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ABSTRACT

Industrial and municipal loadings of contaminant metal and nonapatite
inorganic phosphorus ions to Hamilton Harbour, Lake Ontario, are mainly
incorporafed into the hydrated ferric oxide fraction of suspended particulate
matter. Over most of the Harbour, contaminant concentrations in particulate
matter are governed by [contaminant]/[Fe’%;] = k;[Fe’;1/[Fe%;] - nek, + k;, where
[] represents concentration, Fe2' is total ferric iron, k,and k; are constants, and
ngy, is the ratio of ferric/ferrous iron in inert clay mineral, CL. This linear
relationship breaks down for particulate matter collected from an anoxic
hypolimnion and from near an industrial outfall; thus, ma;or sources of
contaminants can be delineated. The poorly-crystalline ferric oxides, in strong
association with organic matter, are beneficial in binding, and thus reducing the
bioavailabilities of, contaminant ions; however, some sources of ferric oxides are
also sources of metals, notably lead and zinc. Coefficients of incorporation, k;, of
contaminant ions into ferric oxides are, as weight percent of iron in oxide: P 13,
Pb 2, Zn 14, Mn 60, Cd 0.036, Cu 0.38, and Ni 0.27. The high values of k, for
phosphate and zinc ions are of concern. - .
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MANAGEMENT PERSPECTIVE

Hamilton Harbour is an embayn;ent of area 25 km® on the western end of
Lake Ontario. The Harbour receives heavy inputs of phosphorus from sewage
treatment plants and inputs of iron and metals from the steel mills. The waters
are highly eutrophic and some metal concentrations exceed prov1nc1al guidelines.
This work was designed to answer the question: Is the massive iron loading to the
Harbour beneficial in binding contaminants and thus reducing their

bioavailability?

‘ We present here strong evidence to show that hydrated ferric oxides
derived from industrial operations have a high capacity for binding inorganic

phosphorus, zinc and other toxic metals in Hamilton Harbour. Consequently,'

these contaminant ions are removed from solution and retained in suspension.

Industrially produced ferric iron compounds are, therefore, of benefit in reducing
the availabilities of contaminant ions. On the debit side, the sources of iron are
also sources of metals such as lead and particularly zinc. Improvements to.water
quality in Hamilton Harbour should be based on additional and simultaneous
reductions in the loadings of phosphorus from the sewage plants and of iron and
metals from the steel complex. It is important that the margin of assimilative
capacity of ferric oxides for phosphorus and zinc be retained. The recent heavy
infestation of Hamilton Harbour by zebra mussels suggests that the toxic
properties of the metals is largely negated by adsorption on oxides.
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. INTRODUCTION

Hamilton Harbour is a polluted embayment of area 25 km? located at the
western end of Lake Ontario (Fig. 1). The harbour receives effluent from the

sewage treatment plants of Hamilton (population 320,000) and Burlington

(120,000) and major inputs of metals from the steel mills on the southwest shore.
The water is highly eutrophic and metal concentrations in water and sediment
exceed provincial guidelines (Harris et al. 1980, Ontario Ministry of the
Environment 1985). Besides hematite and wustite, feriic iron is a major
industrial contaminant such that the ferric/ferrous ratios in suspended

particulate matter greatly exceed their background values in the lake (Mayer &

Manning 1990, 1991); this ferric iron is precipitated in the harbour as poorly
crystalline hydrated oxide. Hypolimnetic anoxia is strongly developed in summer

" in deep water (Fig. 1), however incursions of oxygenated water from Lake Ontario

ensiure that anoxia is occasionally interrupted (Harris et al. 1980).

The binding of contaminant metal and nonapatite inorganic phosphate
(NAIP) ions by hydrated ferric oxides (Fely) in riverine particulate matter is
described by o ’

[contaminant]/[Fe%;] = k,[Fe})/[Fel] - ngk; + ks, (1)
where brackets represent concentrations, Fel' is total ferric iron, k; and k;, are
constants, and ng is the ratio of ferric/ferrous iron in ufireactive clay mineral
(CL). The ratio ng; is a measure of the concentration of unavailable ferric iron
(Manning & Wang 1994, 1995). However, the validity of equation (1) is severely
compromised in waters heavily impacted by local point and nonpoint sources, e.g.,
the Detroit River (Manning 1989) and Hamilton Harbour (Mayer & Manning
1991).

