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G. M. NMORRISON
ABSIRACT

A literature review has ldentified free and weakly complexed
dissalved, as well as solild surface assoclated, metal specles as those
forms most likely to be bioavailahle. To analyse bloavallable Zn, Cd,
Pbh and Cu fractions in urban runoff a speciation scheme was devised
which provided a relatively rapid technique for separating the
dissolved and suspended solid phases of stormwater into appropriate
fractlions.

A& new method, termed Dialysis with Receiving Resins, which responds to
bigavallable metal species by lncorporating a speclally developed
cysteine resin, within a dialysis memhrane, has been devised and
tested.

A small scale gullypot study allowed the identlficatlon of six major
processes which affect metal mobllisation and tramnsport. The relevance
of these processes 1s discussed with reference to gullypot outflow
loadings of the different metal fractions. Acid rain mohilisation was
found to greatly increase the levels of bioavallahle free and weakly
complexed metal fractions. Mass balance studles showed that Zn, Cd and
Cu have a residence time in the road surface/gullypot system of little
more than one storm event whereas Pb tends to be more persistent due
to its predominant association with the solid phase.

The speclation scheme was also applied to the analysis of metal
fractions in stormwater outfall samples collected from urban
catchments in Sweden and the U.K. Significant concentrations and
loadings of metals were found for both catchments with, on average,
biocavallable metal forms representing 68% of the Zn, 76% of the Cd,
66% of the Pb and 32% of the Cu. Individual metal species were found
to laad at different rates onto metal chemographs and can be explalned
in terms of controlling parameters, as well as the influence of
mobllisation and transport processes.

Cadmium and Cu concentrations in stormwater were regularly found to
exceed Water Quality Standards ard also to accumulate to significant
levels in the Dialysis with Receiving Resins method. These metals may
therefore represent a direct threat to receiving water quality.
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CHAPTER 1 INTRODUCTION.

This thesis considers the findings from a co-cperative three year
project, conducted during the period 1982-1985, hetween the Urban
Ppllution Research Centre, Middlesex Polytechnic, U.K. and the

Department of Sanitary Engineering, Chalmers University of Technology,

Sweden.

The interest in stormwater runofi as a potential source of receiving
water pollution, hoth in Sweden and the U.X., can bhe traced hack to
the 1950's (e.g. Wilkinson 1956). The rapid construction of urban

overspill developments in the 1960’'s furiher concentrated attention

upon this potential pollution problem to receiving waters.

Combined sewer systems were hullt wilthin many post-war housing
developments, although many smaller, residential overspiil areas

(C 350 ha) were developed using a separate sewer system design. These
systems discharge impermeable surface runoff directly and without
treatment to the nearest watercourse. The cost of the doubling of
sewer construction in separate systems was considered to he offset by
the long term economy of stabllised and reduced wastewater flows to
the sewage treatment plants. Any detrimental envircnmental costs for
the receiving water hodies from stormwater and combined sewer overflow
effluents were clearly not of prime concern. Most authorities regarded
the receiving body as providing sufficient dilution capacity to

safeguard the quality and long term standards of the receiving waters.

Distinct and specific areas of concern were raised, in the early
1970's, about the sityation in hoth Sweden (Malmgvist 1983) and the
U.K. (Ellis 1976). It was emphasised that little was known about the
crigins, tramnsport and transformations af priority pollutants through

the stormwater system, both in terms of immediate and delayed effects.
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It was also questioned whether separately sewered stormwater outflow
priority pollutant concentrations were in exceedance of those from

treated effluent discharges and sewer overflow effluents. Without any
basic information on these issues no reliable predictions concerning

the impact of stormwater discharges could be made.

Early research by the Department of Sanitary Engineering, Chalmers
University of Technology, Gothenburg, Sweden (Lisper 1974) showed ihat
runoff from highway surfaces was capable of scavenging significant
quantities of priority pollutants, particularly oxygen demanding
organics and heavy metals. Consequently, a working group was set up in
the Department of Sanitary Engineering and a preliminary
investigation, within the Bergsjcn catchment in Gothenburg, revealed
that heavy metals were present in significant concentrations both in
rainfall and stormwater (Horkeby and Malmqvist 1977). The resulis of
this early study are summarised in Tabkle 1.1 and show that atmospheric
fallout can clearly contribute significant amounts of metals to the
total starmwater load. Seasonal concentration differences were also
apparent, although only one sample was taken for each season. To
verify and expand upon this early data a project, commencing in 1975,
was estahlished to analyse priority pollutants within four residential

catchments for a representative number of storm events.

In 1975 the regular monitoring of priority polliutants in stormwater
samples from the Grahame Park catchment, Hendon, London, was commenced
and this led to the establishment of the Urban Pollution Research
Centre at Middlesex Polytechnic in late 1976. Significant loadings of
organic compounds, nutrients, faecal bacteria, heavy metals and
suspended solids were observed in stormwater discharges from the
Grahame Park 353 ha. separately sewered residential catchment (Ellis
1975, 1976). Accumulated benthal sludge in the receiving stream was
found to exert a large oxygen demand and a significant potential

source of heavy metals.



.
Table 1.1  Metal Levels for Stormwater and Atmospheric Fallout at
Bergsjon, Gothenburg.

Atmospheric Fallout Stormwater
ug/l pg/l
Spring Summer  Autumn Spring Summer  Autumn
Zinc 95 52 127 243 335 685
Cadmium 1.0 - 4.3 1.0 5.2 12.1
Lead 60 86 90 350 140 24
Copper 18 4 30 174 215 215

The flux of suspended solids did not always pass through the storm
drailnage system as a single "first flush” pulse consonant with peak
fiow; twc peaks of solids being commenly observed. The first peak,
preceding or coincident with peak flow, was related to the
remobilisation of settled deposits from the previcus storm event. The
second solids peak, coming after peak flow, was related to the
introduction of fresh sediment from road surface drainage (Ellis
1876} .

The resulis of work from both groups was presented at a UNESCO
symposium in Amsterdam (Effects of Urbanization and Industrialization
on the Hydrological Regime and on Water Quality) and the first contact
between the Swedish and U.K. groups was made. The U.K. group reported
that the regular monitoring of the Grahame Park catchment had allowed
the "first flush” of polluted material, when it occcurred, to be
primarily related to the concentraticn time for the catchment. Fine
sollds were identified as an important polluticn source and, although

only 4-8% of road solids were composed of particles finer than 60 um,
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this fraction accounted for 25% of oxygen demand, 30-50% of nutrients,

30% of heavy metals and 10% of the bacteria (Ellis 1977},

At the same symposium the Swedish group showed that stornwater heavy
metal sources were predominantly a result of atmospheric fallout,
building material corrosion and traffic (Malmgvist and Svensson 1977).
As part of the Bwedish research project a continuous monitoring
station was set up at the Bergsjén stormwater outfall in Gothenburg
and this site has been continually improved. The unique ten year data
record obtained from the sampling station includes continuous storm
and baseflow monitoring of pH, turbidity, temperature, flow and

conductivity (Morrison et al. 1985).

Research on stormwater pollutant release patterns continued at both
the Swedish and U.K. catchments, with an increasing emphasis on the
hingeochemical interactions and transport of pollutants through the
stormwater system. Data from the Bergsjsn catchment, as well as other
Swedish residential urban catchments have provided the range of
average metal concentrations shown in Table 1.2, These results were
found to be useful in providing guidelines for the heavy metal
concentrations to be expected in stormwater runoff, particularly for

the engineering design of new Swedish urban areas (Malmgvist 1983),

Table 1.2 Precipitation and Urban Runoff Heavy Metal Concentrations
in Sweden (from Malmqvist 1983).

Precipitation Urban Runoff
pg/1 rg/1
Zinc 25 60-920
Lead 20-80 50-460
Copper 5 18-330




The pathways of heavy metals through the stormwater system were
iﬁvestigated by a mass balance approach for four Swedish urban
residential catchments (Malmqvist 1983). The results in respect of Cu
and Pb are discussed below for the 15.6 ha Bergsjoén catchment. For Pb,
some. 40 Kg/year enters the catchment from traffic sources, with 6.9
Kg/year contributed from atmospheric fallout. Of this input only 3.8
Kg/year leaves the catchment as stormwater runoff. Accumulation on the
permeable surfaces appears to account for the difference. However, the
variable release of low Pb concentrations into baseflow from in-pipe
sediments may have been under-estimated by the sampling procedure. In
contrast, Cu within the Bergsjon catchment 1s domirnated by atmospheric
fallout (3.12 Kg/year} and corrosion of construction surfaces (2.71
Kg/year?, while only a small amount is contributed by traffic scurces
(0.07 Kg/year). However, a large amount is removed in stormwater
runoff ¢3.,93 Kg/year) which may be explained by the direct entry of

roof runoff into the storm sewer systemn.

The Y.K. research group compiled the data published prior to 1981 arnd
included soluble stormwater metal concentrations, which are more
relevant than total metal concentrations to receiving water hody
toxicity (Ellis and Revitt 1882). The values, shown in Table 1.3, are
for residential catchments only. Clearly Pb, despite high road
sediment and total stormwater concentrations, does not compare in
s0lubility to the ather metals. Total metal concentration might not
therefore pravide the best indication of toxicity to recelving water
biota. This is of particular importance as stormwater way contribute
50-70% of the total heavy metal loadings to receiving waters (Colwill
et al. 1984},



Table 1.3 Metal Concentration Ranges 1in Road Sediment and
' Stormwater (from Ellis and Revitt 1982).

Road Sediment Stormwater Soluble Phase

af Stormwater

HE/8 Mg/ 1 Hg/1
Zinc 13-1110 8-4600 <15-1200
Cadmium 0.0034-10.1 0.8-8.0 £0.5-5.0
Lead 128-8300 250~26000 10-180
Copper 25-3170 7-1410 4-200

To assess metal solubility Revitt and Ellis (1580) carried out
leachate studies on road dusts using collected rainfall. Cadmiun was
found ta be extracted 1000 times more readily than Pb, although Zn
showed the highest overall leacbate levels. Another metbod of
assesslng the availability of metals to the saluble pbase 1s through
road dust speciation analysis, and cne such study provided an averall

availability order of Cd > Zn > Pb > Cu (Hamilton et al 1284),

An enrichment of solid associated metal through the drainage systen
also appears to occur. Harrop et al. (1883) found that metals were
enriched between two and four times in sediments removed %o gullypots
compared to thase of road surface dusts. Metals tend to sbow a lag
narmal distribution with respect to particle size on the road surface.
Therefore the enriched metal levels found within tbe stormwater system
can at least partly be explained by the preferential washoff of more
toxlc fines from the road surface (Revitt et al. 1981, Harrop et al.
1983). However, atmospheric derived particles alsp need to be taken
into account and Hamilton and Adie (1982> reparted that urban aerasols

contaln average Pb concentrations of 10000 pg/g.



With the exception of suspended solids, most pollutants discharged
from a small, well defined 0.5 ha. highway catchment in Oxhey,
Hertfordshire (N.¥. London), demonstrate a distinct tendency towards a
"first flush" (Harrop 1984). This tendency is replicated in the
Bergsjon catchment where only 54% of 190 storm events in 1983/1984
showed a "first flush” as demonsirated by turbhidity recordings
(Morrison et al 1985). Correspondingly, suspended solid associlated
metals were generally found to have discharged only 20-30% of the
total storm metal within the time of concentration for the Grahame
Park catchment, U.K. (Revitt et al. 19811},

A fingerprinting of metal transpcrt from different scurces through the
stormwater system has been chtained by defining the distinctive
magnetic properties of atmospheric fallout and astomobile emissions
(Revitt et al. 19681). This method forms the hasis of an ongoing
project within the Urban Pollution Research Centre (Beckwith et al.
1984)

The biological uptake of metals hy receiving water organisms is
currently under investigation within the U.K. catchment (Ellis et al.
1985). It may he that certaln organisms can survive near storn
drainage outfalls due to their capability of producing metal-binding

proteins, which act as a metal detoxification mechanism.

The convergence of interest beiween the Swedish and English groups
became focused in 1982, following the allocation of a Natural
Environment Research Council CASE award to the Urban Pollution
Research Centre, Middlesex Polytechnic, in collaboration with the

Urban Geohydrology Group, Chalmers University of Technology, to study
Metal Speciation in Urban Runoff

After an early meeting between both groups in Gothenburg in Novemher
1982, the project was planned and a further successful grant
application, thils time to the Swedish Natlonal Environment Protection
Board, resulted in sufficient financial support for a three year

project to be undertaken.
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To maintain the co-operation regular contact bhetween both groups was
continued with meetings in either England or Sweden in July 1983,
November 1883, June 1384 and March 1985. Although the immediate aim of
the project was the production of this thesls, six internaticnal
journal and conference proceedings publications, as well as cne

internal report, were also produced during the period 1582-1985.

The collaboration between the Swedish and English groups is to
continue in 1986 with studies on the biological and chemical fate of

metal species in the receiving waters of stormwater discharges.
1.2 Aims and Objectives of the Research Project.

The aim of the research project was to identify the physico-chemical
forms of Cd, Cu, Pb and Zn and their temporal patterns of discharge
from separately sewered catchments characteristic of European urban
development. This would provide information relating to their
transport through the stormwater system and a guide to their potential
toxic effects on receiving waters. With these criteria in mind the
following ohjectives were set.

a) To test and develop physico-chemical methods for the determination
of bicavailable netal specles in stormwater.

b) To incorporate these physico-chemical methods into a speciation
scheme which allows the relatively rapid determination of Zn, Cd, Pb
aﬁd Cu species in urban runocff and provides informaticn on the
bioavailability and geochemical mobility of the metals.

c) To determine temporal patterns and forms of metal species in the
runoff from urban catchments.

d) To interpret the different metal forms in storm profiles with
respect to changes in hydrological, physical and chemical parameters,
as well as their relaticnship to catchment characteristics and
climatic and seasonal variahles.

e) To ideatify the important physical and chemical processes affecting
metal speciation by analysing speciation changes through a relatively

simple gullypot system.



1.3 Qutli ¢ Thesi

A review of previous work on metal speciation in natural waters and
biological toxicity studies is reported in Chapter 2, together with
reported concentrations and loadings of metals in urban runoff.
Previously used metal speciation techniques, for both the dissolved
and suspended solld phases are discussed and related to the
poseibility of identifying bicavailable metal species in stormwater.
To supplement thils central theme, theoretical metal speciation studies
and the role of metal complexlng organic ligands are discussed. The
importance of proper sampling and clean analytical methods are also

considered.

In order to provide a suitable data base it was necessary to develop
and maintain catchment instrumentation. The stormwater outfall
sampling stations at Oxhey (U.XK.) and Bergsjsn (Sweden) are described
in Chapter 3. Detalls are also given for the gullypot sampling and
continuous moniltoring facilities installed for this project on the

Chalmers catchment (Swedemn’.

The laboratory development of, and preliminary work on, the metal
speciation scheme for the analysis of the collected stormwater samples
is described in Chapter 4. Further speciation studies, including an
attempt to simulate biological metal uptake by developing a new method

termed Dialysis wiith Receiving Resins, are described in Chapter 6.

The metal specilation results for six storms, collected in the summer
of 1984, from the Chalmers gullypot catchment, are considered in
Chapter 6. Metal species transport mechanisms, gullypot ocutflow
loadings and mass balances, for individual storm events, are

discussed.

In Chapter 7 metal speciation results are presented, for tenm urban
runoff events (rainfall and snowmelt initiated) from the Oxhey (U.X.)
and Bergsjén (Sweden) catchmenis. The variations of metal species
loadings through individual storm evenits are discussed in terms of
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scurce input coniributlions. The potential effects on receiving waters
of stormwater derived metals are predicted by adopting both the Water
Quality Standard and Dialysis with Keceiving Resins approaches.

In the final Chapter the main findings are summarised and are
discussed in terms of the implications for municipal road and sewer
cleaning practices and receiving stream impacts. Future research
strategies in the field of urban runcf{f metal pollution are proposed

bagsed on the major results obtained in this project.
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2.1 Heavy Metals in the Urbap Environmeni and their Potential

Heavy metal loadings, which originate from the urban environment, may
represent a significant amount of the total metal entering local
recelving waters (Ellis et al. 1985, Oberts 1885, Perry and McIntyre
1685). Stormwater runocff washes metals from impermeable surfaces and,
in separately sewered areas, discharges them directly into a stream ar
lake. Comparisons with water quality standards will demonstrate that
these intermittent heavy metal discharges may exceed defined chronic

and acute blotic criteria.
2.1. 1 Heavy Metals in Urban Surface Runoff.

Urban surface runoff may include any natural or pollutant material
that is available for transport within the catchment area. Increased
urban surface inpermeability results in both increased runcff and
heavy metal loadings (Lindholm and Balmér 1978, Oberts 1983%)., The
degree of industrialisation, traffic type and volume and road surface
condition within the urban catchment will alsoc affect heavy metal
contributions. There 1s a considerable variation and inconsistency in
the reported concentrations of heavy metals in storm runoff discharges
(Ellis 1982, Harrop 1984, Oberts 1985). Variations in metal loadings
over individual storm hydrographs may be explained by a Variable
Contributing Area Concept (Morrison et al. 1984a), Kinematic Vave
Theory and Dilution-Exhaustion effects (Ellis 1982).

In spite of the potential number of contributing sources within the
urban catchment three main inputs can be identified and are discussed

below.

..11_



2.1.1.1 Wet and Dry Atmospheric Deposition.

Significant quantities of heavy metals have been reported in urban
precipitation (Cawse 1974, Malmqvist and Svensson 1977, Malmqvist
1983>. 1t has been shown that, even in relatively unpoliuted areas,
rainfall and dry dustfall may be an important coniributing scurce of

heavy metals in stormwater rumnoff (Randall et al. 1978).

As a typical example Owe et al. {(1882) have reported precipitation and
runoff heavy metal levels for a parking lot (Table 2.1) and clearly
precipitation provides a background concentration of metals which is
greatly increased after washoff from the urban surface. In terms of
loadings, precipitation derived Pb represented 16% of the total Pb

discharged in runoff from the catchment.

Table 2.1 Metal Concentrations in Precipitation and Parking Lot
Runoff (from Owe et al. 1982).

Precipitation Parking Lot

HE/l Runoff pug/l
Zinc 47-166 890-4740
Cadmium 1-4 10-280
Lead 58-186 730-2970
Copper 5-65 120-1380

The separation of dry aerial dustfall from wind blown dust, as well as

from wet deposition, represents a difficult sampling problem.
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2.1.1.2 Urban Surfaceg.

The urban surface is a non-point source which provides an important
contribution of heavy metals to urban runoff. Automodiles have been
conclusively identified as one of the major sources of impermeable
surface input (Bryan 1974, Fewton et al. 1974). Christensen and Guinn
(1979) reported the average depositicn rates of metals on road
surfaces to be 0.003 g Zn/vehicle km and 0.0049 g Pb/vehicle km. The
major sources of heavy metals found on urban surfaces, together with
particulate metal concentrations, are given in Table 2.2. Corrosion
of, and emissicns from, automobiles cbviously represents a very
significant metal contribution. The rate of metal build-up on the road
surface should be related to traffic density and type, duration of the
dry period and removal processes, as well as the season of the year

(Cwe et al. 1082>.

Table 2.2 Sources of Heavy Metals found on Urban Surfaces {(from
Shaheen 1975, Atkins and Hawley 1978, Brinkmann 1984,
Cole et al 1984, Wilson 1984, Beckwith et al. 1985).

Metal Sources Concentration pg/g
Zinc Automobile Tyres 630
Motor Oils 12-1060
Automatic Transmission Fluids -
Car Brake Linings 124-22500
Gasoline 10
Car Exhaust Particulates 8105-186612
Car Corroeded Bodywork 108-6611

contd.
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Metal Sources Concentration ug/g
Zinc Rust Inhibitor and Antifreeze -
Road Salt -
Road Pavement 12-267
Building Materials/Urban Structures -
Paints -
Wood Preservative -
Water Treatment Chemicals -
Pesticides and Biaocides -
Cadmium Car Tyres 1
Motor 0Oils 0.2-0.26
Car Corroded Bodywork 0.2
Car Brake Linings 0-5
Car Battery -
Car Exhaust Particulates 4.8-5.6
Reoad Pavement 0-1
Alloys and Plated Surfaces -
Wood and Canvas Preservative -
Water Treatment Chemicals -
Pesticides -
Lead Petrol Additives 150
Car Exhaust Particulates 1192-118420
Car Corroded Bodywork 32-116
Motor QOils 9-12
Car Tyres 1600
Car Brake Linings 1060-35000

Traffic Paint

contd.
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Metal Sources Concentration pg/g
Lead Anti-corrosicn Paint -

Road Pavement 0.7-122

Pesticides -
Copper Petrol Additives 4

Motor Oils 3-8

Car Exhaust Particulates 58-68

Car Brake Linings 14476-200000

Corroded Bodywork 55

Tyres 252

Road Pavement 51-73.6

Building Materials
Anti-algal Paints
Algicides

Woocd and Canvas Preservatives

Water Treatment Chemicals

Another potential major input of metals from urban surfaces is that

derived from roof and gutter construction materials, In Scandinavia,

Cu is commonly used for rocof gutters and in some cases even the roof

itself. The subsequent corrosion of this material may generate large

amounts of Cu and deliver it to the sub-surface system (Malmgvist and

Svensson 1977). Zinc is commonly used for street furniture and

lamposts, in both the U.K. and Sweden, which can likewise he corroded.

In addition to this knoﬁledge of the dominant metal sources there is

an obvious need to identify the physical and chemical processes

affecting metal mobllisation into the below ground system during storm

events.
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This category includes in-pipe deposition and gullypot accumulations.
Metal concentrations in sediments (>1000 pm> found in gulliypots and
in-pipe are compared with surface sedimenis for a small highway
catchment in Table 2.3. The heavy metal concentrations are higher on
the street surface and in the below ground system than in the roof
sediments (Beckwith et al. 198%8). Zinc, Pb and Cu clearly can be
traced to car derivatives deposited on the road surface. However, Cd
shows an anomalous concentration in pavement sediment which is
difficult to explain. The below ground sediments may represent a
mixture of these sources and certainly the concentrations in Table 2.3

can be interpreted as reflecting such a process.

Table 2.3 Mean Sediment Metal Concentirations for different Sources

to the Stormwater Sewer (from Beckwith et al. 188%5).

Mean Sediment Metal Concentration pg/g

Zinc Cadmium Lead Copper
Pavement 186.1 2.2 134.0 40.4
Road Gutter 292.6 0.7 452.1 50.6
Road Centre 489. 8 0.4 1041.1 87.8
Roof Surface 375.8 i.3 419.4 30.3
Roof Gutter 289.3 0.7 418.7 26.8
Gullypot 490.4 2.0 608.1 67.4
In-pipe 415.4 1.5 472.2 50.5

Gullypot and in-pipe sediments may be the first solids wasked ocut
during a storm eveni. However, most of this sediment will lag as

saltatory particles (Ellis 1976) so that only the fine heavy metal
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enriched particles are found as suspended solids at the stormwater

outfall.

The gullypot sediment may undergo chemical changes during dry periods,
particularly as several workers have observed evidence of anoxic
conditions (Mance and Harman 1678, Fletcher and Pratt 19081, Harrop
1684). During the first anoxic stages of gullypot sediment maturation,
i.e. nitrate reduction, the increased ammonia and dissplved organic
carhon levels might be expected to result in a build-up of the soluble
"bound” species of Cu and Pb in the anoxic interstitial water
(Forstner and Salamons 1983). As the anoxic conditions continue
sulphide, from protein catabolism, can act as an important
precipitating agent for metals (Forday and Greenfield 1683). lnsoluble
metal sulphide forms are more strongly sediment bound than surface
associated carbonate and hydrous Fe and Mn oxide species (Luoma and
Bryan 1881).

Oxic/anoxic sediment maturation may alier the transport mechanisms and
dissolved/particulate phase distributions of heavy metals in
stormwater passing through the gullypot and in-pipe system, but the

extent to which this occurs 1s not known.

The complexity of contributing area and below ground physical

mobilisation processes has not allowed a full understanding of how
urban heavy metal saurce loadings are reflected in the stormwater

discharges at the ocutfall of the catchment pipe system.

Certainly a "first flush” of highly turbhid water, lasting for some 20
to 3¢ minutes, has been abserved at the bheginning of storm events
(Vilkinson 1956). In some staorm events a "first flush” is not ohserved
for suspended splids; and in addition secondary and multiple peaks
have been found (Harrop 1984). Ellis (1982) has discussed tke
importance of the time of concentration for the catchment which can

explain the lack of "first flush” noted in some storm events. It can
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be argued that the "first flush” is a combination of gullypot and in-
pipe sediment washoff (Ellis 1982). The energy for road surface
sediment washof{ is created by the processes of surface wetting,
rainfall intensity and water flow. Gullypot and in-pipe physical
mobilisation should be mainly dependent on water flow energy (Morriscn

et al. 1985).

From these cbservations heavy metal loadings might be expected to he
concentrated in the first part of the storm event (Mance 1981). This
assertion is hased on the strong affinity of metals for stormwater
suspended solids (Bourcler and Sharma 1980, Urhonas and Tucker 1880,
Wilber and Hunter 1980), which often parallel the storm hydrograph.
However, direct measurements through individual storms have not shown
a metal "first flush”, except in the case of Cd for one storm event
(Revitt et al 1981).

This apparent discrepancy in views might svggest that metal inpuis are
being delivered from a variety of sources, in addition to being
physically and chemically mobilised at different rates, and are thus
loaded onto the hydrograph at different times. Size sorting during
physical sediment mohilisation, as well as chemical changes at the
solid surface during stormwater transport, can also affect the

discharged metal levels (Morrison et al. 1884h).

It is known that stormwater solids are enriched with metals., Wilber
and Hunter (1979) found that urban discharges resulted in the
followling metal enrichments, for stream sediments helow stormwater
effluent inpuls, over those sediments upstream; Pb x6.7, Cu x3.1, Cd
x5.2, Zn x3.5. Chemical fractignation of the stormwater sclids (Wilber
and Hunter 1979) revealed that about 10% of the Cu and 20% of the Zn

and Pb was in a readily chemically mobilised form.

Many of the heavy metal studies which have been carried out do not
differentiate hetween particulate and dissolved metals, or
alternatively measure only the particulate associated metal. When
relating metal levels to toxic effects it is important to recaognise
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that there is ofiten a considerable loading of dissolved metal 1in storm
discharges. In addition, metals may he mobilised from the particulate
phase to the dissolved phase and Cd, in particular, has been shown to
be readily solubilised from road sediments (Revitt and Ellis 1980).
Thus a knowledge of heavy metal kinetics and speciation 1s important
if advances are to be made in evaluating the relative toxicity of

urban non-point discharges.

2.1.3 The Toxicity of Heavy Metals to Aquatic Life.

In order to determine the toxic or hiocavailable fractions of heavy
metals, a hasic understanding of their effects on aquatic life is
-required. The actual toxicity of a metal to a particular organism will
depend on many factors such as age, surface area, population structure

and competing metal ion concentrations.

Certain processes at the organiswm/environmental interface also affect
metal uptake (Luoma 1883). These include;

a) the interface characteristics

bh) the reactivity of the metal form with the Iinterface

c? antagonism or metal uptake stimulation by other metals or major
cations

d) temperature

However, some specific heavy metal forms are potentially more toxic
and are likely to ke hazardous to the hiota of a receiving water.
Generally non-essential elements, such as Pbh and Cd, are usually more
toxic than essential elements, such as Zn and Cu, although an excess

of either may be detrimental (Batley 1983).

Initial heavy metal toxicant studies have been concerned with the
relationship between total metal concertrations and thelr toxicity to
organisms. However, recent research points to the free and weakly
complexed ions as being the toxic forms of the metal (Stumm 1983).
This has been experimentally verified through the ohservation of the

interactions hetween the chemical form of a heavy metal and a sultable
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organism or substrate. A major criticism of tbese experiments is that
it is difficult to extrapolate the results for enclosed laboratory
organisms to those in situ. 1t is often the case that free metal iom

concentration is not measured (Lugma 18683).

The toxicity of Cu to tbe freshwater alga, Scendesmus guadricauda, was
demonstrated by Petersen (1982). Using EDTA as the complexing ligand,
free Cu ion was found to be toxic in the range 107'° to 107 72N,
Zevenhuisen et al. (1979) found that the bacterium, Klebsiella
aerogenes, was intibited by concentrations of 10-% to 107'°N free Cu
ion. Extracts of the bacteria were found toc be highly complexing
towards Cu, suggesting that organisms might modify Cu toxicity through
tbeir excretion products, exudates, munchates and soluble drganic
excretions. Tbis extracellular pool, together with soil derived fulvic
acids, is a possible regulator of biotic Cu toxicity (Saar and Weber
1082). Similar results were obtained by Sunda and Gillespie (1979} in

a study of bacterial growth in the marine environment.

Weakly complexed Cu may also prove to be toxic. Theis and Dodge (1879)
reported tbat Cu®* and CuOH* were taken up by the midge larva,
Chironomous tentans, wbile no uptake was noted for Cu~-NTA or
Cu-glycine. Magnusson et al. (1979) came to tbe same conclusions for
Daphnia magna and also found that carbonate complexes were not toxic,
Guy and Kean (1980) showed that five organic ligands with relatively
high Cu stability constants were toxic at a concentration of 10-%¥ Cu.
Tbe toxicity was higher for citric acid (107X Cu) and
etbylenediamine (107°M Cu) which have low stability constants with Cu.
These small organic ligands may transport Cu into the cell tissues via
the biological membrane {(Luoma 1983). Copper toxicity towards fish is
less at bigher pH and water hardness (Borgmann 1983).

The relationsbip between free metal ion and toxicity is particularly
relevant to soluble elements such as Zn {(Spear 1981} and Cd (Ellis and
Revitt 1982). Using EDTA as the complexing ligand, Allen et al. (1980)
found that Zn®* and ZnOH* were the toxic species to Microcystis

aeruginosa. Organic ligands of bigh molecular weight in pond water
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were found to reduce C4 toxicity for Simocephalus serrulatus, but not

for Gambusia affinis (Glesy et al. 1877).

Mortality for the amphipod Hyallela azteca correlates strongly with
free Pb ion concentrations (Freedman et al. 1980), However, both the
carbonate and free ionic forms of Pb have been reported as toxic to

rainbow trocut (Davies et al 1976).

