aquatic
~food sources. |

Salmon fingerlings, on the way to the sea; stop
at river mouths where they actively-fééd upon amphipods.
Amphipods,as indicated by the results of this study,may
accumulate high levels of Fe and Mn. Although fhese metals
are relatively less toxic , at very high tissue levels they
may affect metabolism of consumer fishes. Fortunately, the
demonstrated ability of amphipods to excrete toxic elements
Cu, Pb and Zn may protect fisheries from becoming contami-

nated and unfit for human consumption.

Oligochaete worms are considered tolerant to metal
pollution. The results of this study show that the tolerance
probably is a result of their ability to control levels of

trace metals in their tissue.
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I1T. RECOMMENDATIONS FOR FUTURE STUDIES

A. Exchange at the Sediment-Water Interface

Results of this study show that both very low
(5) and very high (10) pvaalues_promote release of dissolved
trace metals from sediments. Release at intermediate pH values
(6, 8 and 9) should be investigated to determine the
sensitivity of release to pH changes near the neutralvvalﬁe.

The effect of humic substances should also be exam-
ined.by adding varying amounts of these materials isolated from
organic rich sediments to test columns and elutriate mixtures.
- At the end of these experiments test water should be analyzed
for‘bound (complexed) and free (ionic) mgtal species to
determine the mechaniéms of release and the nature of the
released metal species.

The elutriate tests have shown that release of
- trace metals is more sensitive to salinity changes in the
1 to 10 O/oo rénge. In columns salinity was changed from
zero to above 14 o/oo in one step. Column tests should be
repeated at salinities of 1, 2, 4 and 10 O/oo to determine
the effects of changing salinity on metal exchange.

The effect of sediment particle size differences on
trace metal release should be further investigated. to confirm
the results of this study.

In addition, not all combinations of varilous
environmental factors have been used in this investigation

to determine their effect on trace metal exchange. For
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. example, effeét of various pH conditions under anoxic
‘conditions'(low redox potentials) has not been investigated
in these experiments. Therefore; it is recommended that
thése-experiments be'furfher ‘extended to include additional
‘possible environmentél conditions.

| Also, experiments should be carried out to study
trace metal exchange at the sediment-water interface using
various dilutions of wastewéter-containing heavy metals
such as effluent from a plating shop. The experiments
shouid'simulate different.pH, oxygen and saiinity;conditions.

Finally, since the effect of the geochemical form

of trace metals in the preéence df other variables could not
.bé selectively related to exchange rates, model sediments
consisting of individual geochemicél phases (EP, ERP, OSP
etc.) should be used to study tracé metal exchange under
diffefent environmental conditions. ,Although such experiments
would be environmentally unrealistic, the results could

provide useful insights into the effect of varying geochemical

form on trace metal exchange in real situations.

B. -Exchange at the Sediment—Invertebrate Interface

To develbp a much better understanding of the
influence of trace metal géochemistry and sediment physical
‘properties on accumulation, a much larger range of sediments

must be subjected to_similar uptake studies. Two widely

different sediments did not provide the range of
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trace metal geochemlcal ‘distribution needed. By taking a
'highly contaminated sedlment and making a series of dilutions
with clean sand and fine organic matter, such as peat or fine
sawdust the influence of some 1nd1v1dual physical factors

on accumulation could be documented If a complete

range of trace metals in the geochemical fractions cannot be
found a possible alternative.would be'todspike sediments with
different forms of trace metals and be certain they partition
into the desired chemical phase prior to studying
accumulation.

Most-benthic invertebrates graze on the
microorganisms associated with detritus particles. Therefore,
future trace metal accumulation research should involve
some measure of microbial activity or biomass throughout
the study period. |

‘ Since.mobilization and excretion of trace metals
can complicate interpretation of accumulation results,
the measurement of metallothionein levels‘or‘other mobilization
pathways in organisms may provide an estimate of the potential
of organisms to eliminate trace metals and adapt to a
contaminated sediment environment.