In this work, the facility with which equation (1) describes ferric oxide-
contaminant binding in Hamilton Harbour is assessed using previously published
data (Mayer & Manning 1990, 1991) supported by analyses for recently recovered
particulate matter. “The aims are to determine (a) the potential benefit of
anthropogenic ferric iron in binding phosphate and metal contaminants, and b)
how deviations from the linear relationship relate to processes and events within
the Harbour. .

. EXPERIMENTAL DETAILS

Approxitnately 5 g of suspended particulate matter were collected from five
stations (Fig.1) in Hamilton Harbour in November 1993 by the continiious flow
centrifugation of 600 L of water at mid-depth. The water column was isothermal
and the water temperature 12 C. The brown particulate matter was frozen
immediately and freeze-dried on return to the laboratory. Water samples, filtered
(through a 0.45 micron cellulose acetate filter) and unfiltered, were also collected.



2.

The particulate matter was analysed for the different forms of iron
(ferrous, ferric, hematite, and wustite) by Mdssbauer spectrometry at room
temperature (Fig. 2) following the methods of Mayer & Manning (1990). The
Mossbauer spectrum of sample B4 was also recorded at 4 K in order to resolve
poorly crystalline oxides. The main iron-bearing compounds in particulate
matter from stations HH-1 and HH-3 were confirmed by X-ray diffraction.

Concentrations of NAIP, organic P, and apatite P in particulate matter
were measured by wet chemical fractionation methods (Williams et al. 1976).
- NAIP values are reproducible to +5%. However, the unknown specificity of the
extractant, citrate/dithionite/ bicarbonate (CDB) reagent, makes the accuracy
difficult to assess. Water samples were analysed usmg color development in the
phosphomolybdate complex.

Particulate matter collected from station HH-1 in April 1986 was further
extracted with CDB' reagent, to remove preferentlally the hydrated oxides of iron
and manganese. The ferric/ferrous ratio in the residue was measured by
Mossbauer spectrometry. Particulate matter from station HH-2 was washed
with dilute HCl and the Mossbauer spectra again measured.

The concentrations of Fe, Pb, Zn, Mn, Cu, Cd, and Ni were determined by
dissolution in aqua regia followed by inductively coupled plasma emission
spectroscopy. Metal concentrations (Table 1) are accurate to +5% relative to
standard reference material. Concentrations of ferrous and ferric iron were then
determined from the concentration of total iron multiplied by that proportion of
the Mossbauer spectral envelope ‘beneath the ferrous and ferric peaks,

respectively; concentrations of Fe}'and Fel; are good to +10%.

RESULTS

The Mossbauer spectra (Fig. 2) are identical in composition to those
described earlier (Mayer & Manning 1990), showing obvious inflexions marking
ferrous ions, ferric ions, hematite and wustite. The spectra were resolved as
before. Measured parameters of isomer shift (relative to iron foil), quadrupole
splitting, and halfwidth are, respectively: for Fe?* 1.13 mm s*, 2.59 mm s, 0.42
mm s”, all + 0.03 mm s%; for Fe** 0.88 mm s, 0.72 mm s?, and 0.55mm s, all +
0.03mms™; for wustite 0.95 + 0.05 mm s, 0.75 + 0.05 mm s*, and 0.48 mm s*
(constrained); and for hematite the isomer shift is 0.43 + 0.03 mm s™. These

values are in agreement with those reported earlier (Mayer & Manning 1991),

and are consistent with ferrous ions being located mainly in structural sites in

clay minerals and with ferric iron being in beth clay minerals and hydrated oxide |
(Coey et al. 1974). The 4 K spectrum displayed an intense and broadened

- magnetic pattern, with an electric field gradient of 490 + 50 kOe, marking poorly
crystalline ferric oxides (Murad 1988). Approximately 60% of the iron in sample
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"B4 was contained within this magnetically ordered oxide; this iron represents the

NAIP-binding fraction. The ferricfferrous ratio within the clay mineral
"background" is approximately 0.8.

X-ray diffraction confirmed that the main iron spec1es were clay and
chlorite, hematite, wustite and magnetite; no other crystalline ferric rion
compound was identified. . The ferrous iron spectral envelope remained
unchanged on washmg with acld, hence, vivianite, siderite, and poorly crystalline
iron sulfides are minor phases only in particulate matter.

The concentrations of ferrous, ferric, NAIP and trace metal ions (Table 1)
in the 1993 sampling of particulate matter are comparable to those measured
earlier (Mayer & Manning 1990, 1991). Analyses of filtered and unfiltered water
samples show that >85% of NAIP and metal contaminant ions are incorporated
into the particulate phase.