It is thus generally accepted that the free metal ion is most toxic to
aquatic life, although the exact mechanism of toxicity 1s not fully
understood. Organic ligands seem to provide a buffer against free
metal uptake. Metals bound to small organic molecules, with molecular
weights less than 1000, can be assimilated by a living cell. Larger
molecules represent a barrier agalnst metal uptake, unless the metal
ion 1s weakly complexed in which case it may be still bipavailable.
Inorganic ligands may also cause a decrease of metal toxicity. This
has been shown for increased hydroxyl and chloride concentrations,

water hardness and alkalinity (Borgmann 1983},

The concentrations and transformations of metal species within and at
the surface of organisms is of great importance (Batley 1983). It is
generally accepted that metals assoclated with colleids are unlikely
to be toxic to biota. However, Florence (1983) has stated that certain
lipid soluble complexes may rapidly penetrate the membrane and cause
cell death. It is unknown whether such metal complexes are present in
significant concentirations in stormwater. Borgmann (1883) has noted
that organic species, such as ionophores, may be readily absorbed by

animal cells,

Metallothioneins are an agent for the storage and detoxification of
heavy metals within the living cell. These are high molecular weight
sulpher rich proteins with a high metal chelating capacity which are
produced as a direct response to metal exposure. When the ampunt of

metal ingested exceeds the synthesis of metallothionein, toxicity may

occur.

_21._



Homeostatic regulation of metals can in s0me cases he more important
than direct exposure. Zinc appears to he particularly subject to
homeostatic regulation and this may explain poor correlation between
metal concentrations in organisms and those in the surrounding

environment {(Lupma 13883).

5. 1.4 Vater Quality Standards based on Metal T ity Studies

To achieve an Environmental Quality Objective (EQQ) a detailed
knowledge of the behaviour of a toxic substance is required;

a) when it enters a river

b) concerning its effect on organisms

cy with regard to its interaction with other organic or inorganic
substances

In this way a realistic Environmental Quality Standard (EQS) can be
set (Best 1082).

There are, however, major problems with this approach. 1t is generally
assumed that metal toxicity decreases with increasing water hardness.
However, Winner {1985) found that water hardness had little eifect on
either the acute or chronic toxicity of Cu to Daphnia magna. The
disagreement arises from the frequent positive correlation between
water hardness and alkalinity. Alkalinity may be a more important
modifier of Cu toxicity (Winner 1985). Humic acid, which is not
included in EQS’s, causes a significant reduction of Cu toxicity to

Daphnia magna.

Another problem is that Cu exhibits an exiremely variable toxicity
between species (Borgmann 1983). Even less is known about the toxicity
of Zn, Cd and Pb. However, hoth the EEC (Mance and O'Donnell 1983) and
the EPA (EPA 1983) have now set target concentrations for priority

metals.

The proposed EEC values {(Mance and O'Donnell 1983) guote limits for
the dissolved rather than the total metal, but do not consider the

effect of intermittent discharges such as stormwater inputs. Table 2.4
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shows the maximum metal values for the protection of freshwater life

at different hardness values {(no values were given for Cd).

Table 2.4 EEC Proposed EQS Values for Protecting Freshwater Life
against Heavy Metals (from Mance and O'Donnell 1983).

Total Hardness Dissolved Pb Dissolved Zn Dissolved Cu

mg/ 1 ug/l pg/l ng/l
0-50 50 70
50-100 125 170 6
100-150 125 250 10
150-200 250 250 10
200-250 250 250 190
250+ 250 500 28

The EPA (EPA 1083) criteria, however, take into account the effect of
intermittent total metal discharges (Table 2.5). Although somewhat
higher than continuous discharge levels, they provide a more realistic
basis for the assessment of stormwater impacts. Recelving water
dilution of stormwater runoff can substantially decrease metal
concentrations, although small urban streams carry only slightly
diluted storm runoff {(Cocle et al. 1984).

Exceedance of the significant mortality levels has been noted by Cole
et al. (1984) for Cu in 50% of their U.S. natiowide samples and also
for Pb (27%). Threshold values are exceeded for all metals to some
extent; Pb (96%), Cu (87%), Zn (78%) and Cd (55%). These exceedance
frequencies can be compared to values calculated from the data base of
Malmqvist (1983) in the Bergsjon catchment. For individual storm
events Cu always exceeded threshcld values, while Zn (53%) and Pb

(63%) exceeded less often than in the U.S. nationwide survey. The
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acute levels were exceeded by all three metals; Zn (11%), Pb (16%) and
particularly Cu <95%).

Table 2.5 EPA Vater Target Concentrations, pg/l Total Metal {(from
EPA 1983).

Heavy Total Hardness  Freshwater Toxic Intermittent Discharge

Metal mg/1 Criteria pg/l Criteria pg/l

24 Hour Meximum  Threshold Bignificant

Mortality
Copper 50 5.6 12 20 50-90
100 5,6 22 35 20-150
300 5.6 62 115 265-500
Zinc 50 47 180 380 870-3200
100 47 321 680 1550-4500
300 47 800 1700 3850-11000
Cadmium 50 0.01 1.5 3 7-180
100 0.02 3.0 6.6 15-350
300 0.086 9.6 20 45-1070
Lead 50 0.75 74 150 350-3200
100 3.8 172 360 820-7500
300 50.0 660 1400 3100-29000

LaPoint et al. (1984) found that in some cases polluted streams had a
change in the benthic fauna due to nutriemt and organic excesses
rather than metal impaction. The metal concentrations in some streams

in the U.S. greatly exceed EPA standards and yet have a relatively
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healthy, if restricted, biota. Urban streams often have a turbulent,
highly oxygenated flow which might help to support a diverse metal
tolerant population (Ellis 1985)., 1t was suggested by LaPoint et al.
(1984) that the EPA criteria may be over-stringent as they are hased
on toxicity evidence from only a few sensitive aguatic species.
However, their own results generally showed that contirol zones had a

statistically higher species richness and invertebrate abundance thaun

metal polluted zomnes.

2.1.5 H Metal Speciation in Urban Runoffi S < and Toxici

Whilst the contributing sources of heavy metals within the urban
catchment are still somewhat speculative, it is now widely accepted
that the levels of these prierity pellutants in storm runoff can be
substantial. Metals are likely to undergo physical and chemical
speciation changes during their transport over the urban surface and
through the bhelow ground system. The chemlical processes which could
act on metal speciation include; pH changes, variations in reducing or
oxidising conditions, organic and inorganic ligand comncentratioms,

ionic strength.

It is not known whether the resulting metal species exert a toxic
efifect on receiving siream habitats. Hewever, increasing urbanisation
seems to lead to increased metal levels in the fauna of streams
receiving stormwater runoff (Ellis et al 1985). Progress in the study
of speciation in matural water systems is now sufficient to enable a
differentiation of potentially toxic heavy metal species in urban
stormwater. Large fluxes of toxic heavy metal species from stormwater
discharges may well be hazardous to both the fauna and the flora of a
receiving stream. The determination of metal impact can be aided by
the use of water quality standards together with an appreciation of

the toxicity of the metal species present.
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2 T cal A f the Speciati ¢ B Metals in ¥ ]
Yaters.

Heavy metals in aquenus systems may occur as organic and inorganic
complexes of varying slzes, or be associated with particulate
materials of a heterogemeous nature. Stumm and Brauner (1975) and
Steinmes (1983) have putlined the various forms in which metals are
thought to exist in seawater (Table 2.6). An important problem, which
relates to mosti natural aquatic systems, is the difficulty of
distinguishing between dissolved and particulate specles using

conventional physical methods, such as filtration.

Theoretical considerations of metal speciation have been developed by
Buffle (1981). Dissolved ligands, living cells and suspended solids
compete for metals under ceriain thermodynamic and kinetic
constrainis. The complexity of this system is partly illustrated in
Figure 2.1. Metal ligand complexes have a metastable relationship with
the free metal ion as well as living cells and suspended sediment
particles. Despite the progress which is being made with the
measurement of the different stabllity constants there 1s still a lack
of certainty concerning thelr values. The approach suggested by Buffle
(1981) using these constants indicates that the free metal ion only
competes for the living cell, whilst both the free metal ion and metal
complex can attach to the suspended solid. The ligands that interact

with the metal ion can be either organic or inorganic.
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Table 2.6

The Size Spectrum and Associations of Metal Species in
Ratural Waters (from Stumm and Brauner 1975, Steinnes

1983).

Phase Species Present Diameter Range
(Molecular Weight)
Dissolved Inorganically complexed metals. 0-0.8 nm
Metals complexed with small {0-1507
organic molecules.
Free metal ioms.
Colleoidal Metals associated with organic/ 0.8-400 nm
Fe oxide colloids. (150-107)
Metals complexed with organic
fibrils.
Suspended Carbonate bound metals. > 400 nm
Solids and Hetals adsorbed onto or bound O 107
Particulates to Fe and ¥n hydrous oxides.

Organically complexed metal
species.

Metals adsorbed onto, or
contained within the lattice

of, clays, sands and silts.
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storm effluents and in developing in-stream standards for water

gquality objectives.

2.3 Instrumentation for Speciation Studies.

The development of sensitive analytical technigques sultable for the
measurement of heavy metals at trace levels (107% to 10-'“M) has been
of obvious lmportance in the determination of heavy metal species.
Some techniques are particularly suitable for speclation studles. A
differentiation of chemical speciles, such as free metal iomns, from
total metal can be achieved by Ion Selective Electrodes or Anocdic
Stripping Voltammetry (ASV). A preliminary separation technique,
followed by instrumental analysis is also satisfactory and Graphite

Furnace Atomic Absorption can be used as a sensitive detector.

2.3.1 lIon Selective Electrodes.

The species—specific nature of metal Ion Selective Electrodes which
respond only to the activity of the free (hydrated) metal ion, has
attracted widespread interest (Florence and Batley 1980>. The limiting
factor in these techniques is the non-linear response of the electrode
to metal activity below = 10-¢K, although measurements in the non-
linear region can be made with proper calibration (Midgley 1981) and
concentrations as low as 10"#X have been monitored in the presence of

metal buffers (Avdeef et al. 1983).

The most commonly used electrode for trace metal detection is the Cu
electrode. Cadmium and Pb Ion Selective Electrodes have been found to
be unsuitable for natural water analysis (Florence and Batley 1877).
However, with the attainment of lower detection 1imits due to an
understanding of interferences and electrode response to pH and ionic
strength changes, a more widespread use of Cu, Cd and Pb electrndes is

possible.

Some early studies have applied the technique to Cu in seawater

{Blaedel and Dinwiddie 1974, Jasinski et al. 1974). The technique has
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been found to be unreliable for coastal water samples due prohably ta
interference by chelating agents (Jasinski et al. 1974) and the same
problems might be expected in polluted waters with a high organic

content.

The detecticn limit for the Cu electrode is sufficiently low to allow
the analysis of the metal in many peclluted waters. The limit of
detection is determined by the sclubility of the electrode materials
(Midgley 1981) and in particular the membrane (Jain and Schuliz 1984).
It is important to satisfy the experimental conditions sc that only a
Cu ion response is obtained, as this can be affected by the physical
state of the electrode surface and the chemical environment within
which the electrode is working (Frazer et al. 1983). Changes in pH and
ionilc strength can have a dramatic effect on the electrode response
and it 1s therefore necessary to take these into account when using

Ion Selective Electrodes to moniter environmental samples.

2.3.2 Anodic Stripping Voltammetry,

ASV in the differential pulse mode is sufficlently semsitive, with a
typical detection 1limit of about 10~=M, for the direct deternmination
of heavy metals in natural waters (Florence 1982a). This analytical
technique has an intrinsic capability for speciation work dus to the
distinction of the electrochemically available fracticn, which may be

toxic, and the bound or electrochemically inert fraction which is less

llkely to demonstrate toxic properties.

2327 T ical Consid .

ASV initially involves a bulk electrolysis step (pre-electrolysis) to
concentrate the desired metals into the small volume of a Hg
electrode. The Hg electrode may be either a hanging drop or thin film
type. Following this electrodeposition step, the material is
redissolved ar stripped from the electrode using differential pulse aor
linear sweep voltammeiry and the current recorded. If the conditions

during pre-electrolysis are constant then exhaustive electrolysis of
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the solution is not necessary and, by proper callbration utilising
fixed electrolysis times, the measured voltammetric response can be

employed to find the solutlon concentration.

The redox procedure allows the differentiation of metal species at low
levels and during the plating step the potential can be set so that
certain metal species are not reduced. In the stripping process ihe
peak potential will depend on the metal specles present and hence the

following equations (equations 2.1-2.3) apply;

Deposition {(plating) step

Ke
ML = W=+ = L= 2.1
K
N2+ + Hg + 2¢~ = M{Hg) 2.2
Stripping step
M{Hg) = ¥=~ + Hg + 2e- 2.3

ML= Species of interes!, M= Aguo selal ion, L2°= Free ligand, K+ and Kv = Rate {onstants,

The contribution of a metal complex specles (ML) to the ASV peak
height or current relative to that of the free metal lon, depends on
the rate constant for the dissoclation of the complex and the
thickness of the diffusion layer. Diffusion layer thickness depends an
the stirring rate and therefore the thicker the diffusion layer, the
higher the contribution of a metal complex to the ASV wave height
(Florence 1982a). No research work has been reported conceraing the
determination of diffusion layer thickness (§) which requires a well
defined rotating disc electrode to enable § to be calculated as a

function of the rotation speed (Whitfield and Turmner 1979).
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2.3 2.2 Anolicati ¢ the Techni \ its Problems.

ASV has commonly been applied to the primary distinction between
"lahile” and "bound” metals in filtered water samples {(Chau and Lum-
Shue-Chan 1974, Duinker and Xramer 1977). The normal procedure for
estimating the fraction of labile or electrochemically avallable metal
involves a standard addition analysis of an untreated sample and is
therefore dependent cn the kiaetiecs of the reactions controlling the
assimilation of the metal spike (Whitfield and Turner 1979). Lablle
metal, as defined by the experimental conditions, therefore includes
lonic as well as some weakly complexed metal. Bound metal is
identifiabhle as the non-labile fraction and 1s typically associlated
with a variety of organic and inorganic colloidal materials (Batley

and Florence 1976a).

Astruc et al. (1981) have stated that there is a need to replace the
"lability" concept with equilibrium and rate constant values.
Whitfield and Turmer (1979) have suggested that this is possible with
a rotating disc electrode, although most measurements have been made

with hanging Hg drop electodes.

There are a number of prohlems pertaining to the ASV analytical
procedure which must be comsidered;

a) Burface active componds (surfactants) may adsorb on the Hg
electrode causing metal peak interference (Florence 1982a).
Surfactants, although not altering the peak position, have heen found
to enhance Cu and Ph peaks hy 20% and 10%, respectively and to
suppress Cd responses at concentrations in the mg/! range {(Beveridge
and Pickering 1984). At the pg/l level of even relatively polluted
waters, the low concentrations of surfactants would not be expected to
have a significant effect on observed ASV peaks, especlally
considering sampling variability in conjunction with the ASV
precision. Metals can therefore still be determined in the presence of
surfactants, provided the standard addition approach is used.

b) Tensammetric waves arise as a result of adsorption-desorption

processes at the Hg electrode and have heen mistaken for Cd, Pb or Cu
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peaks in seawater analysis. Natural organic compounds in seawater give
rise to these tensammetric waves which, at pH 5.0, occur near the Pb
and Cd peaks. However, they do not appear if a simple linear voltage
scan is used (Florence 1982a).

c) In practice, the removal of oxygen by bubbling nitrogen through the
sample is necessary to prevent interference on the polarogram. In
poorly buffered waters this may cause a large pH increase, duve to
carbon dioxide evolution, and a resulting change in metal speciation.
This problem can be overcome by the addition of a suitable buffer or
by flushing with a suitable Nz/COz: gas mixture. Sodlum acetate is
probably the most commonly employed buffer but cannot be considered to
be completely non-complexing.

d) As ASV i1s an electrochemical procedure a base electrolyte must be
employed if the sample does not already have an ionlc strength of at
least 0.02M. Many natural waters do not meet this requiremeat and,
therefore, the addition of KNO= or KCl may be congidered.

e) Copper forms an intermetallic compound with Zn resulting in an
overestimation of the Cu concentration. To overcome this problem Zn

and Cu must be determined separately.

2.3.2.3 Conparison of ASV Measurements with a Model Cell.

¥hitfield and Turner (1979) have reported two concepts that bave been
used to provide chemical analogues of the bioclogical availability of
trace metals.

a) Thermodynamic availability; this relates to the activity of the
particular form that is taken up preferentially by an organism.

b) Electrochemical availability; this is the fraction of the total
metal concentration that is available for electro-deposition at an
electrode immersed in the solution during the timescale of the plating

process,
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Figure 2.2 illustrates (a) the reactions occurring at an [on Selective
Electrode, (b) at the ASV hanging Hg drop cr Hg film and (¢} at the
surface of a model biological cell. The membrane of the Ion Selective
Electrade simply senses the free metal lon without accumulation and
hence the metal flux (J) is zero. The accumulation of metal ion at the
model cell is not comparable to this system. On the cther hand, ASY
shows & metal flux (Ju) which depends on the conditions employed in
the analysis. If the diffusion layer thickness (§) is known then a
useful comparison with the metal flux at the model cell can be made.
However, 1t is lmportant to realise that the transport of metal into
the cell is dependent on membrane conditions whilst, in ASV the
limiting condition is the metal flux in the diffusion layer and

consequently uptake by the model cell is comparatively low.

Although some features of the model cell cannot be reproduced
electrochemically, e.g. surface adsorplion sites, the work of
Whitfield and Turner (1979) suggests that electrochemically avallable
metal may relate to bicavailable metal. However, it should be
remembered that ASY does measure some species which are unavailable to
biota e.g. CuCDz (Luoma 1983). Despite this the model does prcvide a
useful analogy between the bioavailable and electirochemically

available metal forms.

2.3.3 Graphite Furnace Atomic Absorption,.

Although the technique 1s non-species selectlve, Graphite Furmnace
Atomic Absorption is an auvtomated sensitive technique suitable for
measuring total metal concentrations (Astruc et al. 1981>. It can be
used, in conjunction with a preliminary separation process, to provide
information on metal speciation. Gas Chromatography for veolatile
organo-metallics (Fernandez 1977, Van Loon 1979) and separation on the
basis of size or charge (Guy and Chakrabarti 1976’ are typical first

steps.

Inductively Coupled Plasma techniques are now being increasingly used,

with the high temperature plasma as a speciral emilission source. With
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comparable detection limits to Graphite Furnace Atomic Ahsorption the
main advantage is application in simultaneous multi-element aznalysis
(Pinta 1878).

2.3.4 Other Analytical Technigues,

Neutron Activation Analysis and X-ray Fluorescence can be used to
detect heavy metals, although their applications to speciation are
limited.

2,3,4,1 EEL};IQ]] Ag;l;j,vgt;[gn Anal!ﬁiﬁ,

The radicactive properties of a nuclide can be utilised to detect an
element using Neutron Activation Analysis. After bombarding a sample
with neutrons in a reactor the induced activity is compared with
standards to provide hoth qualitative and quantitative results. The
technique is very sensitive providing that all the samples and
standards are irradiated in the same particle flux. With water samples
it is usually necessary to carry out a preliminary separation step to
remove Na, Mg and P, which interfere and decrease the precision of the
technique. Total metal concentrations are measured by Neutrom
Activation Analysis, although de Jong and Wiles (1876) have used the

method to determine methylmercury in fish.

2.3, 4.2 X-ray Flugrescemnge,

Total heavy metals can also be determined by X-ray Fluorescence. This
is @ highly sensitive technique which has recently been incorporated
into 2 speciatian scheme for heavy metals in river water (Pik et al.
1982). Particulate material is analysed directly hy thin film X-ray
Fluorescence, while determination of the dissclved phase reguires co-
precipitation of the metals before analysis. The low detection limits
of this method (Cd = 0.1 pg/l, Pb = 1.6 pg/l) suggest the possibility
of a more widespread use of X-ray Fluorescence in future speciation

schemes.
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A direct measurement of bioavaillable heavy metals is highly desirable
for the rapid screening of wastewaters. Whitfield and Turmer (1979
demonstrated that direct ASV analysis is more representative of the
bicavailable fraction than Ion Selective Electrodes, although the
comparison of an electrochemical cell with a model biological cell can
only be a theoretical one. Atomic Absorption, Neutron Activation
Analysis and X-ray Fluorescence measure only the total heavy metal and

therefore the sample requires suiltable preliminary separation

techniques before metal analysis.

The preliminary separation of heavy metals according to physico-
chemical characteristics has been carried out in a variety of ways.
Ion exchange resins which are selective for heavy metals may be used
to remove the toxic metal specles, whilst organically bound metals can
be released by several different oxidation procedures. Separation on
the basis of size allows the differentiation of dissolved, colloidal
and particulate associated metal species. The different approaches are
complementary to each otbher providing a wide range of information on

metal speciation.

2.4.1 JIop Exchange Techmiques.

The introduction of heavy metal selective ion exchange resins has
provided an important step forward in speciation studies. It is
thought that these resing may provide some indication of bioavailable
metal and if such a resin can be developed then it could find a

valuable use in the removal of toxic metal species from wastewaters.

Chelex-100 is known to take up the free metal ion and weakly complexed

metals. Thiol resins may more closely resemble the natural uptake of
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metal lons; certainly mcre Cu is removed by this resin (Florence
1982%). Cellulose chelating exchangers provide a quantitative repoval
of metals from tke aqueous environment, although species-specific

chelating groups might usefully be attached to the cellulose.

lon exchange separations aave been used in speciation schemes to
separate cationic from anionic metal species (Ramamoorthy and Morgan
1982), although Batley (1983) has stated thal such separations

probably have little biological relevance.

The uptake and storage of metal ions by sorbent ion exchange resins is
shown in Figure 2.3. The metal ion may adsorb eitker to the resic
surface or, after diffusion, to the pore surface. A strong difiusion
gradient allows the trarsport of metal ions into the resin pores dus
to the rapid chelation of metal by the resin. The resin structure is
homogeaeous down to C¢.3-1.0 nop and sc zhould prevent the entry of

colloids.

Mass transfer
tg the Particle
Surface

Pore Diffusian
in the Fluigd
Fhase

Diffusion in the Sorbed R : .
aaction at tkte
State Liquid/30lid Phase Boundary

Figure 2.3 Uptake and Diffusion of Xetal lons onto and arcund an len

Exchange Resin {(from Perry and <hilzon, 1982).

Eguilibrium bebaviour of metal ions with an ion exchange rasin can be

described by piotting metal concentration in the solid phase against
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metal concentraticn in the liquld phase (Figure 2.4). The experiment
is carried out by the titration of a constant metal concentration gnto
+he resia, contained in a column, and measurement of the eluant metal

concentratian.

Fraction of
Total Netal

n 1.0
éluant

Eiuvant Volume {(mls.)

Figure 2.4 Lapgmuir Isotherm describing Metal Uptake Equiliidbrium

with an Ico Exchange Resin.

The Langmuir Isotherm, shown in Figure 2.4 applies to ion exchange on
completely homogeneous surfaces. The curve is lipear pear the corigin

and shows a constant separation until saturaticn is reached.

4

This resin has been successfully applied to seawater metal analysis

(Riley and Taylor 1968, Flcremce and Batley 1979). The resin ccootains
an imincdiacetate chelatiag group which is highly seasitive for h=avy
metals. These are strongly camplexed by the oxvgen and nitroger atoms
of the imincdiacetate groups, but it is mainly only the icnic forz of
the metal which is taken up due to the small pere diameter of the
resin (1.5 te 3 nm). The stabiiity of the imincdiacetate groups

(log K = 13 for Cu) 1is such that weakly complexed metals may

dizscciate and prefarentially associate with the Chelex-100. The ionic
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form retained by the resin represents the more readily bipavailable
metal, whilst the organically coated colloidal particles which are
excluded are nevertheless considered to be potentially available for

metal solubilisation and transport.

An alternative theory concerning the uptake mechanism of metals by
Chelex-100 has been put forward by Figura and McDuffie (1979). The
slow dissociation of metal complexes in solution, rather than
molecular exclusion, is stated to be the cause of the incomplete
retention by Chelex~100 of some trace metals in natural waters. Hence
the non-uptake of highly stable metal-NTA complexes by Chelex-100
complexes may be due to slow resin kinetics. The time scale of metal
lability for Chelex~100 may be a few seconds, compared to ASV where
the contact time, of a small proportion of the sample solution, with

the electrode surface is only a few milliseconds (Cox et al. 1984).

Two experimental approaches for the use of Chelex resin have been
tested:

a) Resin bed in a column; metal lons are taken up as the water sample
passes down the column at a known flow rate, typically 1-2 ml/min
(Florence and Batley 1975, Montgomery and Santiago 1978). Blocking of
the columns due to the swelling characteristics of Chelex-100 is a
common problem with this technigque.

b> Batch technique; longer contact times, up to 16-24 bhours, are
employed enabling fyll equiljbration of resin and sample metais to Dbe
reached (Hart and Davies 1977). The method bas proved useful in
identifying colloidal associated metals on the basis that these are
not kinetically labile during the batch experiment (Figura and
McDuffie 1980, A criticism of the method is that displacement of
chemical equilibria may occur so that chelates that are sufficiently

labile may be displaced {(4struc et al. 1881).

In order to maintain stable pH conditions in the sample and to carry
out the experiment over a wide range of pH values the Ca form of
Chelex-100 is now preferred (Figura and McDuffie 1977) compared to the
Na (Hart and Davies 1977) and H (Florence and Batley 1975) forms.
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Thenefficiency of Pb recovery from tap water by Chelex-100 Lhas hteen
studied by de Mora and Harrison (1983b2. Even in the batch mode,
Chelex~100 could not remove all the metal present, although a
poly<{maleic anhydride) resin did exhibit a 100% removal efficiency.
This can be explained by the greater afiinity of the poly(maleic

anhydride) resin for strongly complexed Pb species.

Despite prohblems with the interpretation of the resultis in terms of
the levels of toxic metal, the use of Chelex-100 is a flexible
technique which allows the conceniration of a variety of metal ions
aover a wide pH range to be determined. A sinmple separation by either
the Column or Batch technique 1s rapid, Inexpensive and with care

presentis little opportunity for contamination.

2.4.1.3 Thiol Chelating Resins.

Recently Thiol based materials have heen used successfully to remove
Zn, Cd, Pb and Cv from natural waters (Florence 18&2b). The presence
of chelating sulphydryl groups has been shown to correlate with heavy
metal toxicity (Fisher and Price 1981) and on this basis the netal
fraction removed by the thiol group is considered to be a realistic
estimate of hioavallable metal (Florence 1982hk). The transportation of
metals across a cell membrane is helieved to be dependent on the lipid
solublility of metal species. Similarities between metallothioneins and
membrane carrier proteins {(Cherian and Goyer 1978, ¥oyima and Kagl
1978, Lerch 1980, Roesijaldl 1980) suggest that metals may be
complexed and transported in association with sulphydryl groups. This
process may he simulated using a Thiol resin and it has been reported
that thiol materials generally have a lower affinity for Pk, Cd and
Zn, but a higher affinity for Cu, than Chelex-100. The order of
selectivity at pH 5.5 is CudII) > PB(II) > Cd<(IIY > Zn{lD)

Florence (1982b) has reported metal speciation results for a
thioglycollate chelating resin which was initially prepared by
Phillips and Fritz (1978). The resin contains the thioglycoloxymethyl
chelating group (-CHz20CO-CHzSH) attached to the benzene ring of a

_41_



polystyrene-divinylbenzene resin (XAD-4). The use of 500 mg resin/

50 ml of sample is considered to be suitahle far a batch extraction.
The sulphur content of the prepared resin is generally 1.87 mmol/g and
heavy metals form a 1:Z complex with the mercapto group af the resin
{(Phillips and Fritz 1878).

2.4.1.4 Chelating Cellulose Exchangers.

Cellulose exchangers have been used to remove heavy metals from water
samples by attaching suitahle chelating groups. Hyphan is a cellulose
chelating exchanger which is selective for heavy metals at trace
levels. Using this material Burba and Willmer (1982a, 1982b) found
that heavy metals were recovered from seawater to tbe extent of 80-
100%. In simulated aqueous samples the metals were stiripped off humic
acids, but were not removed from EDTA complexes. Such a distinction
could he useful 1n speciation studies, although Chelex-100 has been

more widely chosen.

2.4.1,5 Comparison of Metal taken up by Chelating Resins with
Togicity to Biota,

It is possible to attach organic groups to ion exchange resins which
closely lmitate those metal chelators found in a binlogical cell
(Florence 19821b). Florence et al. (1983) have compared the growth rate
of an alga, Nitzschia closterium, in seawater, with the concentration

of the Cu fractions removed by various chelating resins.

Chelex-100 and Thiocl resins using the column method, as well as direct
ASV analysis at -1.3V, were found to overesiimate the toxic Cu
fraction. ASV-labile measurements at -0.6V campared more favourably to
the toxic fraction when colloidal type ligands were added.
Electrochemical deposition of Cu at -1.3V can therefore liherate non-

biocavallable Cu fraom certain complexes which is not released at -0.6V.
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Several methods, both chemical and physical, have been used to

decompose organic materials in ratural waters. Some organic compounds
are highly resistant and require extensive oxidatior bhefore their

heavy metals are released.

2.4.2.1 Ultra-Violet Irradiation.

The decomposition of organic compounds in natural waters by ultra-
violet irradiation was introduced by Armstrong et al. (1966) for the
determination of organic carbon in seawater and was subsequently used
by other workers to release organically associated heavy metals
(Florence and Batley 1977, Laxen and Harrison 1981a). The sample,
usually 150 to 200 mi, is introduced into quartz tubes and, after the
addition of a few drops of 30% Hz0z, is irradiated for four to eight
hours with a medium pressure ultra-violet lamp of between 500 and
1000V.

The method has had most success in seawater analysis hecause, in
freshwaters, Fe hydroxide is released from an organic colloidal
coating and co-precipitates the heavy metals (Laxen and Harrison
1981b, Florence 1982a). It should be possible to dissolve the
precipitate in 1M HNOs prior to analysis although this has not heen
tested. Heavy metals will rapidly adsorb onto the surface of the
quartz tubes during ccoling and therefore immediate analysis is

recommended.

2. 4.2, 2 Adsorption of Organics by Resins,

SMZ and XAD-2 are divinylhenzene resins with a high surface area which
can adscorb crganic material from aquatic samples. It is possible tao
remove lipid soluble metal from a varlety of water samples using SM2

or XAD-2 (Florence 1982b). The analysis is carried out at pH 4.0 to
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prevent free metal ion adsorption to the resin, Following adsorption,
the lipid associated metals are either eluted with methanol and
decomposed by wet acid oxidation (Florence 1982h) or the resin and
organics are decomposed by a dry ashing procedure (Montgomery and
Santiago 1978). These resins may be useful for the assessment of lipid

soluble metal species (Florence 1983).

2.4.2.3 Solvent Extractiop,

Solvent extraction separates metal specles on the basis of their
polarity {(Batley 1983) and can therefore represent those species that
are lipid soluble {(Florence 1983). A 9:1 hexane-butanol mixture has a
similar dielectric constant to the cell membrans lipid bilayer (Batley
1983).

Organic material can bpe completely oxidised by the addition of
suitable concentrated aclds. Chau et al. (1274) used a persulphate/
sulphuric acid oxidising mixture, while Florence (1977) used a mixture
of perchloric and nitric acids. In seawater, a reduction to pH 2.0
followed by boilling for 15 minutes is usually sufficient to liberate
all the heavy metals (Florence and Batley 1977).