Some of these recommendations would involve an
extensive microcosm system and necessitate collection and

‘sorting of large numbers or organisms. Therefore, it would

require a considerable investment in technical assistance.
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APPENDICES

Appendix A. Water Quality Conditions in Sediment Microcosms.



Table Al. Water Quality in High Organic Sediment Microcosm Under Oxic Conditions1

Fresh Water 50% Seawater 75% Seawater ' Seawater

Parameter Initial . Final Initial Final Initial Final Initial Final
Salinity (o/oo) ' 0.0 0.0 - 14.1 20.8 20.8 . 29.4 - 28.9
Conductivity (uS/cm) 226 - - 23.2x105  34.2x103 33.3x103 45.2x103 44.5x103
pH ) 7.0 7.8 7.9 7.98 7.95 8.02 7.82 8.08
True Color (mg/lPt) 40 20 10 10 . 5 7 0 -
Turbidity (JTU) 7 17 10 .6 .65 2 0.7 0.1
Total Solids 170 175 15287 15400 23900 24900 34400 34300
Dissolved Solids 131 168 15284 14500 - - - .
Alkalinity @g/lCaCOs) 80 71 86 88 104 79 102 93
Acidity (mg/1 CaC05) 15.4 4.0 7.5 - - - - -
Hardness(mg/1 CaC05) 77 80 2780 2650 4030 3920 5450 5400
Calcium 27 27 249 184 276 240 356 -
Total Inorganic - 16 14 18 16 ’ 19 16 : 23 -

Carbon ) )
Total Organic 9 12 10 6 23 22 24 -

Carbon ‘ :
Chloride 17.4‘ 17.8 8309 7780 11500 11500 16300 16000
Nitrate-N . 1.75 1.30 1.03 1.65 1.20 .95 0.88 0.42
Sulphate 17 11 1030 1030 1580 1850 2750 2560
1 all values in mg/l unless stated differently. The values are results of individual measurements.

VAR



Table AZ. Water Quality in High Organic Sediment Microcosm Under Anoxic Conditions1

Fresh Water 50% Seawater 75% Seawater Seawater

Parameter Initial Final Initial Final Initial Final Initial Final
Salinity (o/o0o0) 0 0 14.8 14.3 22.0 21.8 26.8 27.3
Conductivity (uS/cm) 135 195 24.4x105 23.9x10° 35.1x103 33.0x103  39.8x10% 41.8x10°
pH 6.71 7.60 7.72 7.92 7.88. 8.33 7.90 8.88
True Color (mg/1Pt) 20 20 10 15 7 S 2 -
Turbidity (JTU) ) 14 0.8 0.8 2.2 2.5 1.0 1.5 0.6
Total Solids 163 129 16500 16900 - - - -
Dissolved Solids - 137 128 15800 - 25900 22600 28900 30500
Alkalinity

(mg/1CaC03) 40 65 91 76 90 75 97 90
Acidity (mg/1CaCO;) 15 - - - - - - -
Hardness (mg/1CaCOz) 60 60 2800 2750 4200 4200, 5150 4900
Calcium 22 - 192 196 276 - - -
Total Inorganic 9 12 16 16 19 18.5 24 -

Carbon
Total Organic Carbon 8 6 6 3 4 1.2 1.2 4.0
Chloride “ 13 - 8220 7910. 12200 11700 14300 15100
Nitrate-N 1.37 .47 0.52 0.48 0.75 0.40 0.69 ‘0.38
Sulphate 17 15 1060 1240 1880 1870 - 2400 2480
1. All values in mg/l unless stated differently. The values are results of individual measurements.

¢TC



Table A3. Water Quality in Low Organic Sediment Microcosm Under Oxic Con_ditions1

1 all values in mg/l unless stated differently.