DISCUSSION
Geochemical model

Equation (1) is derived on the assumptlon that the bmdmg of NAIP and
metal contaminant ions in partlculate matter is governed by [contaminant] =
k,[Fedi] + k,[Feg], where Fegy is ferric iron in hydrated oxide, and FeZ proxies
for clay mineral (Manning & Wang 1994). The factor k, represents a coefficient
of incorporation of contaminant into hydrated oxide. From equation (1), the
intercept at [Fe}/[Fefy] = 0s equal to -ng.k; + k,. Assuming further that the
adsorption of contaminant ions to clay surfaces is weak relative to the total
binding of contaminant to oxides, through adsorption and coprec1p1tat10n, then
from equahon (1), ng = -intercept/k;. The application of equation (1) to any body
of water requires (a) linearity in the concentration ratio plot, (b) a negative value
for the intercept at [Fed*1/[FeZ] equal to zero, as both ny, and k; are positive
numbers, and (c) a similar value of ng, for all contaminants binding to the same
fraction of ferric iron. All three criteria are satisfied in the binding of NATP and
metals to oxides in the Trent River (Manning & Wang 1994, 1995). However,
massive point sources in Hamilton Harbour produce considerable scatter in the
plots (Mayer & Manning 1991). Note that whereas phosphate ion is speclﬁcally
bonded to the ferric ion (in oxide), metal ions must hind via an intervening anion,
OH or O* or an orgamc anion such as humate or fulvate (Manning &
Wang,1994). Because ng is a function of the composition of the clay minerals,
its value will be different for rivers (and hence lakes) draining watersheds of
different geological provinces.

Two of the assumptlon used in the derivation of equation (1), i. e [Fedil = .
[Fe®;] minus [Feg;)] and [Fe¥,] = [Fe7], cannot be perfectly true. However, the
Maéssbauer spectral signature for Fe* is reasonably "clean" and is consistent with
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that expected for clay minerals and chlorite. Other ferrous compounds are
undoubtedly present, but in very minor concentrations. The term CL can cover
all inert forms of ferrous and ferric iron, although clay would be dominant.
Values of ng, and hence of Fe};, are confirmed by CDB extraction and sediment
ratios (see below). :

Interaction between NAIP ions and iron

Phosphorus is the limiting nutrient in the Great Lakes. NAIP is mainly
incorporated into the hydrated oxides of iron. and manganese (Lucotte &
d'Anglejan 1985), and represents over the long term the main reservoir of
bioavailable phosphorus (Bostrém ez al. 1988, DePinto et al. 1981, Williams et al.
1976, 1980); most forms of organically-bound phosphorus require mineralization
to phosphate ion (Bostrém et al. 1988). Organic P is therefore weakly
available.

Concentrations of the pairs NAIP - FeZ and NAIP - Fe} are poorly -

correlated (Fig. 3) with regression coefficients r of 0.39 and 0.11, respectively; for

29 points, r = 0.463 at the 1% level of significance. The concentration ratios

NAIP/FeZ and Fe}/Fel; are well correlated for 28 of 29 points (r = 0.70; r = 0.48
at the 1% level of significance); one point, that corresponding to the April
sampling of station HH-3 at 1 m depth, is excluded from all calculations (metals
also) because of the large error implicit in the measurement of the low
concentration of Fe% and the correspondingly high value of the ferrous/ferric
ratio (= 27, Table 4 of Mayer and Manning 1990). This ratio greatly exceeds the
ratios for all other stations and, hence, would influence unduly any statistical
analyses of the plots. However, two other graphical points, corresponding to the
September samplings of station 2 at 21 m depth (point 2-21m, Fig. 3) and station
HH-3 at 1 m (point 3-1m) are clearly outliers. Omitting further these two points,

i.e., for 26 of 29 points, linear regression analysis confirms a straight line (r =
0. 85 required r = 0.50 at the 1% level of significance) of slope (k,) equal to 13%
(Table 2). The large error in the intercept does not yield a significant value of
ng. The linear concentration ratio plot implies bonding between phosphate ion
and one fraction of the feiric ion, i.e., hydrated oxides. The phosphate ion is
bidentate (Parfitt & Russell 1977, Ryden et al. 1977).

Points 3-1m September sampling and 2-21m September sampling lie
significantly outside any line defined by the errors in slope and intercept. Station
3-1m lies within a relatively warm plume of iron-enriched effluent from the steel
complex (Mayer & Manning 1991), hence, ferric ions in the plume will not have
equilibrated with the NAIP released from the sewage plants. The main point
source for phosphorus, the Hamilton sewage plant, is 1.5 km farther south. This
plume and the associated steel mill effluent are clearly not important point
sources of phosphorus. Graphical point 2-21m corresponds to seasonally anoxic
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hypoliinnion water, and is most hkely indicative of the heavy release of iron from
the bottom sediments but of minor release of phosphate ion. The formation of
insoluble compounds of (Mg, K, Al, Fe** ) and phosphate ion, other than vivianite,
in marine sediments has been proposed by Filipek & Owen (1981).