Bourcier and Sharma (1980) found no significant difference for heavy
metal concentrations after the digestion of stormwater sclids with
either HE/HNOz or HC1/HNO= mixtures. In the Middlesex Pclytechnic
Urban Pollution Research Centre a mixture of concentrated perchloric
and nitric acids in a ratio of 1:9 is used as a standard method for
the organic degradation of both sediments and filtersd water samples
{Revitt et al. 1981>.

2.4.2.5 _ Decompositign of Organics by Ozonglysis.

The use of ozone 1o decompose organies in natural waters has heen

investigated (Laxen and Harrisen 1981a) and shown to give an
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unexpected decrease in the levels of electrochemically available
metals. In the case of Pb it was suggested that this was due to the
precipitation of the metal as PbOz after ozone oxidatiaon of Pb{II) to
PRIV,

2.4.3 Diff . . Metal Species by Size S [

Heavy metals may be associated with dissolved, colloidal or
particulate phases. The accepted separation of the dissolved phase by
0.4 pm or 0.45 pm filtration often results in clogging of the filters
due to the presence af organic and inorganic colloilds {(Astiruc et al.
1381). Another approach for separating metal fractions is therefore to
discriminate on the basis of molecular size cor molecular weight by
either centrifugation, filtration, uvltrafiltration or dialysis. Size
fractionation can be used to complement other physico-~chemical

separation methods {(de Mora and Harrisan (1983a).
2 4.3.1 G if ;

The speed and time of centrifugation deftermines the guantity of
particulates removed from suspension, the separation depending not
only on size but also on density. This makes an efficlent comparison
with cther physical separation techniques difficult. Cemtrifugation at
3000 rpm for 30 minutes has been shown io separate particles smaller
than 190 nm (Benes and Steinnes 1975) whilst centrifugation at 40000
rpm for up to five hours may remaove humic substances (Buffle et al.

1978, Steinnes 18833

3.2 Dialysis

Dialysis allows the separation of different groups of species an the
basis of particie size (Buffle 1981). Typically ultra-pure water in a
dialysis bag is allowed to equilibrate with the sample for 24 hours
(Guy and Chakrabarti 1976). Under these conditions and with a pore
size of one to five nm (molecular weight cut-off value =~ 1000) it is

found that free dissolved metal ion concentraticons inside and cutside
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the dialysis bag are equal. An alternative approach is to place the
bag in situ for 1 to 14 days until the adsorption equilibrium is
reached. Dialysis in situ does not suffer from the problems of normal
dialysis, i.e. adsorption to the membrane walls, as equilibrium with
the surrounding water is reached. A receiving chelator, such as an ion
exchange resin, can reduce the length of the equillbration time from a

few days to a few hours (Steinnes 1583).

Hert and Davies (1981) have incorporated a semi-contlnvous process
into their speciation scheme in which a dialysis unit was coupled with
a Chelex-100 column. This systen was found te reduce the time of

equilibration to five hours.

Cox et al. (1584) have compared the effect of different receiving
electrolytes contained within a cation exchange membrane. The catlon
exchbange membrane prevenis the flux of slowly diffusing anilons, giving
an equilibration time of less tbhan one hour. Receiving electrolyles
included 0.3¥ HCl, which liberates metals from weak complexes at the
membrane/analyte interface, and 0.05M EDTA which chelates metals and

creates a metal diffusion gradient across the membrane.

It was argued that the dialysis process may realistically represent
bipavailable metal uptake, as it is also a membrane transfer process.
Cox et al. (1884) found that dialysis gave similar results to a
sulphonate ion exchanger, but gave lower resultis when compared to

uptake hy Chelex-100 resin.

Dialysis could be combined with a receiving chelating resin to imltate
the metal uptake process in a biological cell. the receiving resin
should be chosen io provide ihe same functional chelating groups found

in cell constituents.

Electrodialysis involves acceleration of metal passage tbrough the
dialysis membrane by applying a potential gradient (Steinnes 1983).
This method has not been widely used to speciate metals 1n aquatic

samples, but could provide a rapid electrochemical size separation.
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2. 4.3.3 Filtration.

A single filtration step, through a 0.4 pm or 0.45 pm filter is often
employed as a preliminary separation for the dissolved and particulate
phases. However, this separation is complicated by the presence of
collolds (Stumm and Bravner 1975). Laxen and Harrison (1%8la) have
introduced a speciation scheme using a series of five nucleopore
filters ranging in pore size from 12 pm to 0.015 um. Nucleopore
filters act as barrier, rather than depth, filters allowing a very
effective cut-off value and few adsorption losses (Sheldon 1972). In a
recent review of slze separation techniques de Mora and Harrison
(1983a)recommended the use of flitration as a useful comparison to

other speciation technlques.
2.4.3.4 1 £i] ‘i

Benes and Steinnes (1974} pioneered the use of ultrafiltration in
speciation work. Ultrafiltration can be defined as the separation of

metal fractions by filtration below 0.015 um.

Ultrafiltraticon cannot be exactly related to molecular weight as the
ultrafiltered fractions are separated not only on the basis of size,
but also shape and charge characteristics (Guy and Chakrabarti 1976).
Nevertheless the sizes for metal species can be compared with typical
cut-off values for ultra-filters. The Amicon PMI0 filter has a pcre
slze of 1.8 nm and should permit the separation of free metal icns and
small organic and inorganic complexes resulting from trace metals
associated with humic substances aud colloidal species. Laxen and
Harrison (198la) incorporated this single ultrafiltration step in their

filtration based scheme.

A cascade system of ultrafilters, or seguential ultrafiltration, can
be used to réduce the adsorption of high molecular weight compounds by
preveunting their contact with small pore size materials. Hoffmannm et
al. (1981) found tbat large concentration gradients could be avoided
by only filtering the first 50% of the sample at each step and hence
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avéiding the need for repeated washings. To calculate the
concentration of metals in each molecular weight range a system of

mass balance equations was formulated.

The main problems relating to ultrafiltration are as follows:

a) the membranes are expensive.

b) the filters as supplied are often contaminated with metal and
soluble organic material.

¢) contamination and adsorption losses in ultrafiltration are
especially serious because there is a large surface to volume ratio.
d) the concentration gradient at the surface of the membrane filter
may cause dissociation of colloldally associated metals and changes in
ionlc strength.

e) The trapping of particles in the pores of filters make the
separations difficult to achieve and consequently result in long

filtration times.

Despite recent advances in ultrafiltration this technique is still
open to criticism. Nominal molecular weigbt cut-offs are imprecise
making the interpretation and comparison of results difficult. The
technique is expensive requiring a new membrane for each filtration
and the long filtration times inhibit the handling of large numbers of
samples. Because of these problems de Mora and Harrison (1983a) prefer
dialysis to ultrafiltration on the basis of cost, speed of analysis

and efficiency of separation.

2.4.4 _Other Separati i Apal ical Techni

Several alternative methods of separation and analysis have been
tested and, although not often used, these techniques can be useful
for comparison with the more generally accepted methods. For example
metal ion catalysis s very specific to the free ion and should
compare with other free ion measurements such as Anodic Stripping

Voltammetry or dialysis.
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During the metal ion catalysis of oxidation-reduction reactions the
rate af the reaction is directly proportional tc the free metal ion
conceatration. Am example cof such a system which has been studied is
the catalytic effect of Cu on the oxidation cf L-ascorbhic acid
(Mottola et al. 1968). Ferrer-Herranz and Perez-Bendito (1981) devised
a method, based on this technique, for the determination of Cu in
water at the 10-90 pg/l level and Nakano et al. (1981) used a similar
approach for Cu in tap water. A method which is free from
interferences has been devised for the determination of Zn in water
samples (Haraguchi et al. 1980). The presence of Zn causes a
difference in the rate of the ligand substitution reactiaon between

1-(2-thiazolylazo}-5~napthol chelates and EDTA.

However, the method has been avoided in natural waters, despite its
specificity far free metal ion, as it is thought that catalysts or

inhibitors in the sample may affect the accuracy of the determinatian.
€.4.4.2 Radiotracers.

Radiotracers can be added tc a sample as a means of tracing the
species which a heavy metal can form. Attempts to use {onic
radiotracers have been hindered by the slow equilibration of the
labelled icns with the non-ionic species of the heavy metal in the
sample (Benes and Steinnes 1376). The equilibration periocd may be of

the order of months or even years (Bowen et al. 1973),
2.4.4.3 Gel Filiration Chromatography.

For polluted waters Gel Filtration Chromatcgraphy may be an
alternative method for separating metals into molecular size fractions
{Steinberg 1980). Sample ar sglute flow is retarded in relation to
eluant on a column of porous polymeric beads. The large molecules
elute first follawed by a continugus size spectrum of molecules (de

Mcra and Harrison 1984).
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Direct analysis of a sample by Gel Filtration Chromatography is
limited to waters with higbh metal concentration because the small
sample volume compared to eluant gives rise to high dilution facters
and large blank values. An alternative approach is to use pre-
concentration procedures prior to Gel Filtration Chromatography. This
method has been used to distinguish between Cu and Pb size
assoclations with orgenic materials in coastal waters (Sugai and Healy

19785, although the procedure has unknown effects on metal speciation.

Using Sephadex gels, Gerritze and Salomons (1983) found that in
surface waters most of the Cd, Zn and Pb species were in the molecular
welght range of 1000-5000. Fo elvant was found wbich could elute Cu

species from the gels.

Lawson et al. (1984) eluted Cd and Cu sewage sludge species from
Sephadex G-25 usiung 0.058 NaCl (pH 7.0 with NaOH). The technique was
applicable when the sludge was spiked with 0.01 mg Cd/l and 0.1 mg
Cu/l and showed that Cd was associated with the lower molecular weight
fractions while Cu existed as predominantly high molecular weight

species.

Gel Filtration Chromatography has also been applied to the specilation
of Pb in tap water {(de Mora and Harrison 1983a, 1984). Qualitative
evidence of large humic complexes and small inorganic/organic Pb
complexes (< 1500 molecular weight) was obtained. However, the low
recovery efficiences of 6-50%, due to metal complex resin adsorption,
precluded the use of Gel Filtration Chromatography as a qguantitative

metal speclation method for tapwater samples.

Heavy Metal Spegiation Analysis.

Several different approaches have heen applied to separating fractions
of heavy metals in natural waters. Chelating resins are easy to use
and relatively free from contamination. By adjusting the properties of

the chelating groups attached to a resin it is possible ta remove
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those metals which are predominantly bioavailable. The arganically
associated metals are best extracted by acid digestion or by u.v.
irradiation, as ozonolysis and resin uptake are more subject to poor
efficiency. Size separation is most satisfactorily achieved by
filtration or dialysis techniques, although centrifugation is a viable
alternative. Ultrafiltration is a difficult technique with some
uncertainty over ihe precision of size separation, whilst Gel

Filtration Chromatography is an interesting technique which still

requires further development in relation to metal speciation wark.

The formulation of the analytical procedures described in the previous
chapters into detalled speciation schemes was first attempted by
Batley and Florence (1976a). The use of size separation was
incorporated into a comprehensive scheme by Laxen and Harrisom
(1981a’. However, both schemes are detailed and require specialised
and lengthy analytical procedures. For polluted waters a simple,

fairly rapid evaluation of toxlic metal content is required (Florence
1982a).

2.9.1 The Speciation Scheme of Batley and Florepnce (1976a).

Despite the difficulties of separating heavy metal species in the
dissolved phase, a scheme for application to seawater has been
introduced by Batley and Florence (1976a). This comprehensive scheme
1s 1llustrated in Figure 2.5. Lablle (pH 4.8) and bound metals are
analysed by ASV in the differential pulse mode bath before and after
the sample is subjected 1o a number of separation techniques. Labile
and bound measurements are made at the follcwing stages:

a) before ireatment

b) after passage through a Chelex-100 column

c) after u.v. irradiation

d) after passage of the u.v. irradiated sample through a Chelex-100

calunmn
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The results show that, in seawater, Cd is maianly present as ASV labils
organic species, Xost of the Cu is found to be in the form of organic
colloidal complexes but Ph, which forms weaker complaxes with organic

materials, iz maialy present as inorganic collocids.

Batley and Gardoer (1973) applied the same scheme toc Cu, Fb and C2

spaciation in
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stuarine and coastal waters., Associatioans of Cd (13-
32%) and Po (45-T0Y%) with inorzanic colioids were Iound to be
d

lmportant, while 40% ¢f Cu was
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rezent as inorganic and arganic
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In river water the colloidal organic and inorganic species together

account for 52% of total Cu, 24% of total Pb and 5% of total Cd
(Batley 1983).

4 scheme Incorporating filtration and ultrafiltration as the major
separation techniques has been introduced by Laxen and Harrisaon
(198la) and is illustrated in Figure 2.6. The metal species were size
fractionated using Nucleopore filters of 12, 1.0, 0.4, 0.08 and .015
pm rated pore size, followed by a series of Amicon ultrafilters.
ASV-labile, Chelex-labile and u.v. irradiated fractionations were also
included in the scheme. The separation techniques are complex and only
a few of the fractions possessed metal levels above the detection
limit. However, the ultrafiltration steps gave data on truly dissolved
metals which are believed to be highly toxic. In this respect a
comparison of the ultrafiltration steps with, for example, biloassays,

would be interesting.

The results for the application of this scheme to the effluent from a
sewage treatment plant showed that most of the metals were associated
with the colloidal and particulate phases (Laxen and Harrison 1981Db).
However, a high percentage of the Cd (45%) was present in the
ultrafilterable, less than 0.015 pm, fraction. Copper is also
important in the ultrafilterable fraction (47%) but, although Chelex-
labile, it is not present as the ASV-latile form.

In a later application of the scheme to the effluent from a Pb-acid
batiery manufacturer, the ultrafiltration stage was omitted (Laxen and

Harrison 1983), probahbly because of the problems associated with this
technique.

When applied to the speciation of Pb in tap water, this filtration

based scheme showed that Pb associates with the whole range of

particulate, colloidal and dissolved ligands. Although Pb is often
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impact of Cu im poliuted freshwater and sewage effluents. Free Cu ion,
measured by Ion Selective Electrades, was less than 2 pg/l. CuCOx was
thought ta be an important species on the basis of calculations using
uncertain stability constants, total hardness values and free Cu ion
concentrations. The species present in the greatest concentration was
that described as amino acid complexed, altbough this fraction

probably included any strongly bound species.

Chau and Lum-Shue-Chan (1974) distinguished between labile and nan-
labile forms of metals in lake water by their response to ASV. Labile
metal was deternined after the addition of acetate buffer, while baund
metals were determined after digestion with persulphate/sulphuric acid
or nitric/perchlaric acids. A similar differentiation of labile and
nan-labile species far North Sea and River Rhine samples were carried
aut by Duinker and Kramer (1977). Zinc was found to be labile, while
Cu and Pt were mostly in the bound form An additional extraction with
APDC/MIBK gave the same lability results for Zn, but higher values for

Pb and Cu and laower values for Cd.

Relative labilities of metals have been assessed by Figura and
McDuffle (1980) in & scheme based on the use of Ca Chelex, Very labile
refers to metals which are directly measured by ASV, whereas
moderately labile and slowly labile metals are those which are taken
up by Ca Chelex column and batch extraction methods, respectively. The
inert fraction contains metal which is not susceptible sven to Ca
Chelex batch uptake and probably represents extremely stable organc-
metallic compliexes or metal adscrbed strongly to collaoidal material.
The separations are not completely satisfactory as the very labile
fraction is not always fully retained by the Chelex column or batch
methads (Batley 1983). Consequently the results cannat be interpreted

in terms aof dissociation kinetics.
The scheme was applied to river water and most of the Cd and Zn (18-

90% and 86-100%, respectively) was found to be present as very labile

ar moderately labile species. Most of the Pb was associated with the
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slowly labile fraction and Cu was almost entirely in the moderately

labile and slowly labile fractions.

Hart and Davies (1981) used a combination of Na Chelex (batch method),
dialysis and acidificaticon to determine metal speciation in estuarine
waters. The determination of cther parameters such as chleride,
suspended spblids and organic carbon, followed by an analysis of tiis
data by a computer simulation, allowed some prediction of the species

present.

Cadmium and Zn were fractionated on a column of Chelex by Pik et al.
€1982). The remaining metal associations, described as colloidal, were
determined by coprecipitation of tbe metals with a Mo carrier complex.
Metal determinations were carried out using the highly sensitive X-ray
Fluorescence technigue. The results showed tbat, for estuarine and
river waters, Zn was 70-100% Cbelex exchangeable, whilst 50~100% of Cu

was colloidal.

The importance of the colloidal associations has been shown by
Sholkovitz et al. (1978) to be due to the flocculations under
estuarine conditions of the 0.1 um and 0.45 pm size fractions. Welte
and Montiel (1980) suggested tbe use of 0.45 pm and 0.22 um
filtration, io separate these organic collolds, followed by columns of
aniontc {(Cl~ form) and cationic (H" form) resins. U.V¥. irradiation may
also be incorporated into the scheme to provide information on organic

and inorganic forms.

Dissolved Pb in snow has been found {o be mostly present as the
cationic colloidal form (Vuorinen 1983). In the same study the
particulate phase was also examined and most of the Pb found to be in
the 10-60 um fraction, witb 73% readily extractable from the solids by

ammonium acetate solution at pH 4.8.

Sugai and Healy (1978) used Gel Filtration Chromatography combined

with ASV to identify metal-organic speciation in an anoxic fjord.
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Complexation of both Cu and Pb with organic material was observed over

a wide range of molecular weights, typically 500-10000.

The concepts of lability and physical separation have been combined by
Hasle and Abdullah (1981). Ultrafilterable fractions of coastal
seawater were determined by ASV for labile, acid soluble (pH 2.8) and
total metals. Acidification releases inorganically and organically
complexed metals, whilst organo-metallic compounds probably account
for most of the total non-lahlle fraction. Cadmium and Pb were found
to be associated with the low molecular fractions with Cd showing a
tendency to be non-lablle. Copper was largely assoclated with organic

collolds.

A combination of a speciation scheme and bioassay analyses was used by
Ramamoorthy and Morgan (1983} io determine the toxic metal fractions
present in wastewater. Metals were separated first by filtration and
then by cation and anion exchange resins. Tbe bioassays on Dapbnia
magna and underyearling ralabow trout showed that when metals were
removed by the catlon excbange resin the toxicity was completely

eliminated.

In the same study ultrafiltration was used to show that Zn was mostly
in the > 30000 molecular weight fractiomn, Cd was associated with two

lower molecular weighi ranges, 1500-10000 (30%> and < 1500 {(40%),

while Pb was found in the 1500-10000 range <30%) and the > 10000 range
(60%>.

Speclation schemes for separating dissolved heavy metal fractions have
provided some insight into the toxicity and geochemical mobility of

metals.

The lability concept applied to ASV and Chelex resin analysis allows

some distinction between free and complexed forms (hoth inorganically
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and organlcally). Physical separation is an additional technique which

allows differentiation between colloidal and dissolved metals.

The results for freshwaters generally show that Cd and Zn exist in
relatively free forms, Pb is predominantly inorganically complexed,
but Cu is found mostly as organic complexes (both colloidal and low

molecular weighty.

Previous work indicates that the procedures described can be adopted

for polluted waters. In such waters the suspended solid phase also

becomes an important source of heavy metals.

Although the toxicity of the dissolved phase is higher because of its
direct contact with arganisms, the non~lithogenic fractions of
suspended solids may subsequently release heavy metals into aqueous
systems. The fractions studied must therefore reflect all heavy metal

specles which might have a direct effect on aquatic biota.

Municipal, 1ndustrial and storm surface runoff are increasingly
polluting river, marine and estuarine sediments with heavy metals
(Gupta and Chen 1975). For instance, the Cd concentrations in the
sediments of the river Rhine have increased more than 100 fold in
eighty years (Salomons and Forstner 1980). Metal contaminants may
exist in relatively unstable forms and may be released by engimeering

operations such as dredging or by resuspension during storm surges.

It has been reported that pH is probably the single most important
factor influencing metal adsorption onto both inorganic and organic
surfaces (Forstner and Salomons 1983). This statement however does not
conslder the Importance of changes in lonic strength and measured

redox potential, as well as the nature of the surface metal binding

sltes.
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From these considerations several schemes have been proposed for the
sequential extraction of chemical fractions from sediments and

suspended solids.
nts u

The importance of the availability of metals to plants meant that most
of the early work was carried out on soils (Jackson 1958). In marine
pelagic sediment studles {(Chester and Hughes 1967, Nisseubaum 1972) it
is the interactions of metal fractions with pore water and the

sediment/seawater interface which are of more concern.

The separation of sediment associated metal species into fractions is
best achieved by a series of sequential extractions. The extraction
steps are not specles-selective and repeated treatment often gives a
further release of metals, especially in the reducible fractions. They
can, however, provide valuable information on the mobility and
availability of elements in soils, sediments and sludges (Lum and

Edgar 1983).

2.6.1.1 Exchangeable Fraction.

The exchangeable fraction 1s considered to be that which is available
primarily and immediately for biological uptake. It may include metals
which are weakly attached to the surfaces of clays or hydrous Fe and
Mn oxides or to organic coatings. The addition of a high concentration
of chloride or acetate provides a competing ligand for the heavy
metals. Hence MgCl: (Tessier et al. 1979, Eisenreich et al. 1980),
BaClz-triethanolamine (Forstner and Patchineelam 1280) and NH.OAc
(Salomons and Forstner 1980) have been proposed as extracting agents,
usually at 1M concentrations and at pH 7.0, The use of ammonium
acetalte as an extractant has been criticised due to its tendency to

attack carbonates (Tessler et al. 1979),
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2.6.1.2 Carbonate Fraction.

Carbonates in sediments exist as cements and coatings whichk co-
precipitate with heavy metals. A4 lowering of pH, such as occurs with
acidified rain, would dissolve carbonates and release the associated
heavy metals. The most accepted extraction method is a sodium acetate/
acetic acid (pH 5.0) treatmwent although some attack on metals weakly
bound to hydrous Fe and Mn oxides may occur (Tessier et al. 1272).
Forstner and Patchineelam (1980) claim that their acldic cation

exchange method 1s very specific for carbonate associated metals.

2.6.1.3 Hydrous Iropn and Manganese Oxide Fraction,

Hydrous Fe and Mn oxides are thought to exist as coatings on
particulate surfaces (Davis and Leckie 1978). These coatings have a
high capacity for metal adsorption (Gadde and Laitinen 1974).In order
to reduce this fraction (Fe(III) to Fed(IIl), Mnd{IV) to Mn(II)), several
extractants have been proposed. Dithionite/citrate (Salomons and
Forstner 19880), hydroxylamine hydrochloride/acetic acid (Chao 1872,
Tessier et al. 1979 and 0.3M HCl (Eisenreich et al. 1980) all appear

to have heen used successfully

2.6.1.4 0O ic F I

Much of tihe organic fraction will he particle coatings of plant
derived organic material. Humic and fulvic acld associated metals can
be successfully removed using 1M NaOH. However, the use of sodium
hydroxide remobllises metals from phosphates and silicates (Forstner
and Patchineelam 1980). Strong oxidising agents, such as 0.4K Na.Pz0-
(Eisenreich et al. 1980> may also attack the crystalline phase and so
Tessier et al. (1979) decided on a compromise and used an extraction
mixture of hydrogen peroxide and 0.02M HNOx. However, metals released
from organics by peroxide oxidation are readily adsorhed on clays

(Eisenreich et al. 1980).
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An alternative and promising approach would be an investigatien into
various combinations of organic solvents as extractants of the organic

fraction, followed by digestlon of the released metals.
5 6.2  Evaluati f S ial Scl

Gibbs (1973) distingulshed between exchangeable metals, metals
attached tc metal hydroxide coatings, organic solids and crystalline
phases in a study of sediments from the Amazon and Yukon rivers.
Forstner and Patchineelam (1980> (Tabkle 2.7} and Tessier et al. (1979)

also used sequential schemes to analyse heavy metal fractioms in river

and estuarine sediments.

The information which these schemes provide 1s relevant to the ease of
metal release to the agueous phase as well as to processes such as
geochemical mobility. There is a certain amount of overlap hetween the
chemical fractions and a scheme with five or six fractions 1s
analytically demanding. It is preferable to devise a scheme, based on
established speciaticon schemes, which will still identify the relevant
processes. Hence a less complex sequentlal scheme has been applied by
Salomons and Forstner (1880) to 1& rivers throughout the world. The
data, shown in Figure 2.7, shows that metals in polluted waters are
mostly associated with the relatively bhicavailable fractions (non-
lithogeneoug? while in unpolluted waters most of the metals tend to be
assoclated with the crystalline fraction. The extraction scheme of
Eisenreich et al. (1980), illustrated in Table 2.9, showed similar

results 1n a study of the Mississippl River sediments.

Luoma and Bryan (1981) carried out sequential extractions on a wide
range of river sediment samples. The factors affecting trace metal
distributions were then analysed statistically. Zinc correlated well
with Fe and only weakly with organic carbon, unless the Fe
concentration was relatively low. Lead correlated anly weakly with
both Fe and organic materials, while Cu correlated strongly. Cadmium
correlated significantly with Fe, organic carbon and particle size,

suggesting that the three are intercorrelated Cd transport mechanisms.

-61-



Table 2.7
(1980).

Sequential Extraction Scheme of Forstner and Patchineelam

Fractions Extraction MNedium Interpretatian
Soluble Hz0 Easily soluble metal
Exchangeable 0.2¥ BaCl=- Easily extractable
triethanolamine fraction (e.g.
pH 8.1 exchangeable)
Humic and fulvic 0.1M NaOH Metals attached to humic

acid

Carbonate

Easily reducible

Strongly bound

Moderately
reducible

Acidic cation

exchange

0.1¥ ¥H=0H.HC1/
0.01M HND-

30% HaD= + 1M NH.OAc

1M NHzOH.HCL +

25% acetic acid

and fulvic acids

Metals associated with

carbonates

Metals bound to Mn-oxides

amorphous Fe-oxides

Organic residues and

sulphides

Hydrous Fe-oxide

asgoclated metals
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Table 2.8

Solids (Tessier et al.

18785,

Sequential Extraction Scheme for Sediments and Suspended

Fractions

Extractiaon Medium

Interpretation

Exchangeable

Bound to carbonates

Bound to iron and

manganese oxides

Bound tao organic

nmatter

Residual

iM MgClxz, pH 7.0,

1 hour

IM ¥aOAc, pH 5.0
with acetic acid

5 hours

0. 04M NH=0H.HC1
in 256% {(v/v) HOAc
5 hours, 86°C,

pH 2.0

30% Hz0=/0.02M
H¥O=, pH 2.0,

85°C,
Subsequently NH.DAc

5 hours,

HE/HC10a (5:1)

Weakly adsorbed on clays,
bydrous oxides, humic

acids

Assocliated with

sedimentary carbonates

Assoclated with hydrous
oxides as nodules,
concretions, cement
between particles or

coatings

Complexed ar peptised
with natural organic
matter, associated with

sulphides

Vithin the crystalline
structure of primary

and secondary minerals
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Table 2.9 Sequential Scheme of Eisenreich et al. (1880).

Fractions Extraction Medium Interpretation
Exchangeable 0.5M MgCl=, 7 hours Adsorbed, icon
exchangeable
Organic 0.4 Naa.Pz0», 10 hours Particulate organic
pH 7.0 coatings
Bound to hydrous 0.3M HC1, 30 minutes, Hydrous metal oxide
oxides 80°C coatings
Residual Concentrated HROs/ Crystalline bound metals
HC1/HF

Luoma (1983) has reviewed the uptake of sediment bound metal by

detritus feeders and bas suggested that the main reason for poor
correlations, between sediment bound metal and the concentration of
metal in organisms, are the use of a narrow data base. His own studies
showed that metal concentrations in a polychaete, N, diversicolor,
correlated with sediment bound metal concentrations over a wide range

of estuarine conditions.

Thomson et al. (1584) determined metal concentrations in the deposit
feeding bivalve, M. balthica, and found that the biocavailability of Zn
contained in sediments derived from urban runoff is lower than in the

sediments associated with sewage effluent, discharged to an estuary.
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Bruberg (1983) compared ETSA (Electron Transport System Activity),
which corresponds to bacterial activity, in eutrophic lake surface
sedinents to added Zn, Cd, Pb and Cu concentrations. At metal levels
cf 1 to 10 mg/l ETSA decreased in the sediment by 40-90%, wilth the
greatest sensitivity being observed for Cd and Cu. Nitrification
experiments showed that metals anly slawed, rather than inhibited,

axidatian.

At lower metal concentrations bacteria may play an important metal
binding rele to the sediment surface. Harvey et al. (1982) found a
strong relationship between Pb and bacterial enrichment at particulate

surfaces in a salt-marsh.

Organisms are cbviously useful indicators af metal pallutian in
sediments. However it must be realised that biclogical contamination
may alsa be related to pocisonous organics or other taxic substances
and so organisms provide a more general indication of biological

contamination.

2.6.4 The Importance of Determining Heavy Metal Associations in
Suspended Solids and Sedimepts.

Sequential schemes for the analysis af heavy metal speciation in
sediments rely en the ease of release of the salid bound heavy metals.
This approach is fundamentally different to the dissnlved measurements

which relate to the complexatian strength ar lability af the metals.

Comparisons of sequential extraction results, with that metal which is
most readily biocavailable, is ncot straight farward. The most important
fracticn which can be determined is the exchangeable fraction as this
represents the easily released and, therefore, most immediately
available metal. Previous studies have shown that this fraction
contains higher concentrations in polluted waters where most of the
heavy metals are associated with non-crystalline forms. The

interpretation of these sequential extracticn studies can be greatly
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assisted by a consideration of theoretical studies of heavy netal

associations with particulates.

2.7 Alternative Approaches fg Speciatiogn Stydies.

Other approaches to speciation studies have been suggested to
complement previously reported results and aid in their
interpretation. Mathematical models can only be used satisfactorily if
enough is known about the major species and their relative stability
constants. Particulate surface interactions with metals can be
theoretically explained as a result of laboratory experiments. In
addition laboratory simulation studies help to explain experimental
data from sequential extractions on particulates. Mixing experiments
allow some insight into the fate of heavy metals on contact with

receiving waters.
2. 7.1 Mathematical Models.

All the mathematical models presented to date are based on
thermodynamic considerations only. If the total concentrations and
interactions of all the major components of the aquecus system are
known and perfect equilibrium conditions prevail, then the
concentration of each chemical species of a given element can be
calculated. The values of the stability constants and the
corresponding disselved and surface free ligand concentrations must be
known. The uncertainty over many stability constants, particularly
with organic ligands, makes a comparison with real data difficult.
Another problem is the difficulty of comnsidering all the ligands which

may be available in an aqueocus sample to complex metals.