-Fresh Water S0% Seawater 75% Seawater Seawater
Parameter _ Initial Final Initial Final Initial Final Initial Final
Salinity (o/0o) 0 0 - 4.7 - 22.4 21.9 29.4 28.9
Conductivity (u«S/cm) 150 - - 24.6x10°  35.2x103 34.9x10% 45.2x10° 44.6x10°
pH ‘ v 7.45 7.72 - 7.98  7.93 8.12 7.82 8.09
True Color (mg/1Pt) 10 10 5 10 s 7 "0 -
Turbidity (JTU) 27 1.4 2.5, 0.5 0.5 0.2 0.7 0.1
‘Total Solids 153 149 15274 16600 24800 25900 34400 32500
Dissolved Solids 99.1 144 15272 16100 23800 . - -
Alkalinity 60 48 75 65 91 75 102 92
' (mg/lCaC03) _ . :
Acidity (mg/lCaCOs). 1.5 2.0 6 - - - - -
Hardness (mg/1CaC0;) 45 43 2761 2780 4100 4150 5450 5500
Calcium 14 17 244 240 - 284 250 356 -
Total Inérganic 15 6 14 11 16 13 23 -
Carbon
Total Organic Carbon 19 12 21 13 ' 4 4 1 -
Chloride 17 18 8309 8140 12400 12100 116300 16000
Nitrate-N 1.31 1.28 1.02 1.50 1.18 1.07 0.88 0.50
Sulphate 14 9 1070 1080 1630 1900 2750 2520

The values are results of individual measurements.
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Table Ad4.Water Quality in Low Organic Sediment Microcosm Under Anoxic Conditions1

Fresh Water 50% Seawater 75% Seawater Seawater

Parameter Before After Before After Before After Before After
Salinity (o/oo0) 0 0 14.3 14.6 21.5 21.4 26.8 26.9
Conductivity (#S/cm) ' 149 167 24.7x103 23.9x10°5 34.9x10° 32.6x103 39.8x10> 41.4x10°
pH 7.08 7.98 7.75 8.35 7.98 7.87 8.08 8.10
True Color (mg/1lPt) 10 50 50 20 9 6 2 -
Turbidity (JTU) 27 2.5 1.6 7.0 9.5 13 2.6 0.2
Total Solids 135 - ~16100 17300 - - - -
Dissolved Solids 87.2 107 15500 - 26500 22900 29400 28800
Alkalinity 38 58 96 61 82 72 97 94

(mg/1 CaCOs)
Acidity (mg/1 CaC03) 1.5 - - - - - - -
Hardness 53 56 2780 2650 4000 4000 5100 4900

(mg/1 CaCOS)
Calcium 18 19 196 192 272 - - -
Total Inorganic 8 9 17 10 17 17.5 24 -

Carbon . .
Total Organic Carbon 6 7 5 7 4 2.5 1.2 4.5
Chloride 12 - 7920 8060 11900 11700 14600 14900
Nitrate - N 1.58 0.67 0.75 0.63 0.75 0.65 .61 .56
Sulphate . 12 10 1060 1240 1780 1420 2180 2580

1. All values in mg/1 unless stated differently. The values are results of individual measurements.
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Table_As.'Water Quality in High Organic Sediment Microcosm.af Different pH's

1

pH = 5 pH = 7 pH = 10
Parameter Initial Final Initial Final Initial Final
Conductivity (u#S/cm) 3680 3930 203 284 11100 10900
pH _ 4.90 5.08 7.25 8.23 9.99 9.75
True Color (mg/l Pt) 10 25 7 15 10 500
Turbidity (JTU) 4.7 18 3.6 12 72 1.3
Dissolved Solids 3330 3970 - - 9000 8430
Alkalinity (mg/1 CaéOS) 1250 1600 66 121 7900 7500
Acidity (mg/1 CaCOS) 1620 1010 - - - -
Hardness (mg/1 CaCOs) - - 76 120 - -
Total Inorganic Carbon 0 - 15.5 - 1100 -
Total Organic Carbon 1670 1750 2 7.5 0 48.5
Chloride | 13.8 15.6 8.3 15.6 11.7 16.7
Nitrate - N 6.16 4.97 1.55 1.67 11.9 15.5
Sulphate 19.2 - 5.7 - -

16.3

1. All values in mg/l unless stated diffefently.

individual measurements.