Interaction between lead and zinc ions and iron

Concentrations of the pairs Pb FeCL and Pb - Fel*are poorly correlated (r
values of 0.15 and 0.27, respectively, Fig. 4). The concentration ratios Pb/FeZ;,

- and Fe}/Fe are well correlated, thus for 28 of 29 points, i.e., excluding the point

for station 3-1m April, r = 0.75. If points corresponding to September stations 2-
21m (a clear outlier) and 3-1m are also excluded, the correlation for 26 of 29
points improves significantly (r = 0.90, Fig. 4; required r = 0.50 at the 1% level of
significance). The point corresponding to station 3-1m (September sampling) is
consistent with this best straight line, hence the ad_]acent pomt source of iron is
also a sugmﬁcant source of lead.

Zinc ions behave in much the same way that lead ions do. In the
concentration ratio plot, the point corresponding to September station 2-21m is
a mgmﬁcant outlier to the best straight line through 26 of 29 points; for this line
r is a very significant 0.87 (Fig. 5a). The pairs Zn - Fey 2and Zn - FeX'are poorly
correlated (values of r = 0.20 and 0.22, respectively).- The point corresponding to
the plume (station 3-1m September) is consistent with the straight line (Fig. 5a),
hence the point source generating the plume is a significant source of zinc. Zinc
contamination is likely derived from the recycling of galvanized iron. Neither
lead nor zinc is released in significant amounts from the sediments during
hypolimnion anoxia, possibly because the formation of sulfide ion serves to
precipitate these metals.

Measured values of k,, i.e., hneanty of ratio plots, the mgmﬁcantly
negative values of the intercepts nc,,kl, and similar values of ng of 1 measured
from the binding of lead and zinc (Table 2) are consistent with the criteria

' established above. For companson, the Fe*/Fe® ratio in the clay structure,

measured by CDB extraction, is 0.8. Moreover, Fe */Fe® ratios in the top
centimetre of bottom sed1ment are approxlmately 1 (Mayer & Manning 1990).

Interaction between manganese ions and iron

The pair Mn-Fe is poorly correlated (r = 0.029) whereas the pair Mn-Fej'
is well correlated (r = 0.79); this association with ferric iron indicates a high
proportion of Mn* ions within particulate matter. The hydrated oxides of ferric
iron and manganese* are similarly redox sensitive. The concentration ratios

[Mn]/[FeZ] and [Fe%1/[Fed] are very well correlated for 26 of 29 points (r = 0.90);
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graphical points correspondmg to September samphngs at stations 2-21m and 3-
1m are significant outliers to this line (Fig. 5b). Fernc iron, as hydrated oxide,
incorporates 60% of its weight of Mn. The manner of association is not defined:
some manganesé ion niay be adsorbed but most may have coprecipitated with the
ferric iron or even precipitated as a separate phase. For example, Mn is
precipitated as a distinct black layer at a redox horizon in the bottom sediments
of Lake Ontario (Manning et al. 1983); there, NAIP is strongly partitioned into
the underlying reddish-brown ferric oxide layer. The plume is markedly deficient
in manganese relative to ferric iron (point 3-1m, Fig. 5b), hence the plume does
not represent a major source of manganese to the harbour. On the other hand,
the anoxic hypolimnion waters are significantly enriched in manganese relative
to ferric iron values over the harbor generally (September point 2-21m, Fig. 5b).
This enrichment is consistent with the heavy release of manganese ions from the
sediments on reduction of Mn* ions (in hydrous oxides) under conditions of
declining redox potential. Manganese ions are mobilized sooner than Fe* ions
are under conditions of declining Eh value (Burns & Nriagu 1976, Garrels &
Christ 1965). The amount of manganese released from the sediments is
proportaonally greater than for iron (Mayer & Manning 1990). The behaviour of
manganese is thus lmportant to the understanding of aspects of the behaviour of
toxic metal ions in the harbour.

The intercept in the concentration ratio plot yields a value of ng, equal to
1, in agreement with values of ng;, measured from the interactions of lead and
zinc (Table 2) and from CDB extraction.