In seawater organic ligands are gemerally present at low levels

{1 mg/1) and are therefore thought to be relatively unimportant. This
allows calculations on the basis of homogeneous chemical reactions and
precipitaticns, particularly as open ocean water is so well mixed.
Hence mathematical modelling of seawater has compared favourably with

analytical work (Millero 1974, Vhitfield 1975).
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In freshwaters two other important interactions must be taken into
account:

a) The adsorption of metals onto particulates (Jenne 1968, Davis and
Leckie 1878) and interactions at the suspended solid/water interphase
{Vestall 1980, Hohl et al. 1980).

b) The presence of organic material. Most of this material is largely
uncharacteriased, especially fulvic acids which form important
complexes with heavy metals. Organic compounds may be dissolved or
present as surface coatings on particulate material (Davis and Leckie
1978).

A computer model, taking these factors into account would need to be
backed up by a considerable amount of analytical data. Batley (1983)
considers 1t unlikely that one could ever account for the
heterogeneous interaction of metal species with the mixed organic and
inerganic colloidal and particulate phases which represent a major
component of the total metal concentrations found in most natural
systems. Hart and Davies (1981} incorporated data from a speciation
study, together with general water quality data, into a computer
model. In this way computer calculations were used to assist in the

interpretation, rather than prediction, of heavy metal speciation.

2.7.2 Theoretical studies of the Interaction of Heavy Metals with
Particulate Fractions.

Interactions bhetween the dissolved, colloidal and particulate phases
control the fractionation of heavy metals between each phase. The
significant controlling influence of the particulate phase has been
recognised for some time {(Jenne 1968). However, the heterogeneous
nature of particulates in water has slowed down theoretical advances
in this field. The distribution of shapes, densities, surface chemical
properties and chemical composition may vary widely with size. The
sampling process may lead to changes in size and shape {(Kavanaugh and

Leckie 1980).
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Surface exchange theories have been found to apply well to the
adsorption of metals on hydrous Fe oxides and residuwal materials. A
theory for the exact behaviour of hydrous Mn oxide does not appear to
have been formulated. OUrganic materials are also capable of complexing
heavy metals. These theories are summarised in Table 2.10. From these
principles the partitioning of heavy metals between different
materials may be more easily interpreted, although comporent abundance

nmust also be considered.

Table 2.10 Control Mechanisms for Heavy Metals in Aquatic Samples.

Control Mechanism Type of Particulate Effects on Heavy Metals

Surface exchange Fex0=, silica, Regulator, a small

alumina, clays change in pH may cause

significant adsorption or

desorption
Co-precipitation, MnO= Removal, an effective sink
surface exchange unless low pH is
encountered
Complexation Organic solids and Removal, depending on
coatings complexation capacity and

stability constant

2.7.2.4 Surface Exchange Theory.
Surface exchange theory in natural water systems has been the subject

of several publications (Hohl et al. 1880, Westall 1980, Davis and
Leckie 1879>. Metal ion uptake can be explained by a combination of
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surface reactions invalving metal ions and their hydrolytic complexes

{equations 2.4 and 2.5).
SOH + M=~ = SO-M** + H~ 2.4
SOH + M= + Hz0 = SO-MOH =-'**+ + 2H* 2.5

The binding capacity of the surface will be dependent on the specific
surface area and the ionic radius of the reacting metal ion {(Luoma and
Davis 1983>. Hence the unhydrated Pb binding capacity for amcrphous
Fa(OH)z is 22 mmol/g, yet only 1.9 mmol/g for the crystalline
geathitae.

The James-Healy adsorption model (James and Healy 1973) predicts that
at constant pH fractional adsorption should increase with increasing
logB., where By, is the hydrolysis constant for additicn of the first
-0 to the metal ion (equatiomns 2.6 and 2.7).

M=* + Hz0 = M{OW=* + H*' 2.6
B = [MCQID™*T [Hr] 2.7
{ X1

Consideraticn of the first hydrolysis constants (Table 2.11) shows
that the % adsorption should decrease in the order Cu=+ > Pb2* > Zn="
> Cd=*, at a given pH. In fact adsorption of the metal ion hegins to
occur at a value of pBy - 1.5 (Gadde and Laitinen 1974, Davis and
Leckie 1978, Lion et al. 1982). The values of pf, - 1.5, illustrated
in Table 2.11, can be compared to the results for metal lon adsorption
on hydrous Fe oxides (Figure 2.8). Similar results have been gbtained
for silica (Huang et al. 1977), clays (Farrah and Pickering 1976a,
1976b, 1977, 1979, 1980} and hydrous Al oxides (Shuman 1877).

=-T0-



Table 2.8 Hydrolysis Constants far Heavy Metal Icns ({rom Florence

and Batley 18331,

Cu=~ Pb=- Zn= Cd=~
First Hydrolysis '
Constant, pg- 7.0 7.5 8.5 2.5
pf. - 1.5 5.5 6.0 7.0 8.0

% Adsorptico

4
I
80 !
!
!
! — Cu
!
60 I
! : B o
b
,f
i Cd
‘o
4< P
[ I Zn
;!
-
A
I
;!
P
20 R
r
U
4 5 & 7 &
pH
Hydrous [ron Oxide = 0.62% muole
Heavy Metal = 0.1 mole -
Figure 2.8  Uptake Experiments for Hydrous Fe Cxides (from Davis and

Leckie 1978, Gadde and Laitinen 1974}
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2.7.2.2 The Role of Hydrous Manganese Oxides,

Hydrous Mn oxides show a rather different behaviour to other surfaces,
as illustrated in Figure 2.9. Lead is strongly adsarbed, except at
very law pH values, whilst Zn and Cd are gradually released with a
ipwering of pH. Two possible explanations can be given:

a) Consideration of the Zero Point of Charge (ZPC) which has heen
developed from surface exchange theories bhecause of the importance of
surface charge. At pH values higher than the ZPC the surface exhibits
an average negative charge and so atiracts metal ions. At iower pH
values than the ZPC the surface exhibits an average positive charge
and so nmetal ions are repelled. The ZPC for hydrous Mn oxlde is 2.8
(Gadde and Laitinen 1974) and this corresponds to the results in
Figure 2.9,

b) The surface of hydrous Mn oxides are chemically dynamic, 1.e. they
are constantly being renewed, added to and changed in oxidation state
(Hem 19807, This may mean that the netals associated with hydraus Mn
oxlde are co-precipitated rather thanr adsorbed. This explanation can
explain the results of Figure 2.9 as metals will remaln co-
precipitated with the hydrous Mn oxides until the oxides are dissolved
and the metals stripped off at low pH values.
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Certain organic ligands are capahble of binding or complexing heavy
metals and certainly soil and water derived humic and fulwvic acids
show this ability (Shuman and Cromer 1978). The complexing ahility of
organic fibrils is under investigation (Leppard and Burnison 1983). A
higher stahility constant is found for the complexation of heavy
metals with humic substances (i.e. extracted by alkali) at higher pH
values (Mantoura et al. 1978).

A comparison of Conditional Stahility Constants at pH 8.0 for Fe(OH)x
and organics has been made by Luoma and Davis (1983), as shown in
Table 2.12, Copper is bound more strongly to organic matter than
Fe{OH)s while Cd, Zn and prohably Pb are preferentially associated
with Fe(OH)a.

Tabkle 2.12 Conditional Stability Constantis for Metal Complexation of
Amorphous Fe(OH)z and Organic Material at pH 8.0 (from
Luoma and Davis 1983).

log K, pH 8.0 log K, pH 8.0
Fe (CH) 5 Organics
CudlD) 7.9 8.9-11.4
Pb(II} 9.6 -
Zn(ID) 6.7 §.3-5.9
Cd(in 5.7 4.7

The lahoratory simulation approach is necessarily a simplification of

the real system, although it can give scome indication of the hehaviour

of individual components.
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Guy et al. (1975) observed the change in heavy metal distribution
between various particulate and dissolved components such as hydrous
oxides, humic acids and clays, over a wide range of pH values. The
model developed as a result of these studies appeared to be in
quantitative agreement with reported distributions for natural waters.
Typical values for Cu, Cd and Zn are given in Table 2.13. The results
shaw that Cu has a much greater tendency to attach to the particulate
phase (represented by ¥nDz and clay) than either Cd or Zn. Copper

shows a greater attraction to dissolved humic acids,

Tabhle 2.13 Sorption Characteristics of Humic Acid, MnO=z and
Bentonite {(from Guy et al. 1975).

Metal I (mmol metal/ Xm (mmol metal/ Distribution

g ¥nO»> g humic acid) coefficlent for clay
Cu 1.95 0.42 9.0
Zn 0.96 0.21
Cd 1.10 0.22

Ionic streng

The observed tendency of Cd and Zn to be readily solubilised, in
leachate studies on road sediments (Ellis and Revitt 1982), is in
agreement with the results of Guy and Chakrabarti (1976) as both

metais seem to prefer the dissaolved phase.
Laxen (1583) has modelled the behaviour of Cd in freshwaters and

suggested that Cd may be bound up in the redox cycling of Fe and Mn
because of the importance of hydrous metal oxides. Although the Cd
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adsorption to various binding sites was found toc be rather dependent
on the ionic strength, a relative order of importance for a river
suspended sediment was;

Feamsrprous > Mn > Clays > Fecryaurarriive ? humics > silica

2.7.4 The Product App] oach.

Mixing experiments were introduced by Sholkovitz (1976) to determine
the composition of removal products (flocculants) due to the mixing of
filtered river and sea waters at varying salinities. The results of
these experiments showed that rapid flocculation of Fe, M¥n, Al, P,
organic carbon and bumic acids occurs in the esstuarine environment.
Most of the precipitate is formed within one half hour of mixing, and
is removed for analysis. A further 24 hours is required before enough
precipitate forms for a second determination. The procedure is

illustrated in Figure 2.10.

Further studies (Boyle et al. 1977, Sholkovitz et al. 1878)
demonstrated the important role of dissolved organic matter. The high
molecular weight component of dissolved humic acids (0.1 um - 0.45 um
filtered) which constitutes a small fraction of river dissolved
organic material, is preferentiaily and rapidly flocculated during

estuarine mixing.

The application of mixing experiments to the modelling of the impact
of stormwater on river water would be interesting. During winter
storms high concentrations of chlorides are frequently observed due to
the use of de-icing salt. The resulting large change in ionic strength
between incoming stormwater and ambient river water may give rise to
changes in the speciation of the toxic metals. Other parameters which
are often significantly different between stormwater and river water,
and which may result in flocculation, include pH, organic material
(both dissolved and particulate), suspended solids loadings and Fe and

¥n concentrations.
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Pb is mostly associated with hydrous metal oxides. Zinc and Cd tend to

be more readily solubilised in the pH range of most aguatic samples.

Mathematical models, theoretical studies, laboratory simuvlaticm and
mixing experiments are useful methods for interpreting heavy metal

fractionation data from speciation schemes.

Organic ligands of both simple and complex structure occur in

abundance in natural waters, typically at concentrations of 10 mg/l in
river water. Approximately half of these organics are fulvic acids
(Saar and Weber 1982), which closely resemble organic extracts from

sail (Reuter and Perdue 1977).

A large proportion of heavy metals in natural waters are believed to
exist in complexed or chelated forms with organic ligands (natural or
anthropogenic) which therefore act as regulators of metal availability
(Chau 1973>. Complexation may therefore contrel the gecchemical
transport and biocavilabillity of metals in the aquatic environment (Van

den Berg and Kramer 1979a).

In addition to increasing the possibility of heavy metal transport in
natural waters, as well as through wastewater treatment processes,
complexing agents may hinder the removal of metals from water,
increase the corrosion of metal surfaces and affect the oxidation

state of metals in water (Kunkel and Manahan 1973).

Analysis of the complexation properties of these organic compounds is
complicated by the irregular structure and wide range of components
present. Several experimental methods have been developed to
investigate the complexing behaviour of organic fractions in natural
waters. Most metheds involve a titrimetric procedure in which the
ligands are reacted with a suitable metal ion until the end point,

equivalent to the complexing capacity, is reached. A technique to
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detect remaining free metal is therefore required. Voltammetry is the
most tested method (Shuman and Woodward 1973, 1977, Shuman and Cromer
1979) although it may measure weakly complexed metals in addition to
free metal ion. Potentiometry, Ion Selective Electrodes,
solubllisation, biocassay and ion exchange are other available

techniques.

2.8.1 Polarography and Voltapmetry.

Preliminary polarographic studies of consecutively formed complex ions
(Deford and Hume 1953) were developed by Matson (1968) who used ASV as
a gensitive technlique to detect free, as opposed to organically
complexed, Cu. Copper is a satisfactory metal for the titration as it

forms strong, specific complexes with many organic compounds.

Methods for determining Apparent Complexing Capacity (Chau 1973, Chau
and Lum-Shue-Chan 1974) and later Conditional Stabllity Constants
(Shuman and Woodward 1973, 1977) have since been developed. The method

is rapid, sensitive, allows the determination of total ligand

concentration and is applicable over a wide pH range.

The technique is essentlially a complexometric titration of metal lom
against ligand. Where ligands are titrated sequentially, those with

the highest stabillity constants are complexed first of all {(Craosser

and Allen 1877).

A typical titration curve for Cu with a water sample is illustrated in
Figure 2.11. VWhen ligands are present, and their individual
concentrations are small, a smooth curve, as shown by the dashed line
in the figure, is typical. In this case the sharp changes in stability
constants are offset by small changes in concentration. Changes in
titration slope are therefore related to the product of the

concentration of the ligand times its Conditional Stability Constant.
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Figure 2.11 Thecretical Titration of a Vater Sample with Copper.

The Apparent Complexing Capacity is found by extrapclaticn cf the f{ree

metal {on (final slope) to the x-axis. There appears to havs bdeen scoe

ambiguity in the literature regarding this deternination. Some authars

ave used the value of <.,

which i3 the wvalue at the daint o:

the finail slopes Duinker and

1281,

inflection of and the directly preceding

Kramer 1977, Hart Souman and Woodward 1977, This waluz is then

Stapilitv Constants. Other

vsed in the calculation of Ccnditional

authors (Eigenreich et al. 12980, Laxen and Harriscn 1281b, 1983

appear to have used the recommended procedure of Thau (19732 as
{llustrated in Figure 2.11,
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2.8.1.2  Caloulati f the Conditional Stability C

The Conditional Stability Constant can be calculated on the basis of

formation of the complex {(equation 2.8):

aM + bl = M.L- K'ee = [Malis] 2.8
[MI=[L1¥
vhere a and b depend or stoichiometry
L = Ligand
1 = Natal

K'me = Stability Constant

For a given Complexation Capacity, the initial slope becomes lower for
increasing values of the Conditicnal Stability Constant. Using ASV
titration data, Shuman and Woodward (1973, 1977) derived equation 2.9:

is = k . (Ci/fa)7n 2.9
Kt ) 7= (C. - b/a Gmi®=™
whare ia/k = slope of graph afier all complexing sites are filled

{m = concentration of metal added
{u = concentration of total ligand ab the intercept

For a 1:1 complex a plot of ia vs [Cm/{(CL - Cw)] has a slope of k/K'm
while for a 1:2 complex a plot of ia vs Cm/(CL - 2Cw)2 has a slope of
kK o

With low stability constants the calculation is accurate, within 20%,
for titration values up to halfway tc the endpoint (C.). The error
decreases for higher Stability Constants. Some kinetic dissoclation
has been ohserved for humic and fulvic acids (Shuman and Cromer 1973
and the extent is dependent on ligand concentration. After applying a
suitable correction factor the Stability Constant was not

significantly changed, while the Complexation Capacity was slightly

increased.

In environmental samples displacement reactions can take ‘place in
addition tec the direct reaction in equation 2.10 (Neubecker and Allen
1983).
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M+ HL=M + N Koo = [MLI(M'] 2.10
[MIIN L]

vhere ' = a diffarent matal

Therefore, the conditions for measurement, e.g. pH, ionic strength and
competing complexation, are different from those relevant to the
determination of the Thermodynamic Stabllity Constant and the term
Conditional Stability Constant 1s used. The changes in the Conditional
Stability Constant during titration may be offset by small changes in
concentration and hence it may only be possible o quote an Average

Conditional Stability Constant for a plethora of ligands.

Although the resulis depend on the experimental condlifions the
technique is simple and straightforward to carry out. Some workers
have found problems with the use of ASV as the measurement technique
in that metal complexes may he reduced by the electrochemical
procedure. This problem can be overcome by operating at potentials
only high enough teo reduce the free metal ion. Another area of concern
is that surface active organic material may be adsorbed to the

electrode surface causing erroneous free metal wvalues.

The use of this method has been criticised by Tuschall and Brezonik
(1981) and shown to give low stabllity constant values compared to
other methods. The subject remains controversial as is indicated by an

exchange of comments by workers in the fleld (Bhat and Weber/Tuschall
and Brezonik 1882).

2.8.2 Other Methods.

Potentiometric tLiiration has been widely used by soil scientists
(Schnitzer and Kahan 1972) for determining the Complexing Capacity of
isolated materials. As a direct itechnique an Insufficient change of pH
is found in natural waters due to the low concentrations of complexing
ligands and the high concentration of bicarbonate. Shuman and Cromer
{1979) carried out a potentiometric titration on humic and fulwvic

acids isolated from lake water. The Cu Complexation Capacity from ASV
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titration data only represented 15% of the theoretical capcity from
total acidity.

lon Selective Electrodes, in theory, only measure free ion and should
therefore be very suitable. However, it is generally difficult to
achieve Nernstian response below a filterable Cu concentration of

1 uM. Buffle et al (1977) have applied the technigue to freshwaters,
but difficulties arise in obtaining a stable response, probably due to

the presence of organic ligands.

Solubilisation finds most application when studying strong chelating
agents such as EDTA. The procedure, intreduced by Kunkel and Manahan
{1973), is based on the solubilisation of metal by the addition of
ligands to a metal hydroxide suspension at pH 10.0. The precipitate is
filtered and soluble Cu determined by Atomic Absorption
Spactrophotometry. A concentration of Cu in the filtrate greater than
15 pg/l must be due to complexation by water sample constituents
{under the conditions of the experiment). Despite the simplicity of
the technique there are many problems including:

a) the requirement of bighly alkaline pH conditions (Campbell et al.
1977).

b) incarrect results are obtained with weak ligands (Frimmel et al.
1980).

¢) the necessity of boiling the solution for one hour (Neubecker and
Allen 1983).

d) the slow attainment of equilibrium between the solution and the
precipitate, precipitate ageing and the operational definition of
solublility in terms of filtration through a 0.45 um filter (Crosser
and Allen 1977).

Biological response or biloassay is related to the response of micro-
organisms (Davey et al. 1973) to the toxic forms of heavy metals. By
measuring a metabolic parameter as a function of added Cu ian, the
fraction of bioavailable (free Cu in solution can be determined. A
titration-like curve may be formed from which an endpoint is estimated

(Davey et al. 19073, Gatcher et al. 1978, Gillespie and Vacarro 1978).
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Ip; exchange, 1introduced by Schubert (1948), has been well tested by
soll scientists (Zunino et al. 1872, Schnitzer and Kahn 1972) although
the ion exchanger tends toc strip the metal from its complexes. The iorn
exchanger behaves as a second ligand onto which the metal can become

bound.

A more acceptable technigue, utilising a weak ion exchanger, MnO=, in
place of synthetic resins has been introduced by Van den Berg and
Kramer (1979b). Most free Cu icn is bound and the hydrcus oxide does
not remove metals from complexes. The method works well for complexes
with Conditional Stability Corstants lower than log K = 10 and also
for low ligand concentration (0.2 mg/l crganic C). The formation of
ternary complexes of crganic ligands at tbe oxide surface (Davis and

Leckie 1978) is the main criticism of this technique.

2.8.3 Comparison of Methods.

Sterritt and Lester (1984a) have compared the Conditional Stability
Constants obtained for Cd, Pb and Cu with fulvic acid by using three
different analytical techniques; Ion Selective Electrodes, dialysis
and ASV. The stability constants obtalned by ASV neasurements were
lower than for the other two methods, suggesting the existence of
increased metal complex lability. However, the Complexation Capacity
was similar for all methods. Ion Selective Electrodes detected both
weak and strong complexes, while ASV and dialysis were only sensitive
to stronger complexes. For stronger complexes a log K range of 4.7 to
7.0 was found, while weaker complexes gave a log K value pi between
3.8 and 5.6 for all three metals. Weaker binding sites often show a
much greater metal capacity for Cu and Cd than stronger binding sites

(Sterritt et al.1l984b, Sterritt and Lester 1985},

2.8.4  Avolicati B . ¢ Heavy Metal Complexi
Measurements.

There is still a certain amount of critical discussion regarding the

measurement of heavy metal Complexaticn Capacity and the presently
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availahle tecbniques require furtber development. However, the
importance of the ability of organic ligands to complex beavy metals
is well reccgnised. For this reason the ASV titration method, if
standardised with respect to analytical conditions, is a simple
technique for monitoring the spatial and temporal variations of

complexing organic ligands in polluted waters,

2.9 Clean Nethods and Problems of Trace Apalysis.

The maintenance of consistently low blank values is difficult at trace
levels. Many of the contamination problems concerning the sampling and
storage of water samples, for heavy metal analysis, were not solved
until tbhe mid-1970's (Batley and Gardner 1977). The control over
contawinaticon depends on good laboratory practice (Kosta 1982).
Contamination can occur at any stage of tbe analytical procedure,
although sampling and sample preparation seem to be the most critical

steps.

2.9.1 Sampling.

The sample cantainers should preferably he of polyethylene and be
washed before use in a 10% HNOz batb for 24 hours. After rinsing
thoroughly witbh purified water the sample can be taken or the bottle
placed in the sampler. For heavy metal speciation studies the sample
must be filtered on the day of collection due to the danger of sample
changes. The rapid loss of metals by precipitation or adsorption on
container surfaces can be a major prohlem during sample storage
(Harrison 1883).

2.9.2 Laboratory Atmosphere.

The fallout of beavy metals in dust particles is typically 0.01-0.1
ng/cm/day for a lahoratory (Keosta 1982). This can be reduced by 10-100

times in a dust free room. Dust and particles from the activities of
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Réfsonnel are the greatest source of contamination. Dirt particles
from shoes can be captured by a sticky floor covering (Mart 1982).
Where the sample is likely to be exposed for a long time period, or
for samples with low metal concentrations (< 1 pg/s/1), a laminar flow
hood is reguired to prevent gross contamination. To prevent cross-
contamination, preparation steps which involve concentrated chemicals
should be excluded from the working area used for metal

cdeterminations.

2.9.3 Laboratory Ware.

Materials which are typlcally used in a laboratory include
polyethylene, polypropylene, rubber, Teflon, glass and silica. Some
materials, such as rubber, can contaminate a sample, while some, such

as glass, can adsorb metals from a sample (Batley and Gardner 1977).

Table 2.12 shows the levels of metals in certain laboratory materials.
Polyethylene is usually the recommended material for trace metal work,
as it is possible to remove most of the plastic matrix associated
metal, which i{s high in Zn and Pb, by soaking for 48 hours in a 10%
HKO= bath (Laxen and Harrison(198la).Metal species are not adsorbed to
a significant extent to the polyethylene surface when samples are
stored at neutral pH values, while the Pb content of acidified samples

(pH 2.0) only increases by 1 ng/l every two weeks (Mart 1882).

Polyvinyl chloride (PVC) contains Zn, Cd and Pb at the 0.1-10 mg/Kg
concentration which is due to their use as stabilisers during
manufacture. Teflon is an excellent material for metal samples, hut is
too expensive for routine work. Polycarbonate, glass and silica are
not suitable for sample storage as they adsorb retals to their
suriaces. However, glass can be used for the routine digestion of

acidified samples, after acid cleaning.
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Table 2.12 Typical ¥etal Levels in different Laboratory Materials
(from Kosta 1982, Heydorn and Damsgaard 1982).

ng/Xg
0.1-10 0.01-0.1 0.001-0.01

Polyethylene and
polypropylene Zn, Pb Cd Cu
FVC Zn, Cd, Pb
Teflon Cu
Polycarbonate Pb, Cu
Glass Zn, Pb, Cu
Sillica Cu Cd
2.9.4 laboratory Reagents.

Ultra-pure water can be obtained from a Milli-Q ion exchange system
when it is fed with double distilled water. Typically the following
low blanks are obtained from the system, Cd < 0.1 ng/1l, Pb < 2 ng/l,
Cu < 10 ng/l (Mart 1982). No data was given in the latter reference

for Zn.

High purity acids can be obtained from BDH (U.K.} or Merck

(W. Germany>. Usually the trace metal levels are ten times laower than
the label indicates, with Cu and Zn typically quoted at between 5 and
50 ug/l (Kosta 1982). If required these levels can be reduced by 100-
1000 times by the use of a sub-boiling point still. However, when
acidifying samples to pH 2-3 (typically 50 ul high purity acid/50 m]
sample) only 0.3 ng/l Pb is added (Mart 1982).
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Other reagents may contain variable amounts of metals and may be

difficult to purify. It is therefore important to obtain the highest

purity reagents available and to check their blank addition during
uge. I1f further purification of reagents is required then this can be

achieved by controlled potential electrolysis, solvent extractiomn or

ion exchange (Batley and Gardner 1977).
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Stormwater concentrations and loadings of heavy metal species were
studied at the stormwater outflow pipe of two urban catchments. One
residential catchment was chosen in England and one in Sweden; both
catchments are housing areas developed for population overspill during
the 1950-1970 perlod. For a smaller scale study, in an attempt to
provide a mass balance for heavy metal specles in an urban area, a
parking lot at Chalmers Unlversity of Technology, Gothenburg, Sweden,
was selected. Only the area draining into a single gullypot was

considered in this latter case.

The catchments used were:

a) Oxhey; a 247 hectare residential estate on the north west fringes
of Greater London, England.

b) Bergsjsn; a 15.6 hectare residential estate in the north eastera
suburbs of Gothenturg, Sweden.

¢) Chalmers; a 390 m® car parking lot on the site of Chalmers
University of Technology, Gothenburg, Sweden.

2.1 The Oxhey Catchment.

The Oxhey housing estate is predominantly composed of semi-detached
and terraced houses huilt during the 1950’s, with further re-
development during the period 1965-1975., The development also includes
grass verges, gardens and open spaces, a small shopping preclnct,

schools as well as other public bulldings and a car park (Figure 3.1,

A long throated trapezcidal flume was constructed in 1952 at the
catchment outfall by the Tramsport and Road Research Laboratory
(TRRL), U.X., for the purpose of developing suitable procedures for
storawater sewer design. It was subsequently used by Wilkinson (1956)
to determine patterns of pollutant discharge, and by Harrop (1984) for

more intensive stormwater runoff quality studies.
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Figure 3.1 Sewered Contributing Areas on tue Oxhey Catchment.

The prime characteristics of the catchment are given in Table 3. 1.

Both Wilkinson (19562 and Harrcp (1984) have noted high conceztrations
of Biological 6xyoen Demand and suspended sclids occurring during the
first 30 minutes of runoff which 3 twice as pollvted as the rest of
the flow. However, a proionged attenuation of turtidity is found after

the time of concentration has been exceedad.
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Table 3.1 Characteristics of the Oxhey Catchment.

Area (ha.) 247

% lmpervious Area i8.8
% Average Slope 2.3
Depression Storage Value (mm) 2.17
Time of Concentration (min> 19.2
2.1.2Flow Measurements,

The surface water from the catchment 1s dralned via the separate storm
sewer pipes to the Hertsbourne River and eventually into the River

Colne.

The depth of flow through the flume, prior to discharge to the
recelving stream, 1s measured with a level float installed in a
separate stilling well. In 1952, the TRRL calibrated the flow volume
agalnst stage height and Harrop (1984) has described the resultant
rating curve by two equations (equatlons 3.1 and 3.2).

Q@ =1.4 4+ 0.53b + 5.66 x 10-°h® - 3.64 x 10~°h® + 1,10 x 10~®h®

(flow > 10 1/s) 3.1
Q = 0.465h" .27° (flow < 10 1/s) 3.2
@ = Flow (1/s), h = Siage height (am)

Stage height data is recorded at one minute intervals on a cassette

tape using a Microdata M200L data recording logger
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3.1.3 Sampling,.

Sampling 1s achieved through a caged intake positioned in the throat
of the flume and which is fully immersed during storm flows. Samples
are drawn through a 12 mm plastic pipe with an overall head height of
10 metres. Sampling is activated when the water reaches a flow vaolume
of 81 1/s. At this point microswitches close the power supply circuit
on an automatic Rock and Taylor 48 bottle sampler. Sequential
continuous samples are withdrawn over a five to eight minute period at
approximately 150 ml/min. Collected samples were returned to the
laboratory cn the day of sampling and subjected to the analytical
procedures cutlined in Chapter 4.

3.2 The B |5 Catchment

Bergsjon is a smaller catchment than Oxbey, but also constructed for
the purpose of housing central city oversplll population during the
1860’s, The area contalns nine blocks of multi-storey bulldings, two
open parking lots and a shopping centre (Figure 3.2). The hydrolagy of
the catchment has been described in detail by Arnell (1680, 1982) and
metal/nutrient loads in the storm runoff are discussed by Malmgvist
(1983,

3.2.1 Catchment Characteristicg,

The prime characteristics of Bergsjdn are shown in Table 3.2.

Table 3.2 Characteristics of the Bergsjon Catchment.
Area (ha.) 15.6

% Impervious Area 38.1

Area of Catchment with Cu Surfaces (m®) 1700

Area of Catchment with Zn Surfaces (m®) 1190
Depression Etorage Value {(mm) 0.42
Time of Concentration (min) &
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Figure 3.2 Sewered Contributing Areas on the Bergsjon Catchment.

There is a great deal of Cu and Zn surfacing within the catchment, the
former being extensively used for guttering and the latter for streat

furniture.
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The depilk of the stormwater fiow at the sewsr cutfall i{s measured
across a sharp crested 120° V-notch weir, using an ultra-sonic level
detector (Figure 3.3). Flow has teen calibrated against stage height

by isolope measurements to give eguation 3.3.
@ = 4.389h2 %(3.6 + G.25h"- %) 3.3

= Yabar Flov (93/s), b = Yater Lavel (a),

Flgure 3.3  Secondary Flume for Monitoriang Flew at the Bergsjsn Field

Station.
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The stage height 1s recorded on a chart recorder and, after conversion

to flow volume, is stored in digital form.

3.2,3 Raipfall Measurements.

A rainfall gauge of the siphon type is situated in the catchment
(Malmgvist 1983) and provides continuous data on an internal chart

recorder.

3.2.4  Conti Pollul Monitord . B s

Vater 1s continuousliy pumped into the Bergsjén outfall field station.
through a 20 mm PVC pipe, by a Jobnson F5B-1 lmpellor pump, at a rate
of 34 1/min (Figure 3.4). After passing through a sampling beader tank
the water flows into the continuous pollutant monitoring system
(Figure 3.5).