The values are results

of
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Table A6. Water Quality in Low Organic Sediment Microcosm at

Different pH's1

pH = 5 pH = 7 pH = 10
Parameter Initial Final Initial Final Initial Final
Conductivity (us/cm) 3340 3080 142 125 12 x 10° 10.6 x 10°
pH 4.93 5.54 6.90 7.90 10.0 10.0
True Color (mg/1 Pt) 20 20 20 20 20 450
Turbidity (JTU) 6 30 5 0.6 23 1.4
Dissolved Solids 4300 3180 - - 12000 8190
Alkalinity (mg/l CaCOs) 950 1300 40 41 7710 7350
Acidity (mg/1 CaCOs) 1430 324 - - - -
Hardness (mg/1 CaCOy) 50 - 50 - 48 28 -
Calcium 16 - 16 - 3.2 -
Total Inorganic Carbon 0 0 8 11 1120 -
Total Organic Carbon | 1500 1350 4 2 3.0 48
Chloride 7.5 9.7 9.0 8.3 7.5 13.1
Nitrate - N 5.3 3.2 1.45 1.18 11.8 15.0
Sulphate 15.2 16.8  13.5 12.7 - -

1. A1l values in mg/l unless stated differently.
individual measurements.

The values

are results of

612
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| Appendix B. 'Effect of pH‘, on. Trace Metal Exchange



Table Bl. TGffect of pli 5 on Trace Metal Exchange in Sediment

TIME COPPER IRON LEAD ZINC TURBIDITY pli
(days) D P D p D P D P
HIQT ORGANIL (WILLINGDON)

0 38 7 138 610 76 7 25 3 5 4.90

1 110 153 16000 9240 1000 650 1030 189 110 5.03
2 142 51 11700 4440 1000 276 1100 67 - 52 5.03

3 158 "9 7560 2370 950 72 1200 13 13 -

4 150 3 5900 1420 840 42 1250 4 7 -

5 158 3 5200 960 790 37 1300 4 6 4.97
6 146 2 5200 830 780 29 1320 3 - -

7 142 2 5300 840 660 34 1350 9 5.06
10 128 3 6600 1580 560 58 1470 13 17 5.10
13 - 4 - 3090 - 96 - 7 - -
26 85 5 8960 12500 260 146 1780 80 57 5.50

34 63 2 2710 22500 530 48 2400 28 23 4.93
LOW ORGANIC| (GULMORE)

1 33 28 173 1420 200 47 28 28 73 4.93
3 41 7 119 590 227 17 35 7 22 4.93

8 A1 6 330 400 253 54 6 18 4.85
12 44 4 1220 2806 287 160 5 15 4.90
19 A5 3 2500 380 303 . 228 4 10 5.11
26 36 2 10000 538 254 13 380 1 9 5.17
31 32 4 11500 960 212 15 440 A 15 5.29
34 30 4 8800 4000 140 86 460 3 19 5.40
36 27 4 6800 6010 - 103 490 3 24 5.50
Footnote: D = Dissolved, P = Particulate. All values in ug/1 total metal
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Table %2. Lffccts of ncutral pll {7) on Trace Metal Exchange in Sediment.

TIME COPPER IRON LEAD ZINC TURBIDITY pit

(days) D P D P D P D P
HIGH ORGANI{ (WILLINGDON)

0 30 7 272 410 6 4 27 4 4 7.25

1 12 332 440 15500 48 1390 24 484 120 7.78

2 11 105 146 3260 27 471 16 . 180 59 -

3 11 53 102 2110 16 308 13 87 34 -

4 12 10 58 570 14 88 10 21 8 8.15

6 11 8 74 510 12 a4 7 14 - -

7 11 6 148 625 10 30 6 13 7 -
10 11 3 . 694 7 18 5 10 8 8.00
13 9 2 196 715 2 11 3 7 8 7.96
26 6 2 85 1170 1 7 4 44 21 8.20
34 5 2 20 185 1 5 5 - 6 8.22
40 5 5 24 1310 1 12 3 - - -

LOW ORGANIC | (GILMORE)

0 24 1 152 470 7 19 34 9 - -

1 9 84 320 5050 18 159 16 88 113 -.