Interaction between copper, cadmium, and nickel ions and iron

The concentration ratio plots confirm statistically sxgmﬁcant correlatlons,
for 26 of 29 points, between the concentration ratios M/Fel;, and F e¥'/Fe;, where
M is one of Cd, Ni, and Cu (Figs. 5c, 6a,b, Table 2) in harbour particulate matter.
Minor amounts of these metal ions are released during hypolimnion anoxia (Fig.

5c, 6a,b), possibly because, as with lead and zinc ions, they precipitate as their

sulfides on sulfate reduction. Cadmium and nickel ions are less strongly
associated with particulate ferric iron in the plume than in the harbour generally
(point 3-1m in Figs.5¢, 6a). Large errors in the measurement of the intercepts to
the ratio plots (Table 2) render values of ng;, meaningless.

Although the concentration ratio plots show a strong correlation between
Cu and Fel;, the intercept is positive (Fig. 6b) and contrary to the negative
intercepts measured for the other metal ions. This reflects experimental error
(Table 2). Although an association between copper ions and organic matter in
sediments has been noted previously (Lum & Gammon 1985), we show below that
organic matter also is associated with ferric iron in the harbour particulate
matter, as it is in matter suspended in the Trent River (Manning & Wang 1994).
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Interaction between organic carbon, phosphorus and iron

The concentration ratlos orgamc carbon/FeCL and Fer [Feg;, are well

correlatmn measured in partlculate matter from the Trent Rlver, ‘Ontario
(Manning & Wang 1994). Concentrations of organic carbon were not measured

- in particulate matter collected in 1998 because of insufficient sample. Consistent

with the trend established for NAIP and for some metal ions, the graphical points
for stations 2:21m and 3-1m (September sampling) are distinct outliers (Fig. 6¢);
the relatively low value for station 2-21m is consistent with the inorganic nature
of the plume effluent. Relatively minor amounts of organic matter are released
to the hypolimnion durmg bottom anoxia.

The ratios organic P/Feg, and Fé} / Fel are well correlated, r is 0.82 for
26 of 29 points. Although not shown graph:lcally here, points 2-21m and 3-1m.
September sampling are distinct outliers to the best straight hne, as these points
are in the correspondmg organic C/FeCL against Fé’* / Fe plot (Fig. 6c).
Concentrations of organic carbon and organic P are well correlated in Lake Erie
sediments (Williams et al. 1976). Organic forms of phosphorus are retained in
the sediments during hypolimnion anoxia.

'~ General discussion

The consistent value of ng, equal to 1 measured for Pb, Zn, and Mn is
indicative of binding to one and the same fraction of ferric iron, namely hydrated
oxide. Thus, for sample B4, the concentration of hydrated oxide is 0.60 X 2.16 or
1.3 weight percent and the incorporated NAIP (at k, . 0.13) is 0.17 wt%; the
measured concentration of NAIP is 0.19 wt% (Table 1). The lower value of i,
measured for the blndmg of NAIP, indicative of a lower concentration of
unavailable ferric iron, probably reflects experimental error: for particulate
matter in the Trent River, values of ng (of 1.2 to 2) measured for several metals
and for NAIP are in reasonable agreement (Manhning & Wang 1995). Cluster
analysis confirms the strong association of the elements: the strong grouping of
the ratios of concentrations of elements is especially significant (Fig. 7) and is
clearly superior to the simple grouping of concentrations of elements.

The model, as defined by equation (1), and the associated ratio plots (Figs.

3-6), clearly highlights sources of contaminants; generally, therefore, the plots
can usefully serve as indicators of pomt sources of contaminants in rivers and
embayments. Thus, manganese and iron are both released from the sediments

- during hypolimnion anoxia, manganese in relatively large amounts, whereas

NAIP, Pb, Zn, Cd, Cu, and Ni are retained in the sediment. The released iron,
although measured as ferric iron, is present in the hypolimnion as ferrous ion,
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which is later oxldxzed on exposure to the atmosphere during sample processing.
Lead and zinc are released together with ferric iron (rapidly hydrolyzed to
hydrated oxides) in the plume emanating from the east side of the steel complex.

The role of the organic matter in binding contaminants is, however, .

problematic. The measured values of n, (Table 2) are not inconsistent with
earlier suggestions (Manning & Wang 1994) that the organic matter and metal

ions bind to the same fraction of ferric iron. In view of the wide range of organic.