The continuous flow system is constructed from a sealed PVC pipe and
holes in the upper surface allow the imsertion of a series of sensors,
which include a conductivity electrode, a temperature sensor and a pH
electirode. Turbldity is measured externally in the stormwater pipe, by
a photo-electric cell. The electrode signals are recorded both on a
Chino 12 channel chart recorder and in a digital form utilising an ABC
80 microcomputer.

A typical storm profile from the Bergsjon stormwater sewer systenm is
shown in Figure 3.6. An increase in the incoming flow is followed
immediately by changes in conductivity. This indicates dilution of the
baseflow, which usually contains 100-200 mg C1/1, by the incoming
rainfall and runoff. On the recessional limb of the storm event the

higher baseflow conductivity level is re-established.

The change in pH is slower and does not represent the incoming
rainfall pH, which is typically ca. 4.0. During storm events buffering
can be attributed to the washing of road surfaces and the flushing of
gullypots within the catchment. In addition it is thought tbhat the
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dissolution of cement in the concrete pipe neivork 15 an important

a
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source of biczrbonate ions. The contact time of rainfalli-runc
the ratber large surface area of the storm sewer pipes may be up %o

six minutes betw2en the catchment and the end of pipe.

Figure 3.4 Water Sampling at the Bergsjsn Field Station,
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Figuire 3.5 The Continuous M¥onitoring Sysftem inside the Bergsjién

Field Station.

Changes in turbidity bave been gravimetrically calibrated with samples
of stormwater sclids arnd provide an important indication cf suspended
solid transport rates., As is evident from Figure 3.6 variations of
turbidity are characterised by a "first flush" fcllcwed by a less
important "secondary ilush". For 120 siorm events, mcnitored in this
vay during 19383 and 1984, 24% were clharacterised by a "first flush” in

term= of tyrbidity (Horrison et al. 128%3).

Temperature changes generally focllow conductivity and pH, with a
decrease in temperature associated witkh inccming rainfall. However,
the 3light increase ian temperature at the very beginning of the storm
event is characteristic of zost storm events in autumn., Gullypois are

=

the oniy reserveir of relatively warm water, compared to baseflow, and
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their {lushing at the commencement of the siorm event seems to be

most likely 2xplanation for this initial tamperature increase.
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Continuous Storm Data for the Bergsjén Field Station.

Time in Minutes Commencing 17.900.

_98_

t



Water sampling is iaitiated automatically and is started at a preset
water ievel (usually = 100 mm stage height?. A switch on the level
recorder starts a tipping bucket on the side of the primary sampling
tank (Figure 3.7). Twelve sample bottles {(one litre) are installed in
an adapted refrigerator and the samples are transferred by a stapping
motor through polyethyleme tubes into the individual bottles. Each
bottle collects a saquential composite sample comprising 16-18 samples
from the tipping buckei, each tip representing one cubic meire of flow

‘volume.

Figure 3.7 Equipment for Sampling and Sample Storage at thas Bergsjon

Field Station.
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The Chalmers catchuent comprises an asphalt parkinag loft which is
drained by several guliypots. Cne of these gulliypots, which drains
330 m® of the parking lot surface, was chosen for the study (Figure
3.8). Pollutants, including suspended solids and heavy metals,

ischarging to the gullypot bave been investigated previously by
Svensson (1983).
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Figure 3.8 Sewered Contributing Areas on the Chalmers Catchment.
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3,3.1 Catchment Characterjistics.

The catchment is almost completely impervious with drainage occurring
only from the parking lot, a road and a roadside kerb. Metal
contributions may originate from the corrosion of the two lamp posts,

from vehicular sources, depousited road dust and road surface material.

3.3.1.1 Depression Storage Value,

The Depression Storage Value for the catchment over a two month study
period has been calculated from a plot of rainfall (mm) against total
runoff volume (litreg). Equation 3.4 describes the linear relatioaship
for 10 events, July/August 1985, with a correlation coefficient of
0.998.

y = 0.146 + 0.0016x 3.4
y = Rainfall (s}, x = Runoff (litres),

The Depression Storage Value is the vertical intercept, representing

0.146 mm of rainfall before the commencement of runoff.
3.3.2 Flow Measuremenis,

A gullypot flow measuring device, developed by the University of Lund,
Sweden, was used to monitor the depth of road runoff passing through a
30° V-notch welr (Figure 3.9). Flow height is measured by the decrease
in resistance between two electrodes which are covered by a saline
solution. The conductivity cell is separated from the V-notch flume by
a durable moving rubber membrane. The gullypot sampler is positioned
in the gullypot chamber so that all the flow is chamnelled into the
flume.
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Figure 3.2 Gullypot Road Runoff Sampler showing V-notch Weir for

Flow Measurements.

Flow hLeight is recorded on a chart recorder and has been calibrated
against flow volume passing through the V-notch. & plot of calibratad
flow Q> against chart racorder height (h) can ba converted to

equation 3.3,

-102-



Q = 0.000145h=. 275 3.5

Q = Flow (1/5), h = Chart Recorder Height (%), » = 0,99

3.3.3 Precipitation ¥Measurements.

A rainfall gauge of the same typs as at Bergsjon is situated 100

metres from this catchment.

The continuous menitoring system, shown dlagramatically in Flgure
3.10, is based on that at Bergsjon. The parameters monltored (pH,
dissolved oxygen, conductivity and redox) are those which may be
important regulators of heavy metal speciation and are included as

essential determinands in the monitoring system.

Water ig pumped out of the gullypot, through an opening in the
basement wall, via a strengthened 12 mm diameter plastic pipe and
returned to the gullypot in the same manner after passing through a
small Jabasco cog wheel pump and the on-line measurement system. A
water flow rate of 2.6 1/min allows a water depth of 30 mm to be
maintained in the continuous system which 1s high enough to prevent
blockage by salids. 1ln this way the gullypet contents are recycled
every 1.4 hours during dry conditians. Cleaning of the plpes is
achieved by reversing the pump and flushing with two to three litres
of double distilled water. This procedure is normally repeated twice a

week or more frequently during periods of heavy rainfall.

The continucus monitoring system (Figure 3.11) is a sealed PVC pipe,
0f 50 mm diameter and 400 mm length, with an inlet of 13 mm diameter
and an outlet of 25 mm diameter at the opposite end. Calibrated
dissolved oxygen, combined redox potential, combined pH and
conductivity electrodes are positioned, as shown in Figure 3.10 and

Flgure 3.11, and the signals are recorded as at Bergsjén,
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Figure 3.10 The Continucus System for Monitoring the Contents of a

Gullypot.

Typical continuous data obtained irom thas gullypot shows rapid changes
and is less complicatad than the response at the end of the stormwatar

pipe network (Flgure 3.13). The gullypot has a standing volume of 41.5
litres.
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Two distinct types of storm event have heen observed in the gullypot,
as indicated by the hydrographs and chemographs in Figure 3.12 and
Figure 3.13. A small rainfall event of 128 litres runoff is shown in
Figure 3.12, which is only sufficlient to mix, but not completely
flush, the gullypot. A lag period of five minutes is observed between
the commencement of flow and any observed change in elther dissclved
oxygen or redox potential. The significant drop which eventually
occurs in redox potential and dissolved oxygen concentration
represents mobilisation of the reducing, oxygen demanding interstitial
sediment water. At the same time a dissclution of sediment associated
salts occurs which, together with mobllisation of liquor and
interstitial water, causes a general increase in conductivity at the

end of the storm event,

The reading for pH generally increases hetween storm events from ca.
4.5 up to 7.0, mainly because of dissolution of the gullypot cement
structure, However, despite a measured incoming rainfall pH of 4.0 and
evidence of interstitial sediment{ water mobilisation after five
minutes, pH changes within the gullypot lag 14 minutes behind the
comrencement of flow. This represents the residual buffering capacity
of the gullypot. The resultant titration curve is a slight
overestimate of the gullypot buffering capacity as the road surface

and lts assoclated sediments also buffer the acidic rainfall.

A second type of rainfall event is shown in Figure 3.13. This is a
heavy summer storm of 4764 litres runoff which appears to have mixed
and washed out most of the gullypot contents. ln the early stages of
the storm the pH, dissolved oxygen and redox potential changes are
typical of gullypot liquor and interstitial sediment water
mobilisation. The next 30 minutes is characterised by a washing of the
gullypot with rainwater that causes a drop in pH and conductivity and
an increase of redox potential and dissoclved oxygen. During the
subsequent heavy rainfall it is expected that reduced gullypot basal
sediment is modbilised, causing a drop in redox potential and a

corresponding increase of pH. This shows that the residual buffering
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Figure 3.11 Continuous Monitoring System inside thz Chalmars

Basement.
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capacity of the gullypot may be increased duriag intense rainfall

to bottonm
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Figure 2.13 Continuous Flow and Pollutant Momitoring for a Haavy
Summer Storm Bvent in the Gullypot. Time in Minutes

Commencing 13.00.

Rainwater is saturated with dissalved oxygen and so dissolved oxygen
concentrations remained high until the storm event was over. The peak
dissolved oxygen concentrations corresponded with high guliypot water
inflows. After the rainfall a slow decrease of dissolved cxygen
cencentration 1s oObserved which may be related to bacterial

respiration.
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Figure 3.14 Road Runoif Sampler showing Tipping Bucket Sampling

Mechanismn.
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The road runoff entzriang the gulliypot is sempied oy the flow measuring
Zevice dascribed ia 3,3.2. A sensor iz located just above the V-noctch

ensocr 15 reached by the water

[0}

in the weir (Figure 3.14). When the

ot

iavel a tipping tucket sampler is activated. The sarples flow, under
gravity, througbd a rubber hose into the basement of Chalmers
University. A step motor sampler (Figure 3.15) raceives the water and
distributes it into 24 ons litre sample bottles. The 40 tippiag bucket

‘sub-samples give a ane litre sanple every three minutes.

Figure 3.15 Sampling and Flow Measurement Equipment for the Cullypot

Experiment.
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Figure 3.16 Trench from the Gullypot to the Basement of Chalmers

University, showing the Outilow Sampling Pipe.
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The outflowing water from the gullypot can be sampled manually through
a 12 mm polyethylene pipe by gravity feed (Figure 3.16). Bulk
precipitation onto the catchment is collected In a polyethylene bottle
(1 1itre) fitted with a polyethylene fumnel and sampled at weekly
Intervals. Road dusts were collected by means of & wet/dry vacuum
cleaner at two week intervals. Two representative sub-areas on the
catchment were sampled. The first was an 11.7 m® car parking lot and
the second a 215 cm long roadside kerb of area 0.65 n®. After
collection the road dusts were air dried (50°C), weighed and sieved,

prior to metal speclation analysis.
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CHAPTER 4 DEVELOPMENT OF THE METAL SPECIATIQN SCHEME,

The metal speciation scheme was formulated specifically for the
fractionation of Cd4, Cu, Pb and Zn in stormwater samples. Metal
speclation schemes are intended to differentiate the heavy metals into
fractions dependent upon their physico-chemical properties. Therefore
a satisfactory speciation scheme should allow the identification and
evaluation of hoth toxic and geochemically mobile heavy metals. Most
of the schemes which have been developed are applicable to relatively
clean, unpolluted, marine and fresh waters and are often too elaborate
for routine analysis. In addition, many schemes are only designed for
speciating dissolved metals. The high concenirations of suspended
solids in stormwater means that for metal speciation purposes the

solid phase must also be considered as being of maJor importance.

In order to interpret toxicity effects, speclation methods need to
lsclate and quantify the most bicavailable metal. In the dissolved
phase this is the free or weakly complexed metal and in the suspended
solid phase it is the readily exchangeable metal. Separation of the
metal speclies into fractions cannot therefore be regarded as an exact
chemical separation, but simply enatles an understanding to be reached

concerning relative metal availabilities.

4.1 Speciatiogn Scheme for Stormwater Analysis.

A speclation scheme has been developed, following an assessment of the
previously described literature concerning this subject (Chapter 2J,
and by performing a number of relevant background experiments. One
requirement was for a well balanced scheme which was experimentally
easy to perform and was not extensively time consuming. A further
ohjective was the provision of a complete analysis (including bkoth
dissolved and particulate associated metals) which would provide
relevant information on bioavailable and total heavy metal levels. The
speclation scheme which has been devised to fulfil these criteria is

shown in Figure 4.1.
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Figure 4.1  Speciation Scheme for Analysis of Heavy Metals in

Stormowater.

A preliminary separation allows an operationally deifined distinction
between the dissolved and suspended solid phases. This was achieved by
filtraticn, ncrmally of 250 ml of sample, through two separate 0.4 pm
Nucleopore polycarbonate filters. The heavy metals in the soluble and
insoluble phases were then chemically extracted into different
fractions depending on their relative ease of release. The suspended
solid phase was air dried at 50°C %o constant weight and stored in a

dessicator. The dissolved phase was stored at 4°C prior to analvsis.

The dissolved phase was separated into three fracticns depending on

the complexation strezgtn of the heavy -metals.
a) Electrochemically Available Fractionm,

An aliguot (10 mil) of the dissolved phase was analysed for heavy

metzls by ASV. 2N scdium acetate (0.1 m}) at the pH of the natural
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sample was added before analysis. This acts botbh as a buffer and a
support electrolyte. Tbe analytical conditions employed were as
follows;

Plating time = 180 seconds

Equilibration time = 30 seconds

Deoxygenation period = 240 seconds

Initial Potential = -1.3V (Zm), -0.9V (Cd, Pb> or -0.3V (Cw

Scan Rate = 2 mV/s
Tbe plating (electrachemical deposition) time is a compromise between
the higher precision of shorter plating times and the higher current
response of longer plating times. Eguilibration time, deoxygenation
perliod and scan rate are optimised for the Princeton Applied Research
Polarographs (Model 174 and 384A4) used in tbis study. The Initial
Potential was set individuvally for Zn (-1.3V) and Cu (-0.3V) and
simultaneously for Cd and Pb (-0.9V). The measurement of all four
metals 1n one stripping process produces higher concentrations of Cd,
Pb and Cu due to the reductlon of strongly bound metal species (Figura
and NcDuffie 1980) and was therefore avoided.

The Electrochemically Available fraction determines free ions and
weakly complexed metals and can be campared to the bloavailable metal
as defined by Vhitfileld and Turner <(1979)J.

b) Chelex Remnveable Fractiom.

An aliquot (50 ml) of the dissolved phase was added to prepared

Ca Chelex-100 (500 mg) and equillibrated by shaking continuously for

24 hours. The heavy metals were then eluted off the Chelex resin with
1K HROs (10 ml) which was finally wasbed with water (10 ml). Vater was
double distilled and further purified in a Milli-Q delonisation
system. After making the eluant up to a total volume of 25 =1, the
metal levels in an aliquot (7 ml) were determined by ASV following the
addition of 2K sodium acetate (3 ml). The amount of sodium acetate
used was sufficlent to adjust the sample pH to approximately 4-4.5,
which is tbe most sensitive range far the ASV determination of metals.

The ASV conditions were the same as those used for the
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Electrochemically Available fraction except that Zn, Cd and Pb were
determined simultaneously (Initial Potential = -1.2V) and Cu
separately (-0.4V)., This was deemed necessary by the possibility of

intermetallic interferences which are discussed in 4.3.1.1.

Chelex-100 is a metal selective jon-exchange resin, which removes
those metals associated with the Electrochemically Available fraction
as well as more strongly bound metals. However, this resin does not
retain metals which are strongly bound to colloids or complexes
(Figura and McDuffie 1979). Florence et al. (1983) have shown that
this fraction may over-estimate the truly bicavailable metal but it
does give an indication of those metals attached to ligands by a

medium complexation strength.
c) Strongly Bound Fraction.

The Strongly Bound metals were released by acid oxidation and
calculated as the difference between the metal ievels obtained by
total acid digestion and by the use of Chelex-100. Concentrated nitric
acid (0.18 ml)> and concentrated perchloric acid (0.02 ml) were added
directly to an aliquot (25 ml) of the dissolved phase. After
evaporation to dryness in & fume cupboard the metal perchlorates were
taken up in 1M HEOz {10 ml) and determined in the same way as the

Chelex Removeable fraction.

The experimental conditions used to determine this fraction indicate
the strong association of the metais as complexes or collaids and
ensure that they may be considered non-biocavailable as far as

receiving water biota are concerned.

The suspended solid phase was separated into three fractions according
to the ease of release of the metais. The first two digestions were
carried out in stoppered polyethyiene tubes, in a water bath, at
controlled temperatures. The final digestian was carried out in a

pyrex beaker (S50 ml).
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d> Exchangeable Fractiiom.

1¥ MgCl= at pH 7.0 (10 ml) was added to the dried suspended solid
phase and agitated at room temnperature for one hour. The supernatant
liquid was separated by centrifugation at 5000 rpm for 30 minutes and
again after washing with water (10 ml). The two supernatants were
combined and an aliquot (9 ml) determined by ASV, after the addition
of 2K sodium acetate (1 ml).

Particulate asscciated heavy metals which exchange or complex with
anions may be released into the soluble phase of stormwater under
normal pH conditions. This solubilisation process is particularly
probable under the conditions of high chloride cuncentrations which

are often encountered in urban stormwater and during snowmelt runoff.

e) Carbonate and Hydrous MNetal Czide Fractiion.

The suspended solids from (d) above were digested with 0. 04M NH=CH.HC1
in 25% glacial acetic acid (10 ml) at 96°C for five hours. The solids
were washed with water (10 m!) after centrifugation. Am aliquot (7 ml)
of the combined supernatants was analysed by ASV following the
addition of 2N sodium acetate (3 ml).

The metals in this fraction are more strongly bound than the
Exchangeable fraction and occur mainly as surface associated metals
(Davis and Leckie 1278) and co-precipitates of hydrous metal oxides
and carbonates. This fraction is unlikely to have any immediate
biological impact on the receiving waters, but may accumulate in river
or estuarine sediments. Subsequently the metals may be released into
the water columm when a significant drop in pH occurs (Florence and
Batley 1980).
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f) Organic Fraction.

These strongly bound metals were released by digestion with nitric and
perchloric acids (8:1). Concentrated nitric acid (18 ml) and
concentrated perchloric acid (2 ml) were added directly to the
suspended solid phase from (e). The mixture was covered with a watch
glass and bolled for two hours, until the nucleopore filters and
sediment were digested and, after removing the watch glass, taken to
dryness, The residue was taken up in warm 1M HEOs (10 ml) and water
(10 m1). Heavy metals in the combined extract were determined in the

same way as the previous fractionm.

These remaining metals are largely organically bound in polluted
solids or sediments and because of their strong association are
unlikely to be biloavaillable. However, this fraction may act as an
important transportation mechbanism and sink for such metals as Pb and
Cu, which have high stahility constants with organic compounds
(Mantoura et al. 1978},

The scheme required some preliminary investigation before 1t could be
applied to stormwater. To interpret the results obtained it is
necessary to understand which metal species are likely to be in each

fraction, and to examine interferences to the analysis.

4.2 Separation of the Dissolved and Suspended Solid Phases.

The separation of dissolved and suspended solild associated metals is
operationally defined by filtration through a 0.4% or 0.4 pm filter
(Stumm 1983). Colloidal specles are found in both the dissolved-and
suspended solid phases but can be separated by a series of different
sized filters (Laxen and Harrison 1981a). However, separation of metal
fractions on the basis of size alone provides little, if any,
information about the relative potential toxicity of the species
present. Centrifugation was not chosen as the preliminary step due to
the changes in metal speclation which might be caused by carrying down
dissolved metals on collolds (Buffle 1984).
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Nucleopore 0.4 um polycarhonate filters provide a barrier for metal
species larger than 0.4 um. However, flltration of stormwater samples
of volume greater than 100 ml is not possible with a single filter due
to the presence of colloids, which cause blockage and may also result
in a change in the diameter of the filter pores. A pre-filtration with
a 5 pm filter was not found to give any significant filtration rate
improvement. However, a satisfactory overall filtration was achleved
by using two Hucleopore fllters separately for a 250 ml stormwater

sample, which typically contains 50-200 mg/l suspended solids.

Millipore 0.45 pm filters are membrane depth filters which, although
they have a less precise cut-off value compared to Hucleopore filters,
can effectively filter up to 250 ml stormwater containing typical
suspended solid levels. These filters were used when high suspended
solid concentrations rendered Nucleopore filtration impossible, This

was necessary for the majority of the gullypot samples.

Nucleopore and Millipore filters are not guaranteed to be in a metal
free form when received from the manufacturers. They were therefore
placed in a 10% HNOz bath overnight and washed thoroughly with water,
before use. The acid wash resulted in negligihle metal blank values
for both types of filter.

4.3 Apalysis of the Dissolved Phase,

Dissolved metals can be separated into fractions depending on their
complexation strength or lability. There are several methods
(previously outlined in Chapter 2) for chemically characterising
different fractions including;

a) Direct voltammetric analysis

b) Resin exiraction

c) Ultra-violet irradiation

d} Oxidation by concentrated acilds

e} Dialysis
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Direct voltammetric analysis was chosen in this study because of its
ability to directly identify free metal ion and weakly complexed metal
specles, which are likely to be the forms available to receiving water
biota. The metal concentration differemce between acid oxidation and
Chelex-100 extraction was the method selected to separate the Strongly
Bound fraction. These metal forms may be regarded as being inert to

the biological membrane.

4.3.1 Initial Apalytical Problems for the Dissolved Phase.

A number of procedural problems with the analysis of dissolved metal
species were originally encountered. These have been investigated as
described below and the necessary modifications instituted to give an

ovarall method suitable for stormwater analysis.

4,3.1.1 QOrganic and Inorganic Interferepces in Direct Vpltammetric
Analysis,

a) It was not possible to amnalyse all four metals simultaneuously by
ASV due to the formation of intermetallic compounds. At metal
concentrations of 100 pg/l a significant increase of Cu peak height
was observed in the presence of Zn. This effect was tested by varying
the Initial Potenttal to include or exclude the latter metal. Copper
and Zn were subsequently determined at separate Initial Potentials of

-0.4 or -0.3V and -1.3V or -1.2V respectively. No other intermetallic
interactions were observed,

b} 1t was observed that the ASV peak height for metals in stormwater
samples became greater with the use of increasingly negative
potentials, which is in agreement with the results of Figura and
HcDuffie (1979). This was thought to be due to the increased
liberation of metals from stronger complexes by more negative
potentials, The ASV labile metals were therefore determined using the
following Initial Potentials: Zmn -1.3V, Cd and Pb -0.9V, Cu -0.3V.
Figure 4.2 shows that all four metals can be determined in a
storowater sample by this method. The shift in potential which can be

encountered due to organic surfactants (Beveridge and Pickering 1984)
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Figure 4.2 ASV Determination of Metals in a Storamwater Sample.

c) It was found that tbe most reproducible ASV measurements of the
Electrochemically Available fraction were obtained with the sample
held in a polyethylene cup, and with the addition of buffer at the
sample pH. This is shown for a stormwater sample, contaianing 52.1 ug/l

of Electrochemically Available Cu, in Figure 4.3.
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Figure 4.3  Elecirochemically Available Copper Response under

different Analytical Conditians.

The addition of buffer provides a more distinct peak response at the
free Cu potential (-0.03V). Without the addition of buffer to the
sample a second siripping in the same solutlon prcovides a
significantly higher peak which could be atiributed to pH changes
during deoxygenation or partial lability of metal complexes (Sterritt

and Lester 1984). Although there was no significant difference for the

faud

peak height obtained in a glass cup over that in a polyethylene cup,

adscrptian of ionic metal to glass can easily occur (Florence 1982)

and therefore a polyethylene cup was preferred.

d) High levels of chloride, as found in sncwmelt runoff, produced 2

significant negative shifi of potential for Pb (-0.05V: and Cu
{(~0.06V). This can be s=2en by a comparison of Flgures 4.2 and 4.4 and

iz presumably due to the formation of chloride complexes,
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Figure 4.4 ASY Determinaticn of Metals in a Snowmelt Sample.

Figura and McDuffie (1978) found that the Ca form of Chelex-100
provided the least change to the sample pH. Subsequently in this work
it was noted that the effluent of the Ca Chelex baich extraction had a

pH of 7.5-7.6, which is therefore the pH for metal uptake onto the

The use of Chelex in a batch technique was preferrad to the column
nethod 2s the latier separates metals on the basis of contact
timescale and, apart from the column being difficult to standardise,
thé ASV measurexment already provides a similar measurenent. The batch
method reaches equilibrivm afier one hour (Hart and Davies 19772,

although the equilibration was allowed to proceed for 24 hours to make
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certain of completion. Batch fractionation represents those specles
with stakility constanis less than the Chelex-100 chelating functional
group, as well as colloidal hound species which can enter the

macroporous structure of the resin.

During prelimlnary work it was not certaln whether 1M HNO= (10 ml)
would elute all the metals attached to the Chelex. Analysis showed
that neither further elution with 1M HEO; nor elution with 2N HEOa

provided additional metal release from the column.

4,3,1.3 QOxidation Ly Strong Acids.,

Acid oxldation was considered the most suitable method for liberating

all the dissolved metal, regardless of their complexation strengths.

Calculations have shown that 0.18 ml of concentrated HNOz and 0.02 ml
of concentrated HC10a should be sufficient to completely destroy all
the organics contained in a 29 ml stormwater sample. The acidified
sample was always heated to dryness, to remove residual acid, before
taking up the metals in 1¥ HEOs. In this way the possibility of
interferences by residual perchloric acid traces during the ASV
measurement was eliminated. The presence of residual concentrated acid
alsp caused a bhydrogen over-polential at -1.2V to -1.1V, which

obscured the Zn peak.

For both the Chelex batch method and the acid oxidation the metal was
taken up in 1M HNOs (10 ml> and made up to volume (25 ml) with water.
WVhen a metal analysis was performed by ASV it was found necessary to
add 2M sodium acetate (3 ml) to the acidic analyte (7 ml) to give a
sufficiently high pH to prevent the hydrogen over-potential
interfering with the Zn analysis,

A preliminary analysis was performed on an urban stream haseflow

sample collected from the Colindeep Lane sampling station which is
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located at the cutfall to the Grahame Park catchment, N.V¥. London. The
sample was filtered through a 0.4 pm Nucleopore filter and the
dissolved phase analysed for the Electrochemically Available, Chelex
Rempveable and Strongly Bound fractions according to the scheme
described in 4.1. The sample (pH 6.9) contalned 48 mg/l suspended
solids.

The metal concentrations Iin the different fractions are listed in

Table 4.1 and are illustrated graphically in Figure 4.5.

Table 4.1 Metal Speciation for a Preliminary Sample.

Fraction Zinc Cadmium Lead Copper
ng/l Hg/l Hg/1 ng/l

Blectrochemically

Avallable 115.5 0.4 nd nd

Chelex

Removeable 150.0 0.5 7.28 18.0

Total Metal 199. 0 2.0 10.4 22.5

n.d, = not detected

The scheme shows a clear fractionation of metal species with a greater
amount In the Chelex Removeable fraction compared to the
Electrochemically Available fraction. This 1s expected as Chelex-100
should remove all metal species, except those that are strongly
bound,while the Electrochemically Available fraction only detects free
metal and certaln weakly complexed metal species. Zinc and Cd are

clearly present in relatively free forms, while Cu and Pb are to a
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great extent complexed with no metal in the Electrochemically

Available fracticsn.

PRELIMINARY SAMPLE
COLIN DEEP LANE RIVER WATER
S TOTAL METAL

100
50
A ELEC. AVAIL.
ET CHEL. REM.
5 <J STR. BOUND

Figure 4.5 Metal Fractiaonation in a Preliminary Sample.

4,4 Analysis of the Suspended Sglid Phase,

Although the toxicity of the dissolved phase is higher, because of its
direct coniact with organisms, the non-lithogenic fractions of
suspanded colids may subseguently release heavy matals into aqueous
systems, The f{ractions siudied must therefcre reflect all heavy metal
species which might have an effect on the agquatic bio%ta, or beccme

geochemiczl sircks.
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The suspended solid phase may be divided into fractions according to
the ease of metal relsase. These fractions include:

a} Exchangeable fraction

by Carbonate fraction

c) Hydrous metal oxide fraction

d)y Organic fraction

2) Residual fraction

The Exchangeable fraction was selected for measurement in this study
as 1t represents metals which may be released from stormwater solids
under normal pH conditions and when changes in ionic strength occur.
The latter situation is particularly relevant to snowmelt runoff where

high chloride concentrations occur.

The Carbonate and Hydrous Metal Oxide fractions were analysed together
to represent those metals which are released when the water is
acidified and/or where reducing conditions are encountered, such as in

a gullypot.

The Organic fraction contains strongly bound metals and so it can act
as a sink. Vhere sediments are remobilised the fraction can help to
transport metals. Such a case could be the resuspension of storm

deposited river sediments by heavy urban runoff discharges.

4.4,1 Initial Analytical Problems for the Suspended Solid Phase.

Analytical problems encountered with the extraction and analysis of

metals in the suspended solid fractions are described below.

4.4.1.1 VWeight Loss of Filters.

The Nucleopore and particularly the Millipore filters were found to
lose weight when dried at 50°C. Therefore, before weighing, the

filters were dried overnight at 50°C and stored in a dessicator.
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4.4,1.2 Effect of Hz0: on ASVY Measurements

Although not subsequently used as an extraction technique, the
analysis of the organic fraction after digestion with Hz0z (Tessier et
al. 1979) was difficult by ASV. It was found that direct ASV analysis
of this extract gave a broad peak between -1.0V and -1.2V which
prevented the analysis of Zn. To avoid this interference it would be
possible to reduce the extract to dryness and redissolve the metals in
1M HNOz followed by direct ASV analysis. It was also observed that the
direct analysis of the HzU= extract caused changes to the Hg drop
during ASV with the formation of smaller drops and a subsequent effect
on the Hg in the capillary, which created problems in later analysis.
The use of Hz0=z extraction prior to ASV analysis is therefore to be

avoided.

4.4,1.3 Digegtion of the Filter,

During extraction of the Organic fraction it was found preferable to
completely digest the filter using strong acid before evaporating to
dryness. This is necessary due to the fact that when some of the
filter was not digested a dark residue was obtained. Whea taken up in
1M HROz and analysed hy A4SV the extract gave a broad peak around -0.5V
which completely obscured the Pb peak. Nuclecpore filters created the
greatest problem and so when digesting with concentrated acids a watch
glass was placed over the hot mixture for about one hour to allaw

complete digestion of the filter.

4.4.2 Efficiency of the Chosen Extraction Scheme.

The appraisal of the literature (see 2.6.1) revealed that the
different sediment fractions are not strictly selective for individual
metal species. It was felt that some improvements could be made,
particularly in the case of the Organic fraction. In additiom the
choice of a one molar concentration of MgCl:z for the Exchangeable

fraction (Tessier et al. 1979) seems to be somewhat arbitrary.
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4.4,2.1 Effect of different MgGlz Congentrations on the Meta]
Extraction Efficiency.