3 9 17 160 810 9 38 5 19 29 7.73

8 8 138 182 9 13 6 10 13 7.76
12 8 138 270 8 10 5 -
19 12 3 - 128 - 8 4 -
28 9 <1 78 12 8 <1 4 1 .6 -
31 10 <1 64 9 <1 4 <1 .3 7.82
34 9 <1 66 8 <1 4 <1 .3 7.90
36 <1 6 10 4 a4 2 <1 .5 7.90 !

Footnote:

D = Dissolved, P = Particulate.

All values in pg/l total metal
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Table B3,

Effect of pll 10 on Trace Metal Exchange in Sediment.

TIME COPPLR IRON LEAD ZINC TURBIDITY pll
(days) D P D P D P D P '
HIGH ORGANT[: (WILLINGION)
0 30 15 220 732 4 23 10 43 72 9.99
1 72 182 392 6860 773 945 16 343 120 9.92
2 68 147 262 6850 704 858 18 282 89
3 68 51 456 1600 272 426 16 82 35
4 52 35 418 1050 194 362 14 43 13
5 58 24 - 470 192 178 16 28 8
6 72 21 444 350 230 130 16 23 -
7 78 20 484 310 240 120 16 - 20 5
10 82 20 618 280 320 118 24 20 4
13 92 14 740 320 322, 117 26 21 3
26 150 14 910 248 450 104 45 36 3
34 220 © 9 1020 200 450 99 55 29 2
LOW ORGANTG (GIIMORE)
0 29 11 200 580 16 23 7 38 -
1 60 57 200 4790 50 199 16 103 56
2 77 18 300 1330 52 70 14 39 25
5 80 11 00 847 52 35 15 26 14
8 82 7 - 400 585 43 30 21 15 5
12 84 6 416 428 60 27 12 13 4
19 102 5 452 340 60 24 - 7 3
28 89 2 440 187 62 17 13 5 2
3 88 2 510 170 62 16 14 4 2
34 00 1 576 160 56 17 12 5 2
36 92 3 552 168 59 14 13 4 1
Footnote: D = Dissolved, P = Particulate. All values in ug/l total metal.
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Appendix C. Trace Metal Levels in Benthic Invertebrates.



Table €1 : Trace Metal Levels in Benthic Invertebrates in Laboratory Microcosms1

Organism ?i?g}ig% Copper Iton Lead ‘ Manganese | Zinc
(days) H L H L H L H L H L
Amphipods 0 162 550 204 22.8 83.1
5 A 142 140 1230 3280 200 182 72.8 109 115 111
% 158 153 3080 3890 214 150 119 159 119 105
28 180 168 4030 4900 222 122 366 561 . 135 100
Chironomids 0 23 5320 35.4 92.1 106
5 - 61.3 - 6280 - 143 - 275 - 123
9 o sLS - 5760 - . 153 - 101 - 168 -
18 - 66.1 - 7290 - 116 - 301 - 156
28 42.1 91.7 7420 7340 . 110 121 150 422 152 181
42 8.1 124 19,100 7470 286 159 266 368 211 199
Oligochaetes 0 | 26.7 7130 | 167 99.3 Y,
7 24.5 15.4 1270 1280 132 30.9 37.8  50.9 153 130
14 36.3%  35.4 2225% 4440 248% 87.5 41.8% 113 162% 169
28 64,4 . 36.5% 3130 5575% 447 122.5%  58.4 140% 233 196.5%
42 20.5%  60.1%  809%  3655%  168% 100.2% . 30.3% 83.3%  139%  136.5%
Opossum| 0 - 274 - 383 - <78 - 43.8 - 64.9
Shrimp 7 - 86.1 - 930 - 19.8 - 213 - 69.2

gee

1. All values represent total metal in ppm (mg/kg) dry weight of organisms.
H = High organic sediment, L = Low organic sediment

%  Average values for two sets of organisms sieved from separate microcosm containers.
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