" material (from humic acids to decaying bits of algae) present in the river and in
particulate matter, the anions cannot be identified. However, organic anions may
control the precipitation of the ferric iron. Assuming the binding of one large
organic molecule, probably as a bidentate ligand, then a k, value of 14 supports
an approximate molocular weight of 2000 based on the product 56 X 14 X 2.5, the
" last factor relating C to the more representative CH,O molecule. Large organic
anions may thus function as bridging ions between the ferric ions in oxlde and
metal jons (Bunzl 1974, Laxen 1983, Livens 1991). -

' The coefficient of incorporation of NAIP into hydrated oxide, i.e. k1 equal
to 18%, is comparable to the values measured for the Trent River (k, = 18%,

Manning & Wang 1994), for the Detroit River and tributaries (a "maximuin
assimilative capacity" of 18%, Lum & Gammon 1985), and at a deep-sea ridge
crest (18%, Berner, 1973). Significantly, a concentration ratio plot for the eight
points corresponding to stations HH-1 and HH-4 yields a straight line of slepe
17%; this value approaches the "maximum assimilative capacity”. In nearshore
areas adjacent to sources of nutrient, this capacity may be exceeded and algal

growth is stimulated. Consequently, water quality in nearshore areas of any lake -

will not reflect water quality lakewide. At several stations in the Detroit River,
concentrations of NAIP and lead in particulate matter greatly exceed the trend
in the concentration ratio plots established in upstream and offshore stations
(Manning 1989). The k, value of 14% measured for Zn in Harbour particulate
' matter is of concern as it greatly exceeds the values measured in the Detroit and
Trent Rivers, respectively, 2% (Lum & Gammon 1985) and 1% (Manning & Wang
1995), and may be comparable to the "maximum assimilative capacity”". Some
of the particulate zinc in Hamilton Harbour may be weakly bonded. Remedial
action to improve water quality should be aimed at improving the margins of
assimilative capac;ity for zinc and NAIP, i.e. reducing the values of k; Reductions
in the loading of zinc would probably entail a lower loading of iron, which would
lead to an increased availability of NAIP. Reductions in contaminant loading
from the sewage plants and the steel complex should be concurrent.
The industrial ferric iron fraction is clearly beneficial in removing large
quantities of inorganic phosphorus from solution, through adsorption and/or
coprecipitation. Incorporation into iron oxides is the basis for the use of ferric
chloride (Boers et al. 1994) in precipitating, and thus reducing the bioavailability

of, phosphorus in lakes. Similarly, the bioavailability of metals is reduced

through their incorporation into particulate matter. Bioavailability is then

B e T T TFFFmm y . - L . — -
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dependent on kinetic constraints placed on the rate of desorption and of
dissolution of phosphate ion. Most importantly, photochemlca.l activation would

“lead to the reduction of ferric and manganese ions, the oxidation of organic

matter (Miles & Brezonick 1981, Morel 1983), and dissolution of contaminant.

Such processes are likely to be highly efficient in Hamilton Harbour, because of
the high concentrainons of ferric and manganese ions, the binding of organic
matter within a Fel,-NAIP-organic anion assemblage, and the high binding
capacity for NAIP and Zn. Concentrations of ferrous ions in solution in the
Harbour in summer may be significant, stabilised through chelation with organic
ligands. The mode of interaction between hydrated ferric oxides and organic
matter in natural waters is thus fundamental to an understanding of
contaminant transport and bioavailability in natural waters.
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CAPTIONS FOR FIGURES

FIG. 1. Diagrammatic representation of stations in Hamilton Harbour sampled
in April and September 1986 (stations HH-) and, on a smaller scale, in 1993
(stations B). HSTP and BSTP mark the outfalls of the sewage plants of Hamilton
and Burlington, respectively. Surface water at station HH-3 lies within a plume
from an industrial outfall. ‘

FIG. 2. Room temperature Méssbauer spectrum of suspended particulate matter
collected from mid-depth station B4 in 1993. Chi-squared is 544 for 490 degrees
of freedom. Absorptions of the main iron species are identified.

FIG. 3. Plots showing the poor correlation between the pairs NAIP-F . and
NAIP-Fe,, and the good correlation between the concentration ratios NAIP/FeCL
and Fel//FeZ for 26 of 29 points (r = 0.85; r = 0.50 at the 1% level of significance).
Points corresponding to stations 2-21m September, 3-1m April, and 3-Im
- September are not included in the regression analysis. Symbology is: circles
represent April 1986 sampling, triangles September 1986, and squares
November 1993. Note that the best straight line covers points corresponding to
the 1986 and 1993 samplings. Ratios for 1986 samplmg taken from data in
Tables 1 and 4 of Mayer & Manning (1990).