A commonly used extractant for determining those metals which are
readily exchangeable is 1K MgClz at pH 7.0. To assess tbe
applicability of 1N NgCl-= for this fraction it was decided to compare
the extraction efficiences of different NgClz concentrations. This
would give not only an ildea of how differant degrees of road salting
might release each metal from tbhe solid to the liquid phase, hut also
indicate wbhetber a coancentratlon as bigh as 1M MgClz is required for
efficient extractionm.

A bulked sample from a storm at Bergsjon was filtered and three sub-
samples (0.1g) were extracted in duplicate witb 1X, 0.1M and 0.01M
MgClz at pH 7.0. All samples were subsequently analysed for Carhonate

and Hydrous Metal Oxide, and Organic assoclated metals.

The results are expressed in a pie cbart form (Figure 4.6) to allow
easier interpretatioan of the data. The metal percentages extracted
show that for Za, Fb and Cu, 1K NgClz 1s required to remove
significant metal concentrations. Cadmium, bowever, is efficieatly
extracted witb 0.1M NgCl= which is related to tbe formation of strong
chloro complexes for this metal. Tbhe removal of Cu, Pb and Zn may be
due to the exchange with Mg®* at particulate organic sites as the bigh
concentration of Mg®* offsets lts lower stahility constant with

organic carbon compared to the beavy metals.

Vashing and rewashing of urban sediments witb snowmelt runoff, which
often has a higb ionic strength, would be expected to readily release
Cd. During periods of increasing ionic strength in the snowmelt a

relative order of release would be; Cd, €u / Pb, Zn.
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Figure 4.6  Stormwater Solid Metal Extraction, Variation of ¥gCl=

Concentration,
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The use of 1N MgCl= as the extractant gives an Indication of the
effect of severe snowmelt conditions containing a significant ionic
strength. The use of only 0.1M MgCl= would not reveal the large amouni
of Pb which can be easlily released from urban sediments under certain
conditions. The results also show that it is important to standardise
the extractant used. To represent those metals which can ke easily

released from stormwater solilds, 1M MgCl: was therefore chosen.

The residual, Carkonate and Hydrous Metal Oxide and Organic, fractioms
indicate the origin of the Exchangeable metal (Figure 4.5). Most of
the Zn comes from the Organic fraction and extraction with 1N MgCl=
actually leads to an increase of the Carhonate and Hydrous Metal Oxlde
fraction. Lead, on the contrary, criginates from the Carbonate and
Hydrous Netal Oxide fraction for 0.01M and 0,1M MgClz extractions, but
the Organic fraction is also liberated by 1M MgClz. Copper and Cd are
largely derived from the Organic fraction suggesting the presence of

surface asscociated organically complexed species,

4.4.2,.2 Efficiency of Hydrous Fe and Mn QOxide Dissolution by Acidic
Hydroxylamine Hydrochloride Digestion,

The efficiency of this extractlon process was tested by determining
the concentrations of Fe and Mn in stormwater suspended solids, both
before and after treatment with hydroxylamine hydrochloride. The
results are presented in Table 4.2 and show that approximately 98% of
both Fe and Mn are likerated hy the acidic hydroxylamine hydrochloride
extraction method. This method 1s therefore extremely suitable for
releasing hydrous metal oxide associated metals from sediments, and

has 1ittle effect on organically bound metals, as would ke expected.
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Table 4.2 Fe and Mn Removal by Extractants.

% Extraction of Fe and Mn

Carbonate and Hydrous Organic

Metal Oxide Fraction Fraction
Iron 97.7 2.3
Manganese 98.2 1.8

4.4,2.3 Efficiency of different Methods for breaking down Organic
Conpounds.

Tessier et al. (1979) have proposed an extraction of "organically”
bound heavy metals 1n sediments by digestion with Hz0=/HNO= at pH 2.0.
To assess the efficlency of thils, as well as other extraction methods,
an experiment was carried out to determine the preferred method of
partitioning organically associated heavy metals in stormwater

particulates.

The method employed for organic carbon analysis was that of the U.K.
Soil Survey (1%74) which utilises an acld dichromate oxidation
procedure to convert organic carbon to CDz., A hack titration against
ammonium ferrous sulphate allows sample determination when barium

diphenylamine p-sulphonate is the indicator.

211 analyses were carried out on the ¢ 63 pm fraction of a road dust
sample collected from the 441, Hendon, H.V¥. London, during the Autumn,
1982. This road sediment fraction is thought to be of similar organic

composition to the suspended solids found in stormwater.

Sub-samples (1g) of the road dust were treated with

extraction/digestion reagents to test their efficiency for organic
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carbon removal. Organic carbon analysis was carried out on the residue

and the procedure duplicated (Table 4.3).

Table 4.3 Extraction Efficiency of Chemicals used for Fractionating

Sedinents.

Extractant % Organic Carbon % of Organic
in Sample after Carbon Removed.
Treatment.

Kone 7.85

1¥ ¥gCiz at pH 7.0 7.6 5.4

Acidic FH=0H.HCl, 96°C 6.3 .0

30% Hz0=/0.02K HEOs, 86°C 3.5 56.0

0.1M NaOH, 96°C 5.3 33.0

Concentrated HECs 3.9 56.0

Concentrated HFQ=/HClOa 0.6 92.3

The extractants used in earler stages of the suspended solids

speciation scheme showed negligible breakdown of organic material.

The Hz20=2/HNOs extraction for organically associated heavy metals is
commonly used in sequential sediment extraction schemes and yet only
removes on average 56% of the total organic carbon. The term "organic
fraction” for this digestion procedure may be 2 misnomer depending
upon whether the heavy metals are associated with weakly or strongly
bound organic ligands. 1lf, as is probably the case, the remaining 44%
of organic material contains at least an equivalent proportion of
heavy metals, the resuits quoted in the literature using this

extraction scheme are a considerable under-estimation.
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0. 1M NaDH gave a 33% extraction of organic carhon which will be

composed mainly of humic acid and fulvic acid type materials.

Concentrated HNOz would be preferred to the use of a HNO»/HCI10a
mixture for safety reasons and for more realistic comparison with
previous heavy metal values quoted in the literature. However only 56%

of organic compounds were oxlidised by nitric acid.

The nitric/perchloric acid method, commonly used in the Middlesex
Polytechnic Urban Pollution Research Cemtre, is the most effective of
the tested methods with a 92% organlics removal efflciency. Strong
oxidation procedures have not been incorporated into recent sequential
schemes due to the possibllity of crystal lattice decomposition,
resulting in the release of residual metals. However in polluted
sediments only a very small percentage of heavy metals are lithogenic
and therefore it 1s more realistic to risk alteration of this phase
rather than partly destroy orgamic carbom which may be associated with

high concentrations of heavy metals.

4.5 Precision of the Speciation Scheme.

During preliminary work the precision of the analysis was determined
for all metals and their fractions hy triplicate analysis on a hulked
sample. The standard deviations obtalned are shown in Tahle 4.4.

In the dissolved phase the fractions are always better than +/- 20%
for all metals. This compares favourahly with the precision found by
Flgura and McDuffie (1980) who found hatich Chelex extraction to give a
precision of hetter than +/- 25%, and the Electrochemically Available
fraction hetter than +/- 50%. The Electrochemically Available fraction
often shows a poor precision compared to the other dissolved fractions
which may he related to interferences during the standard additiom

method hy weak arganic and inorganic complexation.
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Table 4.4 Standard Deviations of tbhe Netal Analysis for Speclating

Stormwater.
Standard Deviation %
Zinc Cadmium Lead Copper
Dissolved Elec. Avall. 15.8 7.0 15.4 -
Chel. Rem. 18.5 15.1 2.0 12.4
Tot. Diss. 8.9 4.7 15.2 7.5
Suspended Exchangeable 11.2 4.3 5.7 5.5
Solid Carb + Hyd 6.2 - 4.5 8.0
Organic 21.8 12.5 18.9 6.8

Elac, fvail, = Electrochenizally Available
Chel, Rem, = Chelex Removeable

Tot, Biss, = Tolal Dissolved

Carb + Hyd = Carbonate and Hydrous Metal Oxide

Other work bas found better precision for dissolved metal speciation
with +/- 5-10% reported by Batley and Florence (1976) and better than
+/- 8% by Hart (1980). Batley and Florence found that fractioms
calculated by the subtraction of measured fractions were only precise
to +/- 10-15%. A poorer precision would therefore also be expected for
the Strongly Bound fraction, which i1s the result of subtracting the

Total Dissolved and Chelex Removeable fractions.
Most of the deviation found in Table 4.4 can be related to pre-

analysis random contaminatlion and losses {(e.g. adsorption to container

walls), as ASV analysls was found to be precise to better than +/- 95%.
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The precision of suspended solid associated metal fractions was
generally better than for the dissolved phase. The Exchangeable and
Carbonate and Hydrous Metal Oxlde fractions were withia the better
than +/- 10% precision reported by Tessler et al. (1979). However, the
Organic fraction shows a lower precision which can be related to a

compounding of errors in the sequential extraction scheme.
The speciation scheme has a precision comparable with other similar

metal species analysis schemes and provides meaningful data within the

deviations in Table 4.4.

4.6 Metal Speciation Scheme Blapk Values,

The blank values obtained for the metal speclatlon scheme are shown in
Table 4.5.

Table 4.5 Blank Values for the Metaml Specles Analysis in

Stormwater.
Blank Concentration pg/l

Zinc Cadmium Lead Copper
Elec. Avail. nd nd nd nd
Chel, Rem. 1.8 nd 1.5 0.4
Tet. Diss. 2.9 0.12 1.3 2.0
Exchangeable 0.3 0.01 0.06 0.06
Carb 4+ Hyd 0.7 0.04 0.14 0.25
Organic 1.0, _0.02 0.07 0.2

nd = not detecled
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The Electrochemically Available blank, obtained by the fiitration of
water through an acid-washed Nucleapore 0.4 um filter gave a blank
value too low for detection by ASV. However, Hart (1980) used a
similar procedure and found blank values of 0.62 pg Zn/l,

0.017 pg Cd/1, 0.11 pg Pb/1 and 0.2 pg Cu/l. using Graphite Furnace
Atomic Absorption.

The blank values were mostly a direct result of added reagents, i.e.
2M sodium acetate, 1M MgClz and 0.04M hydroxylamine hydrochloride.
These can be significanily purified by passage through a column of
Ca Chelex. 2X sodium acetate can be purified by adding 200 ng

Ca Chelex to a volumetric flask of the reagent (500 ml)> and allowing
equilibration. These procedures were only carried out where low
detection limits were required, e.g. rainfail analysis. This was
usually not a necessity due to the high metal pollution found in
stormwater. Concentrated nitric and perchloric acids were always of
the highest quality, e.g. BDH-Aristar, and contributed negligible
quantities of heavy metals to the blank.

The total dissolved blank corresponds to those reported for the
comparable digestion and analysis procedure of Figura and McDuffie
(1980). They found blank ilevels of 0.08 pg Cd/1, 0.6 pg Cu/l and

1.1 ug Zn/l1, which were lower due to a further water dilution process.
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CHAPTER 5 INVESTIGATION OF TECHNIQUES WHICH IMITATE BIQAVAILABLE
METAL UPTAKE.

The developmenl of a speclatiorn scheme for separating stormwater npetal
fractions provides some estimation of bloavailable specles. An attempt
to further improve and refine bicavailable metal determination methods
was continued throughout the project. The major direction of this work
has been based on the abllity of chelating resins to remove metals by
a process which imitates metal uptake at the cell surface (Florence
1982b). This is known as the Fundamental Approach (Batley 1983). The

use of chelating resins in this respect was reviewed in Section 2.4.1.

Chelex~100 which possesses carboxylic acid and amine functional
groups, as well as possessing a porous structure, was the first resin
used by workers o seleci bloavailable metals (Florence and Batley
1880). However the sulphur containing compounds of blota, such as
metallothioneins or amino aclds, may react in a different way to heavy
metal specles than do the Cbelex-100 ligands. Floremce <{1982b),
therefore, used resins containing thicl ligands to imitate the metal

binding protein, metallothionein.

Unlike metallothioneln, cysteine is an amino acid known to be
ublquitous amongst biclogical cells and also contains the tbiol
functional group. If a cysteine resin could be prepared then its use
may represent a useful medium for the detection and removal of

bicavallable metals from polluted waters.

The transport of metal specles across the biological membrane may not
be directly comparable to resin kinetics; in fact membrane transport

is a slow process (Turner 1083). Tt i= nnt surprising therefore that a_

thiol resin was found to over-estimate the toxicity of metal specles

towards algae in seawater (Florence et al. 1883).

It would therefore also be interesting to attempt to imitate the

function of the cell membrane in addition to the cell constituents.
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Dialysis provides a suitable analytical method to inmitate the
functional cell membrane barrier and, while developing cation exchange
dialysis, Cox et al. (1984) have shown that it is possible to collect
{in receiving electrolyes) metal species which have traversed the

dialysis membrane from a sample solution,

if a receiver could be encapsulated in a dialysis bag and placed in
the stormwater outfall water for several days, then the resuliing
metal taken up may represent an assessment of potential biological
uptake. A cysteine resin would then constitute a suitable receiver for
selecting bioavailable metal species. In addition the dialysis
membrane pore size and resin diameter can be selected so that the

resin remains in the dialysis bag.

The method described im outline above can be termed Dialysis with
Recefving Resins. If the surface area of the dialysis bag is known
then the transfer cof the pollutant lnto the model dlalysis cell can be
expressed in terms of a metal uptake rate per unit surface area. The
methaod should be particularly sultable for long term sampling where
sporadic flushes of metals are experienced. These may be missed by

sampling procedures, but are not missed by the continuously monitoring

Dialysis with Recelving Resins approach.

However, there may be some problems in interpreting the results from

this analytical technlque;

a) Although metal transport across the cell membrane is primarily

controlled by diffusion - which is the same process as Dialysis with

Facelving Resins - the dlalysis membrane is only a substitute for a

real membrane. The latter could be prepared by membrane mimetic

chemistry where phospholiplds are converted to suitable liposomes

(Fendler 1984). It would them be necessary_to _find methods of either

i) entrapping sultable thiol groups in the prepared double layer

vesicle bags

or 11) gemerating thiol groups In situ from precursors

or 111) selecting phospholipids already containlng thiol groups in the
hydrocarbon bilayers.
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b) The chelating resin does pot fill the dialysis bag. A chelating
gel, such as that prepared by Culberson et al. (1982), could be used
to fill the bag and provide an improved diffusior gradient.

c) Dialysis with Receiving Resins only provides a measurement of
potential bigavailable metal uptake. No detailed information, as
provided by the speciation scheme described in Chapter 4, on the
variations of metal species through storm and snowmelt events is

provided.

The aim of the work described in this Chapter was to develop a
procedure sultable for analysing bloavailable heavy metal species in
storawater. In order to prepare a suitable cysteine chelating resin
for the removal of bicavailable heavy metal species from stormwater
samples, and for emcapsulatior in dialysis bags, two experimental

synthetic procedures were carried out.

8.1 Preparation of Cysteine Chelating Resin 1.

Liy and Sun (1981) have described the preparation of a cysteine
chelating resin based on a macroporous cross-linked polyacrylonitrile
co-polymer, in which the cysteine molecules are bound to a carboxylic
acid form of the polymer by esterification. A major problem with this
synthetic scheme 1s that the starting co-polymer 1s not commerclally
available and preliminary experiments carrled out in this study
demonstrated the difficulties assoclated with its preparation., In
particular the polymerisation step was dlfficult to control

successfully,

An altermative starting material is a commonly available macroporous
resin (e.g. Amberlite XAD-4) prepared from divinylbenzene and which
-can-be_convarted to-a-carhoxylicforaMeyers-and-Fritz—10976)>-—This-
intermediate can then be converted to an amino acid chelating resin

according to the esterification method of Liu and Sun (1981).

The synthetic scheme 1s shown in Figure 5.1. It should be noted that
in the final product the free carboxylic acld group of the cysteinme is
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bound as an ester linkage. The available metal chelating groups are
therefore amine and sulphydryl groups. However, it is possible that
there may be unreacted carboxyl groups remainiang on the XAD-4 resin
(Phillips and Fritz 1%78).

—_

0
ACETYLATION W OXIDATION //O ESTERIFICATION
» {CHaC0),0 Ty CCHy —————b ¢’ >
0 Ng'
{(xAD-4)
0 : 0
C// ESTERIFICA”ON‘ C//' NH-
\ - \ \
0O (CH,)-CH 0(CH,le—0—-C—HCCH,SH
2°6 2°'5 P 2
0
CYSTEINE CHELATING

RESIN |

Figure 5.1 Synthesis Scheme for Preparing Cysteine Chelating Resin
I

£ D 4

Commercial XAD-4 resin was ground and sieved to elther 63-250 um
(Batch 1) or 106-250 um (Batchas 2 and 3). The higher propartion of
fines in Batch 1 created difficulties when transferring the resit irto
a chromatography column during the metal extraction experiments. This
problem was removed for Batches 2 and 3 where particles finer than

106 um were avolded.

The sieved XAD-4 was cleaned Dy reiluxing wlith methanol followec by
suction {iltration. Further washing with 12M hydrochliaoric acid, waier
and acetone was necessary befare the resin, after dryiag ovaeranizht at

50°C, was ready for use.
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To the XAD-4 resin (5g) was added anhydrous aluminium irichloride
(35g) and 60-80°C petroleum ether (20 ml). Over a 30~60 minute period
a mixture of 50:50 petroleum ether/acetic anhydride (20 ml) was added
through a water cooled condenser and the mixture refluxed at 75°C for
three hours. The product was cooled 1o room temperature and hydrolysed
in a mixture of 12M hydrochloric acid and ice. After colliection by
suction filtration the product was washed successively with 15X
ammonium hydroxide, i2M hydrochloric acid, water and acetome. The
complete procedure was repeated to obtain a higher yield of the
acetylated product, which was dried at 50°C.

The acetylated product was ozidised to the carboxylic acid
intermediate by stirring for one hour with 0. 1M potassium permanganate
in 2% sodium hydroxide. The product was collected, washed and dried as

for the acetylated intermediate.

The carboxylic acid resin was then mixed with molten 1,6-hexanediol
(30g) containing 18M sulphuric acld as a catalyst. Under these
conditions the esterification was couwpleted by reacting at 70°'C for 24
hours. The product was washed with boiling methanol and dried (50°C).

The resulting resin was added to a mixture of L-cysteine (30g},
dioxane (50 ml} and 18Y sulphuric acid (2 ml), and heated at 90°C for
24 hours. The final product was washed with water, 12M hydrochloric
acid, water and acetone. After drying at 50°C the collected product

was a tan colour.

5.1.2 Potentiomeiric Tifration of Cysteige Chelating Resin [.

In this type of titration the acidic groups on the resin are
-nevtralised-by-a—hase—The- pi-at-the-volumefor-half-neutralisation-of-

e particuylar acidic group is equivalent to the pKa. value.
Other workers have reported results for the potentiometric titration
of chelating resins, as shown in Table 5.1, but it is difficult to

test the authenticity of their data. In both cases the prepared resin
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was known to contain unreacted carboxylic acid groups. The assigned
pK~ values for the carboxylic acld groups seem high compared to

pormally quoted pKa values.

Table 5.1 Potentiometric Titration Results for Metal Chelating

Resins.
Reference Resin Chelating Reported Normally

Group pKa Quoted pKa

Moyers and Hexylthioglycolate  —COOH 4.40 1.86

Fritz (1976) -8H 7.90 10.34

Liu and Cysteine -~COOH 5.65 1.86

Sun (1981> -NH=~ 6,59 8.35
-SH 7.16 10.34

Liv and Sun (1981) do not show the titration curve from which their
data is derived, and the graph presented by Moyers and Fritz (1976)

does not allow the easy interpretation they suggest.
5.1.2.1 Potentigpetric Titration Method.

The resin (0.2g) was equilibrated with water (50 ml) through which a
stream of nitrcgen gas was passed. Titraticn against 0.1M sodium
hydroxide was carrled out, using a pH electrode to follew the preogress
of the reaction. Small increments (0.04-0.1 ml) were added with a five
minute equilibration time between each addition.

5.1.2.2 Results for tbe Potentiometric Titration.

The typical titratlon curve obtalned for Cystelne Chelating Resin I is
shown in Figure 5.2. The iscelectric point; where the dipolar ionm

exists, occurs at pH 4.2. A neutralisation process commences at pH 8.9
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and is still occurring after the addition of 1.5 ml of 0.1K FBaOH. This

can be atiributed to the neutralisation of the protonated amine group.

pH
10
," _________ - - "-H
L4
5 s NHa2-fH-COa2"
)’ CHzSH
’l’
L4
L4
!
4 I',
& !
'
/
1¢
'
/ BRL"-CH-CO=~
4 HaSH
0 6.4 0.8 1.2 1.6
0.1K NaOH (ml>
Figure 5.2 Potentigmetric Titration for Cysteine Chelating Resin I

(0.19 g,

2.1.3 Ipnfra-red Apalysis of Cysteine Chelating Resin 1.

The infra-red spectrum of the resin in a KBr pellet was recorded. ¥hen

the spectrum is compared to that of XAD-4, new bands can be seen to
have appeared at 1679, 1348 and 1262 cmr'. The 1262 and 1679 cm™’

bands may represent carbonyl (C=0) linkages within either of the two

ester groups in the molecule (Figure 5.13}.

5.1.4 Mass Specirum of Cysteine Chelating Resin I.

The resin was ground to a fine powder and a small amount (0.01g)

introduced, via a direct insertion probe, into a Hewlett Packard Model
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59958, Gas Chromatograph/Mass Spectrometer. lndividual functional
groups were not found, although a great abundance of elemental sulpbur
was detected. The presence of sulpbur suggests that the attachment of

cystelne to the prepared resin has been successful.

2.1.5 Heavy Metal Chelating Capacity of Cysteine Regin [,

The batch chelating capacity for Zn, Cd, Pb and Cu was determined as
described below.

2.1.9.1 Technique for the Determination of Batch Capacity.

The metal standard (30 ml), at a concentraticn of 1 mg/ml, was
adjusted to the required pH with 0.1H sodiuvm hydroxide solution.
Cysteine Chelating Resin I was added and the mixture equilibrated for
two hours. The resin was transferred into a chromatographic column and
washed with water. The metal bound to the resin was eluted with 1M
nitric acld (10 ml) and, after making up to volume (25 ml}), the metal

concentration was determined by ASV.

0.1.5.2 Results for the Batch Capacity.

When the pH of the metal standards was adjusted to 7.0 it was observed
tbat Cu and Pb precipitated as bhydroxide, because of tbis problem the

Zn and Cd results were also not considered reliable.

The batch capacity determination was therefore carried out at pH 4.0,
at which point the metal hydroxides are soluble. The metal uptake
capacity for chelating resins is greatly increased at higher pH wvalues
(Culberson et al. 1982) and therefore the values cbtained should be

consldered as minlmum capacities under stormwater conditions.

The batch capacity results for the resin at pE 4.0 are shaown in Table
5.2. Copper shows the greatest affinity for the resimn, followed by Zn
and Cd, with Pb having the lowest affinity. This order is similar to

that of Chelex-100 which bas an order of selectivity of Cu > Pb > Zn >

-145-



Cd (Blo-Rad 1981). The uptake capacity of Cu is similar to that found
by Culberson et al. (1982) far their chelating gel.

Table 3.2 Batch Capacities for Cysteine Chelating Resin I (pH 4.0).

Hug/g Resin pmol/g Resin
Zinc 567.5 B.68
Cadmium Q948.8 8.44
Lead 974.4 4.7
Copper 944.5 14,86

A second synthesis was attempted by an alternative route which reduced
the preparaticon time from one week to two days; in addition the
hydroxymethyl intermediate is recognised as a better product,
containing fewer free carboxylic acid groups (Phillips and Fritz
-1978).

The synthesis involves the same starting resin as resin I ({AD-4) but
differs in that the esterificaticn with cysteine involves an
hydroxymethyl intermediate (Figure 5.3). The synthesis also iaveolves

fewer procedural steps.

IXAD -4) CH ,0H

ACETYLATION Y -
@ * EH30 - (CHyC0KH0 ————— @ DROLYSIS @ 5TER|P‘:CHT|ON l’@ NH
0y cry06 — ey

G

CYSTEINE CHELATING
RESIM ]

Figure 5.3 GSynthesis Scheme for preparing Cysteine Chelating Resin
[1.
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2.2.1 Method pf Preparation,

In this synthesis XAD-4 was ground and sieved to 125-250 pm, followed
by rinsing with methanol. After drying overnight (80°C) the XAD-4
(15g> was mixed with paraformaldehyde (3g), acetic acid (40 ml) and
acetic anhydride (10 ml)> using magnetic stirring. After a few minutes
zinc chloride (15 g) was added and the flask secured. Heating
overnight at 60°C produced the acetoxymethyl intermediate which was
rinsed with methanol and isolated by suction filtrationm.

The resulting resin was hydrolysed by refluxing with concentrated
hydrochloric acid and methanol (1:9 v/v) for one hour. The
hydroxymethyl intermediate was isolated by suction filtration and
dried overnight (507C).

To a portion of the product (7,5g) was added dioxane (75 ml),
concentrated sulphuric acid (4 ml) and L-cysteine (45g)., After
thorough mixing with a magnetic stirrer the mixture was heated
overnight in a stoppered flask at 70°C. The cysteine resin was
isclated by suction filtration and washed with water, concentrated
hydrochloric acid, nethanol and firnally water. The product was dried
overnight (50°C).

2.2.2 Potentiometric Titration for Cysteine Chelating Resin II.

Potentiometric titrations, by the method described in Section 5.1.2.1,
were carried out for the intermediates, as well as the final product,

Cysteine Chelating Resin 1IL.

XAD-1 was not found to contain any acidic groups. However, for both
the acetoxymethyl and hydroxymethyl intermediates an acidic group was
present (pKs = 2.83) which cannot be explained theoretically by the
synthesis scheme (Figure 5.3). It is possible that the reagents used
during the first stage of the synthesis may result in a carboxylic
acid group being attached to the XAD-4 starting resin. The acidic
group remains unaffected during the hydrolysis step.
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The comparison of the potenticmetric titration curves for the Cysieine

Chelating Resin [] and pure cysteine reveals a close similarity

between the two (Figure 5:4), except that for the former the

isoelectric point occurs at a lower pH value. This can only be due tc

the presence of unreacted acid groups on the resin as the carboxylic

acid group on the cysteine resin is bound as an ester and therefore

does not contribute to the titration cyrve.
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5.2.3  Infra-red Analysis of Cysteine Chelatiag Resig 11

The infra-red spectra of Cysteine Chelating Resin II and its
intermediates revealed peaks at 1740 and 1240 cm™', which can be
attributed 1o C=0 and C-0 stretching vibrations respectively. These
peaks were absent from the XAD-4 starting material and the
hydroxymethyl derivative, which supports the structures shown in
Figure 5.3.

5.3 P g : 2 Chelating R containing Thiol G

The use cf a resin containing thicl groups tec imitate the role cf
metallothicneins in metal uptake was first applied to metal speciation
studies by Florence (1982%). In this study the thiol resin was
prepared for a comparison of bicavailable metal uptake with the

cysteine chelating resins (Figure 5.5).
The hydroxymethyl XAD-4 intermediate of Phillips and Fritz (1973) was
prepared feollowing the procedure outlined in Section 5.2 and the thiol

group attached by esterification with thioglycollic acid (Phillips and
Fritz 1978>,

(;l ESTERIEICATION

—-—--—-—---—-‘

R CHZOﬁcﬂlﬁﬂ
]

o]

Figure 5.5 Synthesis Scheme for Preparing Thinl Rasig,

The hydroxymethyl intermediate (10g’, prepared as described in Section
5.2, was reacted overnight with thicglyzollic acid <40 ml) and
concentrated hydrochloric acid (2 ml), under z strezam of nitrogen, at

6C°C. After isolating the product by suction filtration, followsd by
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successive washing with water, concentrated hydrochloric acid and

methanol, the final product was dried at 50°C.

5.4 Comparison of Cysteine. Chelex-100 and Thiol Chelating Resins for
the Uptake of Metals from a Stormwater Sample.

The suitability of different chelating resins for removing bicvailable
metal specles from stormwater may be assessed by comparing metal
species uptake by each resin from a sample. Floreance (1982b) has
compared Electrachemically Available, Chelex Resin Removeable and
Thiocl Resin Remaveable heavy metals in seawater, tap water and creek
water samples., Only the columh method was used for resin extraction,
while in the present work a batch method was used to provide a
complete equilibration of the resin with the sample. The important
results obtained by Florence (19282%) wers;

a) the Thiol resin extracts more Cu than Chelex-100.

b) Electrochemically Available metal was higher than Thiol Removeable
for Cd and Pb, but the reverse for Zn and Cu.

¢) in some cases Cd and Pb, although Electrochenically Availlable,

showed zero adsorption on Chelex-100 and Thiol resins.

in this study a similar comparison, using both column and batch
methods, was made for the uptake of metal specles by different

chelating resins from the dissolved phase of a stormwater sample.
2.4.1 MNethods for Metal Analysis.

The Electrochemlcally Available, Total Dissolved and Chelex Removeable
(batch) metals were determined as described in Section 4.1. Column
extraction was accomplished using a 4 cm bed depth of resin, contained
in a small cbromatography column (diameter, 1 cm). The sample (50 ml)
was passed slowly through the column and the retained metal was eluted
with 1X HEGz (10 ml) followed by washing with water (10 ml). After
making up to volume (25 ml) the metal levels in the eluate (7 ml) were
determined by ASV after the addition of 2¥ sodium acetate (3 =l).

Batch extraction for the Thiol and Cysteine resins was carried out as
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described in Section 4.1 for Chelex—loo.'except'that any pre-analyeie

reeln preparation was omitted.

2.4.2_ Results for a Prelimipary Sample.

A bulked eample (2 1) of stormwater from the Oxhey catchment, which
bhad been frozen, wae filtered and analysed (in duplicate) for
Eiectrochemically Available, Total Dissolved and Thiol, Chelex and

Cysteine Removeable metals. The results are expressed in a bar chart
form (Figure 5.6).
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fvarl, Tl rygtaine Aveil. Chelax ) Cysteine
Uhtlex Raaoveabie Feaovaible R;Invubh Resovedble Rewoveahls
Removeatle
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Figure 5.6 Comparison of Uptake of Metals from the Dissolved Phase
of a Stormwater Sample by Different Chelating Resins.
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There is a caonsistently higher removal by batch, as compared tao
column, methods far dissolved metal species. This can be atiributed to
the non-equilibration of the column method and therefore incomplete
metal uptake. In some cases, especlally with Cysteine resin and Chelex
resin batch methods, 100% removal of metal species is occurring. This
is not s0 obvious imn the case of Fb, probably due to the formation of

strongly bound complexes.

There 1s a close similarity in the affinitlies of Zn and Cd for the
different resins. This suggests that these two metals may exist as
similar metal species. Another interesting feature is that the Thiol
column method nearly always produces zero extraction. The metal
species are therefare not labile to thiol over the timescale of the

column contact.

In the case of the Thiol batch method the metal species are more
responsive, particularly for Cu, and to a lesser extent the otker
three metals. The Thiol results are generally comparable with the
findings of Flaremce (1%582b),

For all four metals there is a marked similarity af extraction
efficlency between the Chelex and Cysteilne resins, particularly in the
case 0f Zn and Cu. In terms of the Fundamental Approach this
demonstrates that Chelex-100 can be falrly represertative of metals
taken up by c¢ell structures, although the Cystelne resin is preferred,
as the sulphur chelating groups may he more typical of the metal
cbelating groups found in biota. The major difference between the two
resins occurs 1in the case af Ph, where Chelex-100 1s more efficlent,
but otherwise the resins seem ta behave similarly and give identical

interpretations in terms of bicavailahble metals.

9.9 Dialysis with Receiving Resins,

If the cell constituents can be imitated by uptake of metal species
onto an amino acid chelating resin, tbhen dialysis may reasonably

imitate the function of a cell membrane. Althougbh high concentrations
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of bloavallable heavy metals may exlst in stormwater this does not
necessarily mean that they are bio-assimilated. Adsorption of metal
species to the cell membrane is known to be fast, relative to
transport across the cell membrane (Mouvet 1584). If the adsorbed
species are removed after a storm event, when baseflow conditions are
dominant, then the membrane transfer process may not be rapid enough
for the organlsm to be affected by the metal levels present in the

stormwater.

Dlalysis membranes, prepared from cellulose and with a molecular
welght cut-off value of 1000, are avallable. They may imitate quite
closely the response of a cell membrane to metal species, although it
should be remembered that a true cell membrane has a phospholipid
structure, In addition the state and specles of the organism will
affect metal transport. By incorporating the Cysteine resin into a
dlalysis bag and locating this at the stormwater outfall, a simulation

of metal specles-organism interaction can be achieved.

2.9.1 Method for Dialysis with Receiving Resins.

Spectrapor wet dialysis tubiag with a mnlecuylar weight cut-off value
of 1000, and a tube diameter of 47 mm, was used, This had been
conditioned and metal contamination removed by equilibration in water
and Chelex-100 (100 mg) respectively overnight. A bag length of 60-100
mm was found to be suitable and was accurately measured. The resin
(200 mg) was slurried with water (= 20 ml) into a dialysis bag. After
tightly sealing the bag at both ends it was suspended in the

stormwater outfall for a period of 3-4 days.

On return to the laboratory the dlalysis bag was cut open and the
resin released Into a separatlng column and washed with water (10 ml).
The resin was then eluted with 1M HEGs (10 ml) and water (10 ml) and

analysed for heavy metals ag described for Chelex in Section 4.1.
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2.5.2 Results for two Prelimipary Measyrements.

A preliminary study of the method was carried ocut at the Bergsjon
field station (see Sectiom 3.2). However, Chelex resin togetber with

dialysis tubing, which bad a mplecular cut-aff value of 3500, was used
for this test.

Uptake of metals should be dependent on the exposed surface area (see
Section 5.5.3), and therefore the beavy metals retrieved by the resin

are expressed as an uptake rate, in ng of heavy metal/mm® of dialysis

membrane surface area/hour, as shown in Table 5.3.

Table 5.3 Uptake of Metals by Chelex-100 in a 3500 Molecular Weight
Cut-off Dialysis Bag.

Time Period Metal Uptake Rate, ng/mm=/bour

Zinc Cadmium Lead Copper

10.00, 22.11.84 to

15.00, 26.11.84 73.1 0.12 0.51 18.3
15.00, 26.11.84 ta
11.00, 29.11.84 26.5 0.05 0.25 2.03

The first and second time periods had runoff volumes of 650.4 and
169.2 m™ respectively. All four metals show increased metal uptake
during the first period. It seems therefore that Pialysis with

Keceiving Resins is sensitive to increased intermittent stormwater

discharges.
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5.5.3 Relationship between Dialysis with Receiving Resins Metal
Uptake and Surface Area.

The uptake of metal into the dialysis cell would be expected to be
related to the surface area of the exposed membrane. It is important
to find out if this relationship holds so that the results can be

expressed as an uptake rate per unit surface area.

Five dlalysis bags, of dlfferent sizes, with a2 molecular weight cut-
off value of 1000 and containing the Cysteine resin, were placed at
the Bergslon stormwater outfall during a snowmelt period (21.02.85 to
25.02.85). The results in Table 5.4 give the uptake rate In

pg/mm</hour for each metal.

Table 5.4 Metal Uptake Rate for Dialysis with Receivipng Resins

depending on Surface Area.

Surface Area Metal Uptake Rate, pg/mm=/hr
mm=
Zinc Cadmium Lead Copper
4313 13.3 0.57 0.012 23.7
5381 20.0 0.54 nd 37.1
9165 14.7 0.51 1.14 25.3
0524 21.4 0.50 nd 27.7
13268 15.8- 0.53 0.079 22.1
Mean 17.1 0.53 - 27.2
Standard deviation 3.12 0.024 - 5.28
(+/- 18.3%) {(+/- 4.5W (+/- 18.5%)

1t 1s clear that for Zn and Cu, and especially for Cd, a llnear
relationship exlsts between metal vptake rate and the membrane surface

area. The Pb results are often close to the measured Pb blank value.
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The low values of Pb found are related to the low digsolved Pb
concentrations found in stormwater, despite a high suspended soldid

concentration.

The results in Tahle 5.4 support the theory that the transport of
metal across the membrane is by diffusion from a high to a low metal
concentration, with the chelating resin regulating the aqueous metal
concentration in the dlalysis bag close to zero. According to this the
metal taken up should be dependent on the dlalysis bag surface area,
as can be seen in Table 5.4. Table 5.4 also shows that the method is
reasonably precise for Zn and Cu and with a good precision for Cd thus

allowing the use of the method for routine stormwater monitoring.
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The gullypot is a small scale sedimentary basin whick regulates, if

somewhat inefficiently, highway surface runoff pollution (Harrop
1083). Current knowledge on the fate of heavy metals in gullypots was
discussed In Section 2.1.1.3 and certainly the inputs, outputs and
interactions within a gullypot with regard to metal speciation have

received scant attention to date.

Speciation transformation processes, in this fermenting underground
water reservoir, can certainly be anticipated when a rapid change of
gullypot contents occurs. This is normally brought about by the shock
pulse of acidic, well oxygenated rainfall which enters the system via
the road surface. In this chapter processes affecting metal speciation
through the rainfall/road surface/gullypot system are investigated by
the analysis of data collected during a 2% month study of the Chalmers
catchment (the catchment characteristics are described in

Section 3.3). Metal speciation data fior atmospheric fallout, size
fractionated road dusts, road rumoff, gullypot liquer and gullypot
outflow allowed the observation of six physical and chemlcal processes
which affect the transport of metals through the gullypot system.
These controlling processes are used to explain metal loading
variations for the gullypot outflow and finally mass halances are

drawn up for metal species through the system.

It 1s first necessary to outline and discuss the type of storm samples

collected during the study period.
6.1 Otorm Characteristics.

Six storm events of different flow intensity and volume types were
studied. The hydrological characteristics of these evenis are
presented in Table 6.1.

-157-



Table 6.1

Hydrological Characteristics for Six Storm Events Sampled
in the Gullypot.

Storm Date Sample type Antecedent Storm Rainfall Road

Code collected (Ho. Dry Pericd Duration {mm}  Runoff
of samples) (days> (hours) {litres)

64 02.07.84 Road rumoff (17> 8 2.1 =10 1689

6B 12.07.84 Road runoff (11 10* 5.8 18.5 6032
Gullypot (12
Gullypot outflow (12)

6C 01.08.84 Gullypot (12) 3 8.7 2.9 1667
Gullypot outflow (5)

6D 04.08.84 Road runcff (4) 1 4.3 4.6 2155
Gullypot (7
Gullypot outflow (63

6E 16.08.84 Gullypot (7) 10 1.0 9.7 3951
Gullypot outflow (77

6F 03.09.84 Gullypot (7 1 2.5 6.5 3992
Gullypot outflow (6)

*).6 am rainfall on preceding day

In addition the gullypot continuous monitoring system gave values

every minute throughout each storm event for dissolved oxygen

concentration, redox potential, conductivity and pH.
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Two storm events, 6B and 6E, occurred after relatively long antecedent
dry spells. 6E was the most intense storm with 2.7 mm rain falling in
a five minute period, although the whole event only lasted one hour.
The runcff for this thunderstorm was close to the design capacity of

the sewer network (1 1/s on 100 m® for 15 minutes) with a2 maxinum flow
of 4.6 1/s.

Storm 6B was a long heavy storm which continued for 5.8 hours. It had
a maximum road runoff flow rate of 2.03 1/s and the overall flow
volume of 6932 litres represented the greatest value for any one event
during the 2% month study period. This storm began with a low flow for
the firgt hour of 0.05 1/s, but had two intense rainfall perilods
duyring the third hour. Storm €A was also an intense summer storm of
two hours duration with most of the flow volume occurring during the
first half hour. Storms 6C, 6D and OF were low intensity storms with a
short antecedent dry period.

The outflow loadings for four controlling parameters and the dissolved
and suspended solid assoclated metals for five of the storm events,

6B - 6F, are shown in Table 6.2 and can be compared to the
hydrological characteristics in Table 6.1. Although only five storms
were monitored, dissclved organic carbon loadings (Tahle 6.2) show a
clear positive linear relationship to antecedent dry period (Table
6.1). This suggests a continuous accumulation of organic carbon,
avallable for washout, during the dry peried hoth on the road surface
and 1n the gullypot liquor and sediment. A similar, but weaker,
relationship between suspended solids and antecedent dry period is
fcund., This is due tc a further dependence on gullypot sediment
mobllisation processes. During intense and large volume storm events a
net loss of gullypot sediment occurs, while during less intense events
the gullypot gains sediment. For suspended solids, the antecedent dry
period relates only to road surface sediments so that when the
gullypot contribution increases the correlation (suspended solids with
antecedent dry period) becomes weaker.The importance of the gullypot

for contributing sediment can be seen for storm 6B when the gullypot
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produced 66.5% of the suspended soulids in the outflow whereas storm 6D
contributed oaly 11.3%.

Table 6.2 Qutflow loadings of Parameters and Heavy Metals for Five
Storm Events.

Storm Parameter Outflow Loadings (g> Metal Outflow Loadings (mg>

code

Diss Diss Part Suspended Zinc Cadmium Lead Copper

Ca Org € Org C Solids

Diss S8 Diss S8 Diss 85 Diss S8

6B 12.4 28.3 45.3 467 266 182 2.6 1.0 80 812 123 71
6C 3.9 15.1 2.4 23 268 10 1.2 0.2 4% 40 105
5D 2.1 10.3 1.5 28 128 7 0.8 0.15 28 48 79
6E 2.7 21.4 26.2 314 204 109 2.0 0.7 27 249 B89 76
6F 1.6 6.5 7.6 48 138 31 0.9 0.3 17 75 23 9

Diss = Dissolved

§8 = Suspendad Solid
frg = Organic

Part = Farticulate

Metal loadings follow the controlling parameter loadilngs, such as
dissolved organic carbon and suspended solids, through the gullypot
system. A good Iinear positive relationshlp exists between dissolved
organic carbon and all four dissolved metals (Table 6.1 and Table
6.2, but no relationship exists for dissolved Ca. A positive linear
relationship also exlsts between suspended solids and suspended solid
assoclated metals. However, particularly in the case of Zn, a better
relationship is obtained by considering particulate organic carbon.
This can be accounted for by the enrichment of organic carbon and

metals in suspended sollds at low flow rates.
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The processes affecting metal species are assessed by initially

considering atmospheric fallout and then followlng metal transport
over the road surface, within the gullypot and thence to the gullypot
outflow pipe,

6.2.1 Atmospheric Fallout,

Atmospheric fallout 1s an important source of heavy metals,
particularly for dissolved metal specles. The importance of combined
precipitation and dust fallout for storm 6B is shown in Table 6.3.
Although in low concentrations, metal loadings become significant for

a large volume storm event.

Table 6.3 Possible Heavy Metal Contribution of Atmospheric Fallout
to Road Runoff, Storm 6B.

Atmospheric Fallout Metal as a % of Road Runoff

Total Dissolved Solid
metal metal metal
Zinc id id id
Cadmium 22.2 nd 63.6
Lead 64.5 153.9 42.9
Copper 249.3 316.4 129.9

id = insufficient data
nd = not datecied
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In the dissolved phase all the Ph and Cu in the road runoff can be
accounted for by atmospheric fallout. Suspended solld fallcut 1s less
lmportant for Ph, but could potentially comprise all of the Cu and a

considerable amount of the Cd found in the road runoff.

A significant amount of the dissclved metal in the precipitation may
result from readily soluble airhorme solids. For example, solid
associated heavy metals can be rapldly solubllised by the acidic
rainfall, which in this storm had a recorded pH of 4.1. The road
surface may reduce the transfer of atmospheric fallout to the gullypot
due to the immobility of coarser solids and chemical changes in metal
speciation during the wasboff process. In the case of Pb the abundance
of road dust assoclated metal (e.g. 2556 mg for storm 64) offsets the
relative importance of ralnfall sclids input (08.6 mg for storm 6A).
In fact this 1s usually true for Cd, Cu and Zn as well.

Atmospheric fallout 1s alsoc an lmportant source of free dissolved
metal species, which is related to the low pH (average 4.2) and low
dissolved organic carbon concentration {(average 1.3 mg/1l). For storm
6B, in atmospheric fallout, 46% of total Cd, 18% of total Pb and 68%
of total Cu, was in the Chelex Removeable fraction, These reactive
metal specles can be readily adsorbed to, or complexed by, organic and
inorganic compounds and may not even become a constituent of road

runoff.

6.2,2 Metal Mobilisatiop from Road Dustis,

Twa processes are known to affect the mohilisation of metals from rgad
dusts. Firstly, the acidic nature of rainfall helps to transfer metal
species Ilnto the dissolved phase. Secondly, the chemical sorting of

metal species takes place over and at the road surface during runoff.

€.2.2.1 Acid Rain Mobilisatjon.

Acldic waters can dissclve inorganic compounds and therefore release

solid asscciated metal forms into the dissolved phase. Metal specles
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which are attached to the solid surface can also be released to the

dissolved phase because of hydrogen lon saturation of surface sites.

The acidity of the rainfall reaching the road surface during the study
period was in the pH range 3.8-4.9. Prevailing wind and local
atmospheric conditions are critical for rainfall acidity in the
Gothenburg area. Lower pH values are associated with south-westerly
winds and the higher, relatively neutral pH raimfall occurs in
connection with northerly winds. The 1initial acid rain dissolution of

road dust assoclated metals should increase with decreasing pH.

The total mass balance for Cd in siorm 6B shows that 52% (1.58 mg) of
the Cd available for removal from the road surface and the incoming
atmospheric fallout is washed off in road runoff. There are two
possible explanations for this observation:

a) Cadmium is enriched in certaln easily mobilised road dust
fractions. Tbis physical mobilisation process can Le supported by the
1.5 nmg Cd tbhat was found 1n the <125 pm fraction of road solids (out
of a total of 2.71 mg Cd>.

b) Road dust associated Cd is chemically transferred to the dissolwved
pbase by acldic incoming rainfall, followed by direct washoff.

The physical mobilisation process would require the mobilisation of
5.4 Kg of road dust to provide 1.5 mg Cd from tbhe direct physical
mobilisation of the <125 um fraction. However, omly 0.16 Kg of read
dust was washed off in the read runoff of storm 6B. Even taking the
finer metsl enriched fractions ({63 um) of road dusts into account,
2.3 Kg of road dusts must be mobilised to account for 0.6 mg of Cd and
therefore this process can be considered to be relatively unimportant.
However, a chemical solubllisation process does provide a possible
explanation. Analysie of road dust particles finer tlkan 1000 pm stows
that tbey provide a readily released source of Exchangeable Cd (Figure
6.1> which can be dissolved and washed off by the acidic rainfall.
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ROAD DUST
HEAVY METAL SPECIATION & e
17TH JULY 1984 CADMIUM

<63 UM 63-125 PM
1251000 UM >1000 UM

Figure 6.1 Cadmium Speclation in Size Fractionated Road Dusts.

Exchangeahle metal released by fhe solublilisation process can account
far all tke Cd and Cu in road runcgff. However, only hetween 15.4% znd
40.3% cof Pb is released irom the Exchangeable fraction toc road runcif.
Lead may be more strongly sediment assaociated in the Exchangeable
irzction than either Cd or Cu and thereiore the prolonged acid raia

washing of storm 6B was required tc releazse 40.3% of the available Pu.
Most of the dissolved metal released from road dusis is present in the

road runcff as Chelex Remcveable species. Therefore, during the

transier of metal from the Exchangeable rcad dust fraction to the
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dissolved phase it remains as relatively free and weakly complexed

inorganic/organic specles.

As a great proportion of the Exchangeahle road dust fraction is washed
off, certainly for Cd, Cu and 2Zn, the accumulation of metals in road
dusts during dry periods may determine the extent of acid rain
mobilisation. Road dust and associated metal was found to continually
accumulate on the road surface. Road dust accumulated at a rate of 0.9
g/m=/day, glving a rate for the overall catchment of 351 g/day. A
gullypot outflow washoff range of 28.2-467.1 g was found for five of
the 17 storms in the 68 day study period.

The rate of metal accumulation on the catchment is shown in Tahle 6.4.

Table 6.4 Road Surface Dust Metal Accumulation and Rempval Rates.

Road Dust Average Available Gullypot Outflow
Metal Metal/Storn Event Total Metal Removal
Accumulation mg Rate Range mg/Storm
mg/day Event

Zinc 53.5 214 135-477.5

Cadmium 0,062 0.28 0.91-3.63

Lead 56.2 224.8 75.7-891.8

Copper 18.7 74.8 31.8-183.9

The total metal accumulation rate can be converted intc the average
available metal per storm event, the average dry period heing four
days, and this can be compared with the gullypot nmetal outflow range
for five storm events. The average available metal values for Zn, Pb
and Cu fall witbin the outflow range. This suggests that these metals
are washbed off the road surface and through the gullypot, elther at
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the end of the dry period or after short term storage in the gullypot.
More Cd was washed tbrough the gullypot system than accumulated in
road dusts, the excess might be accounted for by atmospheric fallout
during the storm event., The acid rain solubilisation process therefore
greatly increases tbe rate of metal removal from accumulated raoad

dusts.

©.2.2.2 Chemical Sorting of Metal Specles.

Vhen road dusts are physically mobilised by rainfall there may be
changes in the metal species distribution due to chemical

interactions.

This is clearly exhibited by a comparison of the gullypot mass
balances for sedimentary Pb fractions during storm 6B. 24% of
Exchangeable Pb (187.6 wmg), 5.4% of Carbanate and Hydrous Metal Oxide
Pb (56,1 mg> and 1.4% of Organic Pb (9.5 mg) are present in the solids
of road runoff compared to the original road dusts. Clearly there is a

preferential sorting of the more weakly associated metal fractioms.

An analysis of road dust speciation for Pb (Figure 6.2) shows that the
Carhonate and Hydrous Metal Oxide fraction is present in significant
amounts in the smaller size fractions and therefore preferential
washoff{ alone cannot explain the enrichment of Exchangeable Fb in road
runaff solids. Clearly chemical changes are creating a transfer of Fb
amongst the fractions, both solid and liquid, giving an enrichment in

the Exchangeable fraction.

Chemical sorting was also observed for Zn and Cu with similar
enrichments in the more weakly associated fractions. However, this was
not observed for Cd as acid rain solubilisation was very effective at
reducing solid associated Cd loadings in road runoff. One explanation
for the chemical sorting of road dust metal fractions may be changes

in pH which cause the adsorption/desorption of dissolved metal species

to solid surfaces.
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Figure 6.2 Lead Speciation in Size Fractionated Road Dusts.

When acidic rainfall reaches the road surface it iz initially weakly
buffered by road dust derived organic and inorganic salts, Un entiry to
the gullypot the road runoff undergoes further buffering by the
gullypot liquor which therefore initially remains at the pd
established betwean storms (normally pH = 7.{). Subsejuently the
incoming road runofif reduces the pH to between ¢.0 and 5.0. Howaver,
as & resul® of the weak buffering at the beginning cf storm events a
Buffer Time Zone is established where no drep in gullypot pH occurs,

despite incoming rcad runoff (Table 6.5).



Table 6.5 Free and Veakly Complexed Metal Reaction during the
Buffer Time Zone of differernt Storm Events.

Staorm Buffer Time Reactive Free
Code Zone* and Weakly
Complexed Metal

6A 07.32-07.38 Cd,Pb,Cﬁ

6B 09.09-05. 24 Cd, Pb, (Zn), (Cu)
6C 08.42-08.53 Cd, Pb

6E 10.43-16.46 Cd, Pb, (Cu)

6F 12.00-12.07 Cu

{Metal) = veak reaction
*Measurad in Lhe gullypol

At the same time as hydrogen ions are buffered a similar reaction
occurs for certain metals (Table 6.5) with a reduction of free and
weakly complexed metal ions, i.e. increase of

PMeiccerochemicmily Avaiimbim (PMz=.a.). & clear example of this is
geen for pPbe.a. in the gullypot during storm 6B (Figure 6.3). During
the Buffer Time Zone pPbe.~. remains bigh, despite a high total
dissolved Pb conceniration of up to 85 pg/l. In the gullypot pPbe.a.
lags slightly after the initial rapid decrease of pH by some 12
minutes creating a longer Metal Reaction Time Zone. Tbis extension may
be attributed to dissolved organic compounds, enricbed in the stirred
up gullypot, which inhiblt the release of Electrochemically Available
Pb. A further increase of pPbe.as. later in the storm is related to the
dilution-exhausiion of dissolved Pb, rather than complexation.
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CHALMERS GULLYPOT 12 JULY 1984
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Figure 6.3 pPbe . a. Variations as influenced by the Buffer Time Zorze.
Tima in Minutes
The tnitial gullypot sample of storm 6B had only 0.01% in an
Electrochemically Available form, out pf a dissolved Pb concentraticn
of 92.3 ug/l. Yet, fcr the same storm, 67% of Pb ir atmospheric
fallout was in an Electrochemicélly Available form out of 2z dissolved
Pb corcentration of 13.1 pg/l. In terms of lcadings this reduction of
Electrochemically Available metal between atmospheric fallout and
gullypct outflow is not always significant (Table 6.€), although, in
some cases, it may be up to 60%. This is complicated by the
sclubilisaticn of metals tbhrough the gullypot system giving rise to an
increase of free and weakly complexed metal. In additicn, only the
first part of the storm event is affected by the Metal Reaction Time
Zone. However, the extent of Electrochemically Available metail
reduction may further increase within the in-pipe system where wmare

buffering and more sediment mobilisation may occur.
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Table 6.6 Reduction of Electrochemically Available Metal in the
Gullypot System.

Storm % Reduction of Electrochemically Available Metal between

code Atmospheric Fallout and Gullypot Outflow

Zinec Cadmium Lead Copper
6B 27.7 id 38.2 0.8
6C 28.2) id id {66.9)
6D id 40.8 (31.7 id
6E 7.1 id 13.5 i1.6
6F 19.7 58. 4 10 59, 2

id = insufficient data
(4) = increase

Surface area dependent uptake may be an important transport mechanism
for metals through the gullypot system. This is particularly relevant
for fine sediment as the surface area of spherical particles increases
exponentially with decreasing particle diameter. As the surface is a
focus of important reactions involving metals (see Section 2.7.2)
small particles might be expected to exert a much greater metal

reaction activity per unit weight than large particiles,

it has been found that at low suspended sclid concentrations, which
are usually associated with low flow conditions, small particles
containing elevated metal levels are preferentially washed off the
urban surface. During higher flows lower suspended solid metal
concentrations are found, but the presence of larger particles is also

observed (Harrison and Vilson 1983},
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Two concepts may be put forward to explain the above finding:

a) Harrison and Vilson (1983) proposed that the hydrodynamic sorting
of highway dust might explain these results.

b) Surface area dependent uptake scavenges metals from the dissolved
phase onto reactive surfaces such as organic complexing sites or
hydrous Fe and Mn oxides. The greatest metal enrichment would be

expected in the finest solids which have the greatest unit surface

area.

A combination of these twc concepts is presented in Figure 6.4, In
this theoretical situation road dust size sorting is the dominant
control on metal concentration above 50 mg/l suspended solids.
However, during low flow conditions with fine high surface area
particles, i.e. below 50 mg/l suspended solids, surface area dependent
uptake becomes Important. The change over point for the surface area
dependent uptake process is the intercept, Mi, expressed in mg/l
suspended solids. ¥hen M: Is zero sediment metal concentrations can
only be ascribed to the hydrodynamic sorting of road dusts. As M:
increases so too does the extent of surface area dependent uptake. The
value of N: can therefore be related to the extent of enrichment of
metals in suspended solids over road surface dusts.

Suspended Solid

Asscocliated
Metal pg’g 150
M: = Metal Process Intercept
' - Road bust Sarting Curve
Vo e Surface Area Dependent
L)
100 \ Uptake Curve
)
LY
N\
\\ MI
50 - \.\ /
0 —
0 S0 100 150

Suspended Solids mg/l

Figure 6.4 Conceptual Representation of Processes affecting Netal
Concentration at different Suspended Solids

Concentrations.
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Figure 6.5 Metal Size Distribution on the Chalmers Parking Lot,
17.07.84.

The conceptual curve for road dust sorting (Figure 6.4) was obtained
from the general trend of metal concentrations in size fractionated
road dusts on the Chalmers catchment (Figure €.5). Metal

concentrations clearly increase with decreasing particle size. Based

on the work of Ellis and Harrop (1384) only 5% of solids discharged to
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gullypots are less tham 60 pm (66% is 400-3000 pm), although during
low flow conditions more fine solids mey be present. The finest road
dust metal concentration (<63 pm) may therefore give an indication of
the highest metal concentration values expected on the road dust
sorting curve. Therefore 1f surface area dependent metal uptake is
occurring through the gullypot system then an increase of suspended
sediment metal concentration over fine metal dust concentration would
be expected. A typical example of this type of metal emrichment is
shown for Ph in Figure 6.6. Not only are road runoff solids metal
enriched over road dust fines, but therefore also further enriched im
the gullypot ard gullypot outflow. The enrichment is by up to a factor
of 10 in road runoff compared to road dusts. This suggests that
surface area dependent metal uptake may be a continuous process

through the gullypot system.

As both road runoff and gullypot waters are increasingly buffered with
respect to rainfall it can be argued that this pH gradient may
increase, or even be the prime cause of, surface area dependent metal
uptake. The proposed mechanism for metal transport would envisage that
during acidic rainfall events certain metal specles are solubllised
from road surface dusts, as described in Section 6.2.2.1, Buffering of
the acidity by road salts in the road surface water microlayer would
cause the hydrodynamically sorted fines to take up free and certain
weakly complexed metal ion species. The amount of metal uptake will
depend on the nature of the solids, the amount of metal avallable and

the degree of buffering, as well as prevailling hydrodynamic
conditions.

The greatest metal uptake would be expected in low intemsity, long
rainfall events (Table 6.7). This 1s because during light showers fine
particles only are mobllised and the runoff waters remaln buffered for
a longer time period. Thls results in a higher average metal
concentration, particularly for Cd and Pb, in a light rainfall than in
a thunderstorm. However, even in a heavy thunderstorm such as stoarm
6E, metal concentrations are well above the less than 63 pm fraction

of road dusts, particularly for Cd, Pb and Cu.
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Figure 6.6 Sediment lLead Concentration through the Gullypot Systen.

To further investigate the effect of the pH gradient through the
gullypot system it is useful to compare MN: values for road runoff,
gullypot and gullypet outflow (Figure 6.7). In tke case of Pb in storm
68 the road runoff and gullypoct outflow X: values are both 44 mg/1
suspended solids. Therefore the slightly higher X: value of 48 mg/l
suspended sclids for the gullypot has little effect can ithe road runoff
diluted outflow. However, one high metal concentraticn is found in the
gullypot and gullypot outflow (= 3000 pg/g’ which is not found in the

road runoff. This represerts the gullypot liquor suspended solids
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mobilised early in the storm event which, perbaps in a misleading way,
extrapolates ihe surface area dependent uptake curve to high

cancentrations, but makes no difference to the M: values.

Table 6.7 Average Sediment Metal Concentrations in Gullypot Outflaw
and Fine Road Dusts.

Average Sediment Metal Concentration pg/g

Gullypot Outflow Road Dusts <63 pm
03.08.84

Stormn 6C Storm 6
(2.9 mm/B.7 hours) (2.7 mm/1 hour)

Zinc 417.1 354.5 234.3
Cadmium 12, 4 4.6 0.35
Lead 2092. 0 1279.9 358.8
Copper 329.0 234,9 78.2

Cadmium has an elevated M: value in the gullypot which is reflected in
the gullypot outflow and it can therefore be suggested that surface
area dependent metal uptake may be important for Cd in the gullypot.
If the process continued in the below ground system then pH/surface
area dependent metal uptake may become the dominant transport
mechanism. In the case of Cu the M: value in the gullypot outflaw
reflects incoming road runoff, with only a minor apparent effect from

the high M: value in the gullypot.
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Table 6.8 M: Values for Metals in Road Runoff, Gullypot and
Gullypot Outflow.

M1 Values, mg/l Suspended Solids (Storm 6B

Road Runoff Gullypot Gullypot Outflow
Zinc nr 40 40
Cadnmium 22 43 38
Lead Y 48 44
Copper 36 57 39

ar = no relationship

Although pH may be the most important parameter affecting surface area
dependent metal uptake, it is recognised that other parameters may
increase or decrease suspended solid metal adsorption processes.
Particulate organic carbon and hydrous Fe and Mn oxides may increase
metal adsorption and these have been fractionated using the speciation
scheme described in Chapter 4. A decrease of redox potential or an

increase of ionic strength may reduce metal adsorption.

The individual components, such as organics and hydrous metal oxides,
in the washoff solids may exert different uptake constants and
capacities. The activity of the surface will also depend on the metal
species being adsorbed. Table 6.9 shows the metal fractions which
exhibit a pH/surface area dependent metal uptake at different stages

in the gullypot system.

Those metal fractions which show a weak relationship, or none at all,
with suspended solids are usually not enriched over the same metal
fraction in the less than 63 um size fractionm of road dusts. This

means that the M: value is at or close to zero.