FIG. 4. Plots showing poor correlations between concentrations of the pairs Pb-
Fel, and Pb-F a‘; and the good correlation between the concentration ratios
Ph/FeZ and Fed/Fek: for 26 of 29 points (r = 0.50 at the 1% level of signicance),

for partlculate matter collected in 1986 and 1993. Points for stations 2-21m
September, 3-1m April and 3-1m September are excluded from the regressuon
analysis and hence from the shown best straight line. Symbols are described in
legend to Figure 8. Ratios for 1986 taken from data in Tables 4 and 6 of Mayer

. & Manning (1990).

FIG. 5. Plots descnbmg good correlations between the concentration ratios
M/FeZ; and Fe2'/Fe; for (a) Zn, (b) Mn, and (c¢) Cd; r is 0.50 at the 1% level of
agmﬁcance Correlation coefficients for the pairs M-FeZ; and M-Fe¥'are: for Zn
0.20 and 0.22, Mn 0.029 and 0.79, and for Cd 0.40 and 0.35, respectively,
reflecting in most instances elements that are poorly correlated. Symbols are
defined in legend to Figure 3.

FIG. 6. Plots descnbmg good correlations between the concentration ratlos
M/Fel; and Fel'/Fe for (a) Ni, and (b) Cu, and between (c) orgC/Fer and Fe¥

' /Fe?;},. The correlatlons are significantly superior to those of the pairs M(or C)-
Fe, and M(or C)-Fe}! Symbols are defined in Figure 3. '

\
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FIG. 7. Illustration of major groupings of elements in particulate matter from
Hamilton Harbour based on a minimum of variance method. Distance is an
inverse function of the correlation coefficient. Data for stations 3-1m April and
September samplings and 2:21m September sampling are not included in the
cluster analysis (see text).



12
REFERENCES

BERNER, R.A. (1973): Phosphate removal from seawater by volcanogemc ferric
oxides. Earth Planet. Sci. Lett. 18, 77-86.

BOERS, P., VAN der DOES, J., QUAAK, M. & VAN der VLUGT, J. (1994):
Phosphorus fixation with iron (IIT) chloride: A new method to combat internal
phosphorus loading in shallow lakes? Arch. Hydrobiol. 129,

BOSTROM, B., PERSSON, G. & BROBERG, B. (1988): Bioavailability of
different phosphorus forms in freshwater systems. Hydrobiologia 170, 133-155.

BUNZL, K. (1974): Kinetics of mh exchange in soil organic | matter. IIL
Differential ion exchange reactions of Pb ions in humic acid and peat. J. Soil Sci.
25, 517-532

BURNS, N.M. & NRIAGU, J.0. (1976): Forms of iron and manganese in Lake
Erie waters. J. Great Lakes Res. 33, 463-470. .

COEY, JM.D., SCHINDLER, D.W. & WEBER, F. (1974): Tron compounds in lake
sediments. Can.J. Earth Sci. 11, 1489-1493.

DEPINTO, J.V., YOUNG, T.C. & MARTIN, S.C. (.1981)7: Algal available
- phosphorus in suspended sediments from lower Great Lakes tributaries. J. Great
Lakes Res. 7, 311-325.

FILIPEK, L.H. & OWEN, R.M. (1981): Diagenetic controls on phosphorus in
outer continental-shelf sediments from the Gulf of Mexico. Chem. Geol. 33, 181-
204.

GARRELS, R.M. & CHRIST, C.L. (1965): Solutions, Minerals and Equilibria.
Harper & Row. New York, N.Y..

HARRIS, G.P., PICCININ, B.B., HAFFNER, G.D., SNODGRASS, W. & POLAKk,
J. (1980): Physical variability and phytoplankton communities: 1. The
descriptive limnology of Hamilton Harbour. Arch. Hydrobiol. 89, 303-327.

'LAXEN, D.P.H. (1983): Adsorption of Pb, Cd, Cu, and Ni onto hydrous iron
oxides under realistic conditions. In Heavy Metals in the Environment, Vol. 2,
Proc. Heidelberg Conf., CEP Consultants, Edinburgh, UK.

LIVENS, F.R. (1991): Chemical reactions of metals with humic material.

i



N

13
Environ. Pollut. 70, 193-208.

LUCOTTE, M. & d'ANGLEJAN B. (1985): A comparison of several methods for
the determination of ifon hydroxides and associated orthophosphates in
submarine particulate matter. Chem. Geol. 48, 257-264.

LUM, KR. & GAMMON, K.L. (1985): Geochemical availability of some trace and
major elements in surficial sediments of the Detroit River and western Lake Erie.
J.Great Lakes Res. 11, 328-338.

MANNING, P.G. (1989): Iron, phosphorus and lead relationships in suspended
sediments from Lake St. Clair and the Detroit River. Can. Mineral. 27, 247-255.

, LUM, K.R. & BIRCHALL, T. (1983): Forms of iron, phosphorus and
trace-metal ions in a layered sediment coie from Lake Ontario. Can. Mineral. 21,
121-128.

& WANG, X. (1994): Ferric oxide and the binding of phosphorus, lead

and carbon in river particulate matter. Can. Mineral. 32, 211-221.

- & _(1995): The binding of lead, zinc ‘and other metal ions in
suspended riverine particulate matter. Can. Mineral., in press.

MAYER, T. & MANNING, P.G. (1990): Inorganic contaminants in suspended
solids from Hamilton Harbour. J. Great Lakes Res. 16, 299-318.

& . (1991): Evaluatmg inputs of heavy metal contaminants and
phosphorus to Lake Ontario from Hamilton Harbour. Water Air Soil Pollut. 59,
281-298.

MILES, C.J. & BREZONICK, P.L. (1981): Oxygen concentration in humic colored
waters by a photochemical ferrous-femc catalytic cycle Env. Sci. Technol. 15,
1089-1093.

New York.

MURAD, E. (1988): Properties and‘b_ehaviour of iron oxides as determined by
Mossbauer spectroscopy. In Iron in Soils and Clay Minerals (J.S. Stucki, B.A.
Goodman and U. Schwertmann, eds.), Reidel, Holland.

ONTARIO MINISTRY OF THE ENVIRONMENT (1985): Hamilton Harbour
Technical Summary and General Management Options. Ontario Ministry of the



14

Environment, Toronto, Ontario.

PARFITT, R.L. & RUSSELL, J.D. (1977): Adsorption on hydrous oxides. IV.
Mechanism of adsorption of various ions on goethite. J. Scil Sci. 28, 297-305.

RYDEN J.C., McLAUGHLIN, J.R. & SYERS, J.K. (1977): Mechanisms of |

phosphate sorptlon by soils and hydrous femc omde jel. J. Soil Sci. 28, 72-92.

WILLIAMS, J.D.H., JAQUET, J.-M. & THOMAS RL. (1976): Forms of
phosphorus in the surficial sediments of Lake Erie. J. Fish. Res. Board Can. 33,
413-429, ‘

—— SHEAR H. & THOMAS, R.L. (1980): Availability to Scenedesmus
quadricauda of different forms of phospherus in sedimentary materials from the
Great Lakes. Limnol. Oceanogr. 25, 1-11.

._n m L _.n. . /.A Y .x_ N v N g




TABLE 1. ELEMENTAL CONCENTRATIONS IN PARTICULATE MATTER FROM
HAMILTON HARBOUR COLLECTED IN 1993. WEIGHT PERCENT

B3

B4

Contaminant Bl B2 B10
NAIP 0.38 027 0.22 0.19 0.21
OrgP 032 022 . 024 021 0.18

| 0.0117 0.0108 0.0095 0.0161 0.0375
Zn 00730 00721 0.0668 0.0983 0.295
Mn 0.493 0.531 | 0.465 0.475 0.3000
Cu 0.0063 00054  0.0054 0.0064 0.0095
Ni 00026  0.0024 0.0022 0.0026 0.0205
cd 000038 - 000037  0.00042  0.00047 0.00091
Fep 2.94 3.06 2.92 3.86 5.69
Fe?* 0.77 0.79 10,79 0.93/ 1.64

 Fe* 1.70 1.77 1.63 2.16 318

~Concentrations of iron in wustite are in the range 0.15 to 0.3 wt%, and in hematite 0.32 to 0.6

- wi%. Concentrations of apatite P are 0.01 to 0.05 wt%. The inso

unavailable. .

lubility of apatite makes it




TABLE 2. MEASURED PARAMETERS FOR THE INCORPORATION OF

CONTAMINANTS INTO HYDRATED FERRIC OXIDES

Parameter NAIP

Slope, k, X107 1342
Intercept, X10? -5.0+12
D o -
Parameter Cd
Slope, k, X102 © 0.036:0.004
Intercept, X10?°  -0.017+0.03
ng -
.

20102

Ni

0.27+0.04

-0.11+0.3

1412
-16x12

Cu
0.38+0.06
0.23£0.47

-65:46

ORGC
14204290
-1290+2030
1

_. -.. ] Pamsan . o : PR N g

X, is the cosfficient of incorporation of contaminants into hydrated ferric oxide (Wt% of Fe in

oxide)
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