-177-



Table 6.9 Surface Area Dependent Metal Uptake for different Metal

Fractions.
Exchangeable Carbonate and Organic
Fraction Hydrous Metal Fraction
Oxide Fractiom
Zinc Road Runoff - (+) )
Gullypot + +) 4
Gullypot Cutflow ) + +
Cadmiuvm Road Runoff + ngd +
Gullypot + nd +
Gullypot Gutflow + nd +
Lead Road Runoff + + +)
Gullypot 4 + (+)
Gullypot + + -
Copper  Road Runoff + +) +)
Gullypot + 1S D) +)
Gullypot Gutilow ) ) 5

+ = significant relationship
{+) = weak relationship

- = no relationship

nd = not dateciad

-178-



BEXCHABGEAELE

HE/E Pb ug/g Pb
a
6000 2300
1
1
¥
3000 4! . 1500
A
]
]
]
t
J\
»
4
§‘-"‘°--.__---.:
) —— ——<03 um 0
100 200
mg/1 Suspended Solids
ORGANIC
HEB/g Pb
200
. »
100 x
" )
. — (63 pm
0 — -
0 100 200
mg/1l Suspended Solids
Figure 6.8

CARB + HYD

]
]
)
1
1
1]
1
i
i
]
)
1
1
i
[
1
A
‘\
Ay
4 \'. \
\‘\..\' ]
L PR A — (63 pm
Q 100 200

mg/1l Suspended Solids

Surface Area
Dependent Metal
Uptake Curve
Road Dust
Sarting Curve

Kelationship of Suspended Sclid Lead Fractions with

Suspended Solids for Gullypot Cutflow, Storm 6B.

The fractions which show a significant relationship have higher metal

concentrations than the less tkan 63 pm fractiom 2f road dusis. A3 can

be seen in Figure 6.8, for Pb fractions in the gullypot outflew of
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storm 6B, the Exchangeable fraction has a higher M: value (54 mg/l
suspended solids) tbhan the Carbonate and Hydrous Metal Oxide fraction
(51 mg/l suspended solids) as well as a greater metal enrichment over
the same fractions in fine road dust. The Exchangeable fraction
tbherefore provides more competitive sites for Pb species uptake than
the Carbonate and Hydrous Metal Oxide fraction. The Organic fraction
cannot be ascribed a M:, value as was anticipated from Takle 6.9,
However, altbough not sigpificant in terms of total adsorbed Pb, soms
Organic fraction values are higher than expected from fine road dust
concentrations. These deviations may be attributed to certaim strongiy
binding organic ligands wkich are selective for Pb and may not be
present in all the washed out solids. It is clear from Table 6.9 that
tbke Exchangeable fraction most frequently shows a significant
relationship whick tends to confirm that the solid surface is actively
involved in metal uptake. Lead and Cd show the most consistent uptake
at different stages of the gullypot system, while the uptake of Zn and
Cd may depend on the physical and chemical characteristics of the

solids present during transport.

Table 6.10 shows the M: values cobtained for the different metal
fractions in storm 6B. Zipnc shows no pH/surface area dependent uptake
in the road rumpoff. Usually Zp concentrations are similar to the less
than 63 pm fraction of road dusts and therefore the Zn concentratioms
in sediments leaving the road surface may simply reflect hydrodynamic
sorting. However, uptake of Zn may be occurring into the Carbonate and
Hydrous Metal Oxide and Organic fractions in the guliypot. These
processes are also reflected by similar Mi values for the gullypot
outflow. In terms of higher concentrations and a higher M: value the

surface area uptake of Zn is greatest into the Carbonate and Hydrous
Metal Oxide fractiom.
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Table 6.10 M: Values for Metal Specles, Storm 6B.

M: Values (mg/l Suspended Solids)

Exchangeable Carbonate and Organic

Fraction Hydrous Metal Fraction

Oxide Fraction

Zinc Road runoff nr nr ar
Gullypot nr a7 23
Gullypot outflow nr 37 25
Cadsium Road runcff 49 ar 39
Gullypot 55 nr 43
Gullypot outflow 30 ar 45
Lead Road runcff 53 37 nr
Gullypot 71 47 nr
Gullypot outflow 54 51 ar
Copper  Road runoff nr 42 ar
Gullypot 66 ’ nr 32
Gullypot outflow ar 41 30

nt = no relationship

Cadmium and Pb show the most significant concentration enrichments
road runoff over fine source road dusts. Cadmium shows uptake into
Exchangeable and Organic fractions (Table 6.10). Road runoff has a
high M; value for Exchangeable Cd, with no apparent effect on the

gullypot ocutflow by the higher M: value in the gullypot. Therefore
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most of the uptake into the Exchangeable Cd fraction occurs ou the
road surface. Organic Cd has an luocreased M: value in the gullypot in
addition to the already higdh road runoff value. This indicatess that
surface area dependent Cd uptake occurs into the Exchangeable and
Organic fractions on the road surface, with further Cd enrichment in

the Organic fraction in the gullypot.

Lead demonstrates significant M: values for the Exchangeable and
Carbonate and Hydrous Metal Oxide fractions, with the greatest
concentration enrichment in the Exchamgeable fraction (Table 6.10).
Although the gullypoti has the highest Exchangeable Pb M: value

(71 mg/1 suspended solids) the gullypot outflow M:; value is dominated
by incoming road runoff. However, the gullypot does seem to give rise
to an Increased M: value for the Carbonate and Hydrous Metal Oxide
fraction. This could be related to the oxidation of gullypot waters
allowing the adsorption of metals onto freshly formed hydrous metal
oxide surfaces. Such processes increase 1n the more oxidising gullypot
outflow, giving rise to a steadily increasing M: value. This may he an

indication of redox/surface area dependent metal uptake.

Copper shows a significant metal enrichment in the gullypot for the
Exchangeable fraction, but there is no observable effect in the
gullypot outflow (Table 6.10>. However, the gullypot outflow is
influenced by a slight enrichment effect for the Organic fraction in
the gullypot whereas for the Carbonate and Hydrous Metal Oxide
fraction road runoff appears to bhe the controlling factor. However, in
general the enrichments are relatively small and therefore, iam the
same way as Zn, hydrodynamic sorting tends to dominate the gullypot

ocutflow suspended sediment concentrations for Cu.

6.2.5 Metal Increase in the Gullypot Liquor between Storm Bvents.

Between storm events the gullypot sediment and liquor might be
expected to undergo changes in composition as a result of biological

and chemlcal reactions.
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a) Bacterial activity can give rise to sediment maturaticn and the
release 1nto the water column of maturation products. Some evidence
for this can be obtained from parameters measured in the gullypot
ligquor (Figure §.9). Dissolved oxygen decreases to 60-80% saturation
after a storm event and then remains relatively constant cver the dry
period. Clearly there is a balance maintained between sedimentary
oxygen cecnsumption and diffusion into the gullypot liquor from the
atmpsphere. When the gullypot sediment is mobilised during a storm
event redox potemntial and dissolved oxygen concentrations decrease and
ATP concemtration increases (from 0.7 up to0 4.5 #g ATP/1 during storm

6E) which may indicate bacterial activity.
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b) Chemical reactions occur in the aclidic liquor and sediment. Both
conductivity and pH increase gradually over the dry period (Figure
6.9), with pH increasing rapidly for a few hours after each storm
event. Dissolved Ca also increases gradually during the dry perlod,
from 1.4 to 10.6 mg/l. These increases may be related to the corrosion
of the cement gullypot structure releasing Ca and bicarbonate,
resulting in increases of conductivity and pH. Redox, dissolved oxygen
and temperature did not show any distinct changes in the gullypot
liquor over the dry period.

These blological and chemical reactions have an interesting effect on
metal species. After a storm event the gullypot liquor is relatively
clean and 1t overlies a metal rich sediment. Sediment maturation and

acidic dissolution may release metals into the gullypot liquor.

ug/l Cd
8
6
4
---- Strongly Bound
Total Dissolved
2
/ .
0 Vi * -
16 18 20 22 24 26
JULY

Figure 6.10 Dissolved Cd Increase in the Gullypot during a Dry
Period.
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In general the dissolved metal councentrations increase in the gullypot
liguor between storms, although the pattern of increase is often
rather irregular. This is not the case for total dissolved Cd and the
Strongly Bound soluble fraction which increase over a period of 11 dry
days as shown 1n Figure 6.10. The affinity of dissolved Cd for the
Strongly Bound fraction suggests that it may be that the Cd is bound

by organlic compounds released by bacterial action on the sediment.

The curves show a relatively rapid release of dissolved Cd during the
first few days and appear to be tailing off towards equilibrium. The
time to reach half maximum concentration would give a characteristic
parameter for the release of Cd under the redox, pH and Cd
concentration conditions of the gullypot sediment which was present in
the gullypot. As the curve in Figure 6.10 is asymptotic it is
difficult to determine the time of maximum Cd concentration with any
precision. However, as the total dissolved Cd curve is of a similar
type to that of Michaelis-Menton for enzyme kinetics, equation 6.1 may
be applied.

[Cdloiws = Max[Cdlnima x time 6.1
tw + time

where te = tine Yo reach hall maxinmuw Cd concentration
time = time for Max{ldloiss

A double reciprocal plot gives a straight line, according to equation
6.2, where the slope Is tw/Max{Cdl}, the y-axis intercept is 1/MaxtCdl

and the negative x-axis intercept Is -1/tw.

1 = (tw / Max({Cdl x time) + 1 6.2
{(Cdlloina Max{Cdloiaa

The data points from Figure 6.10 were therefore re-plotted, according
to equation 6.2, to give Figure 6.11. This gives a value for tw of
76.9 hours and Max{Cdloia= 0f 9.7 ug/l. These values can then be used
in equation 6.1 to calculate the dissolved Cd concentration at any

time during the dry period.
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Figure 6.11 Double Reciprocal Plot Allowing Precise Determination of
tw and Max(Cdloiss

However, the pattern of dissolved metal increase 1s complicated by the
presence of suspended solids and a gradually increasing pH (Figure
6.9) and similar relationships are not found for Cu, Pb and Zn. pH
controlled adsorption to solids may explain the slight fall-off in
dissolved Cd levels after 11 days (Figure 6.10) which has alsoc been
observed for Pb. Copper and Zn show fluctuating dissolved
concentrations because the steadily increasing pH causes an increasing
tendency for metal adsorption to suspended solids (Figure 6.12).
Therefore the dissolved metals released from the gullypot sedimeni may
be scavenged by gullypot liquor suspended solids when the pH has

increased enough to cause surface adsorption.

For all four metals, total metal concentrations I1n the gullypot

increase in accordance with equation 6.1 over the dry period. Table
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$.11 gives the tu and Maxlmetall values for two different dry periocds

for total metal.
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Table 6.11 Values of tw and Maximetall for Metals in the Gullypot
Ligquor during Dry Periods.

Dry Period Hetal tie (hours?  Maximetall pg/l

16.07 to 28.07 Zinc 55.6 406.5
Cadmium 117.6 13.0
Lead 122.0 192.3
Copper 61.0 454.5

06.08 to 15.08 Zinc 1.2 79.4
Cadmiun 66.7 4.0
Lead 27.8 120.5
Copper 11.8 277.8

The first dry period, 16.07.84 to 28.07.84, was preceded by three
small rainfall events (0.1 mm, 2 mm and 0.1 mm) over the preceding
three days. Mass balances show that these types of low volume rainfall
events cause a net accumulation of gullypot sediment metals. In
contrast the second dry period, 06.08.84 to 15.08.84, occurred after
three days of heavy rainfall (3.5 mm, 4.6 mm and 11.6 mm). In terms of
heavy metal mass balances large rainfall events cause a net reduction
of sedimentary metals due to physical mobilisation. The antecedent
rainfall conditions are therefore important in deciding the amount of

metal availlable in the gullypot sediment.

The first dry period had a greater amount of sedimentary metal
avallable and this led to greater tw and Max{metall values than was
found for the second dry period. The amount of metal in the gullypot
liquor therefore depends on:

a) The initial gullypot liguor metal concentration.

b} The initial sedimentary metal concentration.
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¢) The length of dry period until Maxl{metall is reached.

The shortest tu times, but highest maximum concentrations were found
for Zn and Cu. This may be the result of Zn and Cu, bound to the
surface of basal sediment, being released to the gullypot liquor by
acid dissolution. Cadmium and Pt were released more slowly which
suggests that these metals are primarily released into the gullypot
liquor, with organic maturation products, by bacterial activity on the

gullypot sediment.

6.2.6 Contribution of Gullypot Liguor and Sediment to Metalg in the
Gullypot Qutflow,

The interstitial sedimentary water of gullypots appears to bhe an
important highly enriched source of heavy metals. A significantly high
cancentration of all four metals, particularly assoclated with the
Strongly Bound fraction, occurred when the gullypot contents were
disturbed by a small storm. Additionally significant increases of

dissolved organic carbon and suspended solids were observed (Table
6.12).

Table 6.12 Heavy Metals and Controlling Parameter Concentrations in

the Gullypot afier Small Storm Events.

Preceding Storm Dissolved  Suspended Dissolved Metal pg/l

Storm Volume Organic C Solids

(litres) mg/1l ng/l Zinc Cadmium Lead Copper
11.07.84 127.5 35.0 7.1 787.0 3.07 90.0 347.6
01.08.84 1667.2 11.8 3.0 1110.8 3.1 162.0 327.8
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The dissolved metal concentrations observed in the gullypot ligquor
will partly depend on the amount of metal which is contained in the
interstitial sediment water before physical mobilisation (see Section
6.2.9) and partly on the extent of interstitial sediment water
mobilisation, The dissolved and suspended solid metal species in the
gullypot can then be released as a result of chemical and physical

processes during a storm event.

6.2.6.1 Controlling Parameters as Indicators of Metals Releaced from
Interstitial Waters and Sediments.

Gullypot interstitial sediment water mobilisation is indicated by
changes of controlling parameters such as conductivity, dissolved
oxygen, redox potential, ATP and dissolved organic carbon. Only under
very high flows is a significant amount of the gullypot sediment
mobllised to such an extent that it is removed from the gullypot.

In large storm events the interstitial waters are disturbed at the
beginning of the evemnt. During this physical mobilisation process
conductivity increases, due to the release of sediment associated
salts, while dissolved oxygen decreases, due to oxygen utilisation by
bacteria. PFurthermore dissolved organic carbon increases, up to

41 mg/l in storm 6B and this is due to a great extent to the formation

of sedimentary maturation products.

The increase of conductivity due to interstitial water mobilisation is
rapid and the relative time of occurence in the storm event can be
related to the total storm road runoff volume (Table 6.13). Most of
the storm events sampled had a high volume and therefore mobilisation
primarily occurred at the beginning of the storm event., Notable
exceptions occur where a high rainfall intensity is found for a very
short period, such as in storm 6A, giving early interstitial water
mobilisation for a relatively low total volume. However, changes in
conductivity could provide a sensitive indicator of the time of

mobilisation of dissolved metal enriched interstitial water during

storm events.
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Table 6.13
Different

Flow Volume

.

Occurence of Conductivity Increase during Storm Events of

Interstitial Water
Mobilisation as
Indicated by
Conductivity, % Time

of Storm Duration

Total Storm Flow

Volume (11

tres)

Storm Events

Sampled

{25%
25-75%
>75%

22000 =

1000-20
{1000

00 -

6B, 6D, 6E, 6F
6C

* g Events
t § Events
* 4 Evenis

For all the storms studied gullypot metal species in the Chelex

Removeable fraction tend to follow conductivity, which is due to

interstitial sediment water mobllisation.

and Pb in storm 6C (Figure 6.13).

This is illustrated for Cu
In addition, at the beginning of the

starm event there was an initial metal concentration peak which

represents a raplid release of the most easily released sediment bound

metal due to the initial low pH water contact.
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Biological activity is also a significant feature of interstitial
water mobilisation. The difference hetween the mpeasured dissclved
oxXygen concentratlon and the expected szturatiocn value i€ termed the

Apparent Oxygen Utilisation (AOUS. Incoming rainfall is expected to be
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100% Oz saturated and thereicre the AOU (Figure 6.14) represents an

instantaneocus oxygen demand.

Owlox dsaovaadle (-~—-)
in pgit

500

Figure 6.14 AOU and Chelex Removeable Zinc in the Gulilypot, Storm €B.
Tiae in Minutes
The AOU therefore provides evidence of the gullypot interstitial water
mobilisation. There may therefore exist some relationship between the
AQU and dissclved metal species from the interstitial water. Chelex
Removeable metals tend to follow the AOU profile, as seen for In 1in
storm 6B, although 2 broader metal peak value is found and the
gullypot sediment continves to exert an oxygen demand after the Chelex
Removeable Zn is largely exbausted (for a comparison with conductivity

and pH refer forward to Figure 6.18).

The gullypat liquor and interstitial water dissolved metal can be
traced in the gullypot outflow when road runoff is also monitored, by
superimposing the respective chemographs. Figure 6.15 shows the
contribution of dissolved Pb and Cd to the gullypct outflow from the
gullypot sediment and liquor. These profiles are typlical for all faur

metals with a first important washout, due to gullypot liquor and
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ipterstitial water, and further minor cantributions later in tae storm

from interstitial water.
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—— QOutflow
-~=-- Road Runoff
@ Gullypot Contribution

Figure 6.15 GSuperimposed Chemographs showing the Contribution af the

Gullypot to Guilypot Cutflow, Storm 6B.

Time 0 Minules
Tre release of metals into the gullypot cutflow may alsoc be itraced
using dissolved Ca loadings. Dissolved Ca can be acld washed from
sediments in a similiar way to metal !lons. The cumulative chemographs
2re shown in Flgure 6.16, comparing the Chelex Removeable metal
fractions with Ca for sterm 6B. Calcium shows a two-step profile which
is followed by the metals, particularly Cu, indica“ing that prooably
the same mobilisation processes are in operation. The first step
represents the influx of road runcff and washaout of gullypot liquor,
although in terms of mass balance rcad runoff accounts for 32.3% of
the Ca and more than 72% of each metal. The second step represaenis the
acld washing of gullypot sediments releasing a significant amount of

inorganic Chelex Rexoveable metal species and zalts.
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Figure 6.16 Cumulative Chemographs for Chelex Removeable Metals and

Calcium, Storm 6B.
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6.2.6.2 Gullvogt Sedi Bound Metal Mobilisatd

A large storm with high volume and intensity i{s required to mobilise
and wash out gullypot sclids. Only in storms 6B and 6E was a
significant removal of gullypst solids abserved. During storm 6E the
concentration of suspended solids in the gullypot reached 2145 mg/l
and it is prabable, with an incoming flow of 4.6 1/s (close to design
capacity), that the gullypot contents were well mixed. Gullypot
sediment mobllisation was not observed for storms 6C, 6D, and 6F.
During these low flow events, with less than 50 mg/l of suspended
solids leaving the gullypot, in terms of mass balance there is a net
depuosition of solids intc the gullypot from road runoff. Therefore,
during small storm events, the sediment zmetal outflow ie largely the
result of road runoff after certain heavy solids have settled in the

gullypot sediment.
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Figure 6.17 Superiasposed Chemographs for Suspended Solid Lead and
Cadnmivm, Storm 6B.
Time in Minutes
Figure 6.17 shows the superimposed chemographs for suspended solid
associated Pb and Cd during storm 8B which is a high flow storm event.
These also reflect the chemographs for ather monitored metals. In the
case of Pb, during the first peak of PL assoclated sclids washcff, at
145 minutes, the gullypct only contributes a relatively small amcunt
of Pb compared to road runoff. However, a secondary gullvpot sedimpent
mobliisation releases a much more signliicant anount of Pb to the
stornm sewer from the guliypat sediwent. Most of this secondary loading

peak contains Pb in the Exchangeable fracticn.
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Cadmium shows an early peak which may be related to highly enriched
gullypaot liguor suspended solids leaving the gullypot. Deposition of
road solids in the gullypot sediment 1s occurring at 145 minutes,
which are later remohilised and released at 173 minutes when a peak
flow of 2 1/s enters the gullypot. Hence the gullypot contribution is
increased by a short term storage of road solids. However, a mass
balance for storm 6B shows that overall the gullypot contributes .45
ng of solid assoclated Cd to the total 1.0 mg leaving 1n the gullypot

outflow.

6.3 Gullypot Outflow Pollutant Loadings.

Of the six storm evenis, whose general characteristics are outlined in
Section 6.1, three storms provide enough data for an analysis of metal

species leaving the gullypot outflow, i1.e. 6B, 6D and 6E, with each

storm event providing seven or more samples.

The controlling parameter data collected for each storm can be
analysed so that the character of each storm can he ldentified.
Conductivity, pH, dissolved oxygen concentration and redox potential
changes were continuously monitored in the gullypot, while dissolved
organic carhon, dissolved Ca, suspended solids, particulate organic

carhon and pH were also analysed for each sample in the gullypot

outflow.

6.3.1.1 Storm 68,

This was a large volume (6932 litres) storm of 5.8 hours duration
which was characterised by a long early flush of 1% hours when the
road runoff and initial gullypot liquor pollutants were to a great
extent removed through the outflow. For dissolved pollutants this is
indicated by continuous pE measurements (Figure 6.18) which have
fallen to close to typlcal rainfall levels after 1% hours (rainfall pH
of this event = 4.1). This shows that dissolved huffering agents have
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become depleted after 1% bhours. Redox pctential decrease, dissolved
oxygen depression and an incresase of conductivity suggest that during
the first two hours the interstitial sediment waters are mobilised and

mixed with outflowing gullypot water.
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Figure 6.18 Variations of Controlling Parameters, Storm 6E. Time in

Minutes Commenciag 09.00.

After two hours the rainfall intensity increased and during the
resulting high flow, which reached 2 l/s, the gullypot solids were

mobilised (Figure 6.19) resulting in a large discharge of sgoilids. The
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associated drop in redox poterntial suggests that further interstitial
water was mobilised a3 well (Figure 6.18). The loading pattern for
particulate organic carbon follows the same trend as suspended solids
(Figure 6.19), However, in the early and later stages of the storm,
incoming rvad runoff solids (14-27% particulate organic carbon
composition) and gullypot liquer solids (21% particulate organiz
carbon coumposition) enrich the chemograph for particulate organic
carbon. During the mobilisation of the organic deficient basal
sediments (7% particulate organic carbon composition} between 130 and
190 minutes, the particulate organic carbon storm proflile is lowered

compared tu suspended solids (Figure 6.19).

Suspended
S;1f:s Particulate
Organic
g/=in s .
Carbon g/min Diassolved Organic
Carbon g/min
12 J1.2
B J0.B L.
0.2
4 (0.4

0 S0 100 150 200 250
TIME (MIRBUTES)

Figure 6.13 Parameter Loadings, Storm 6E,

Dissolved organic carbon is predaminantly washed out in the first low
flow stage of the storm (Figures 6.18 and 5.19), with a similar
profile for dissolved Ca (not shawn). The first dissolved organic

carbon peak is a combinatica of the washout cf dissolved organic



carbon in road runoff, gullypot liquor and sediment interstitial
water. The further washout at 173 minutes 1s solely derived from a

road runoff contribution.

6.%.1.2 Stoxrm QD.
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This was a low latensity storm of just over three hours duration and a
road washoff volume of 2155 litres. The road runoff flow increases
siowly over the first two hours and i{den decreases rapidly after tte
peak of 0.45 1l/s (Figure €.20). The gullypot sediment was not
significantly mobilised by this storm event and therefore suspended
solld loadings were dominated by road runoff. However, the sedipent
taterstitial water is released into the gullypot as indicatad by the

dissolved oxygen depression and iancrease in conductivity (Figure
6.200,

Suspended Solids
issolved Organic

g/nin ¢ —)
Carbon g/min (oocoeo }
D.zi0. 8
0.1}0.4]
o 4 0 —
S50 70

Figure €.21 Parameter Loadings, Storm 6&D.

Tima :n Minutes
The suspended solids peak loading in the outflow precedes peak fiaw
(Figure €.21) altbough the road runcif is characterised by a distinct
s0lids "first flush". It may be that the gullypot is actiag as a
teumporary detention basin for these road sollds before releasing thenm
lmmediately, under sligbtly bigher flow conditions, on the rising itimb

of the bydrograph.
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Dissolved organic carbon is released from the gullypot as a prolonged
"first flush”, representing a release of dissolved organic carton from
road runoff, guliypot liquor and sediment interstitial waters.
Dissolved Ca shows a more defined “first flush”, although originating
from ithe same sources, than dissolved organic carbon. This was
consistently observed in all the storms siudied and suggests that Ca
is readily dissolved and inert to chemical changes through the
gullypot system, However, dissolved organic carbon may undergo
continued sediment/water interactibns, such as a slow release of

orgatics from gullypot sedirent.
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Storm 6E was a beavy thunderstorm of 1% hours duration. The incoming
flow to the gullypet reached a value of 4.6 1/s which is close to the
design capacity (Figure 6.22). The controlling parameters in the
gullypot; conductivity, pH, dissolved oxygen and redox potential,
suggest that the gullypot liquor and interstitial water are washed out
atter 5-10 minutes. This is characterised by a sharp inverse deficit

peak for dissalved oxygen.

Suspended Solids

g/mn ( ) Digssolved Ca g/min (--=-)
rO.?
Dissclved Organic
Carbon g/min ool
2.5 ] 50 0.5
4
+S 30 0.3
0.5 ] 10 0.1
0 0 3 o
° 40 80 120

TINE

Figure 6.23 Paraneter Loadings, Storm SE.

Time in Minutes
Figure €.23 shows that both dissolved and suspended solid ccmponents
are rapidly wasoed out of the gullypot with "first flushes" for
suspended solids, as well as dissclved Ca, on the rising limbk of the
hydrograph. Particulate orgaaic carbon (nct shown) bhas a similar
profile to suspended sclids, but the percentage of solids as organic
carbon in the gullypat (1.1-8.2%) is lower than in the gullypot
outflow (5.4-11.8%). This suzgests that either highly organic road
runoif sclids overtop the gullypot during such a high intensity storm.

or more probably that the dynamic mixing of the gullypot by the high
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energy incoming water stirs up the basal sediments, of which only the

lighter more organic particles are discharged through the outflow.

Dissolved organic carbon again shows a different profile with a peak
following meximum flow (Figure 6.23). At this point the gullypot basal
sediment seems to have been completely mixed (to give 2145 mg/l
suspended s0lids) and the dissolved organic carbon peak may bhe due to
the mechanical washling of organic compounds from the suspended hasal

sediment.

A second peak for all constituentis is fourd on the rising limbk of a
secand intense shower of up to 1.6 1/s (Figure 6.22>. However, there

is obviously a dilution-exhaustion of controlling parameters after the

first event.

€.3.2 loadipg Variations for Metalg and Metal Species,

Not only will gullypot cutflow metal species loading varilations he
considered in this section, but wherever possible the origin of
important metal species peaks will be determined ty comparing road
runoff and outflow hydrographs. In some cases metal species follow the
hydrographs and controlling parameters discussed in Section 6.3.1, hut
deviations can often be explained in terms of the physical and
chemical processes discussed in 6.2. A notable example is that of
dissolved metals which usually follow the "first flush” pattern
observed for dissolved organic carbon. However, dissolved metals also
frequently show further and sometimes even greater, secondary loading
peaks which are not observed for dissolved organic carbon. This can be
attribyted to the acid rain washing of road surface, as well as
gullypot, sediments which releases dissolved metals, but not dissolved
organic carbon. 1t should be noted in subsequent sections that the
Electrochemically Available and Chelex Removeatle fractions usually
peak together and cannot be separated in terms of different origins

and processes.
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Figure 6.24 Loading Variations of Suspended Sclid Cadmium Specles in
Road Runoff and Gullypot Outflow.
Time.in Minutes
To 1llustrate the approach used to determine the crigin of dominant
metal specles the laading variations of suspended solid Cd specles in
storm 6B are consldered (Figure &.24). The road runoff entering the
gullypot mostly contains the Organic fractionm during the early and
middle stages of the storm event. The Cd peak in gullypot outflow at
14% minutes can be attributed to road runcff (Figure 6.24(a) and {ci).

The gullypot contridutes significant loadinge of suspended solid Cd

-205-



throughout storm 6B. ln the early stages of the storm the gullypot
liquor dominates the gullypot outflow which mostly contains Organic Cd
(Figure 6.24{a) and {c)). The peak at 173 minutes is due to the
mobilisation of gullypot sediments and is largely Exchangeable in

character.
6.3.2.1 Dissolved Zinc Fractions,

Dissolved Zn profiles for the gullypot cutflow are dominated by Chelex

Removeable metal.

For storm 6B (Figure 6.19 and Figure 6.25(a)}, the Chelex Removeable
profile follows dissolved organic carbon, with the same "first filush”
peak representing the early washiang of road surface sediments,
gullypot liquor and interstitial sediment water. Two late peaks are
found which correspond to flow peaks and can be related to the acid
washing of road and gullypot sediment resulting in the release of
dissolved Zn.

In storm 6D (Figure 6.20 and Figure 6.25(b)), Strongly Bound Zn makes
a significant addition to the early part of the chemograph; the rest
of the profile being dominated by Chelex Removeable Zn. The early
Strongly Bound Zrn loading is from the gullypot liquor which often

contains a significant amount of Strongly Bound Za.

During storm 6E (Figure 6.22 and Figure 6.25(c)), the Chelex
Removeable Zn is discharged as a broad "first flush” in a simlilar way
to dissolved organic carbon. The significant secondary Chelex
Removeable Zn peaks lag behind the other controiling parameters and

may be due to the further acid rain washing of road and gullypot

sedimants.
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to 704 of the gullypot outflowlng dissclved Cd. This is due to Cd
complexation by organic compounds originating from the gullypot liguor
and gullypot interstitial sediment water, as well as tbe road surface.
The first Chelex Removeable gullypot outflow Cd peak (Figure 6.26(a’)
follows dissolved organic carbon washout (Figure 6.19). The
superimposed road runpff Chelex Removeable Cd shows that road runoff
is an important source of Chelex Removeable Cd, probably due to acid
rain mobilisation. However, gullypot ligquor and interstitial sediment
water contributes the excess Chelex Removeable Cd. Acid rain
mobilisation (see Section 6.2.2.1) of sedimentary bound Cd and
transportation as Chelex Removeable Cd produces the late peaks found
in storm 6B, which are not found for dissclved organic carbon. The
gullypot outflow peak at 173 minutes can be attributed to the acid
washing of suspended and basal gullypot sediments; the gullypot basal
sediments are belng mobilised at this polnt (Figure 6.19) and
therefore can readily contribute acid rain solubilised Cd. The peaks
at 145 and 197 minutes, as seen by the road runoff peak, are mainly

due to the acid washing of road sediments.

In storm 6D (Figure 6.20 and Figure 6.26(b)) Chelex Removeable Cd
again tends to dominate the diesolved metal profile. The low profile
of this storm (Figure 6.19) contributes to a prolonged "first flush”
of dissolved constituents. Correepondingly the same prolonged "first
flush” is also seen for dissolved Cd. The significant conmtiribution of
Strongly Bound Cd to this early part of the storm shows that the
gullypot liquor and interstitial sediment water are important
contributors of dissolved Cd. During the rest of the storm the profile
is dowinated by Chelex Remaveable Cd, suggesting that acld rain
mobilisation by diesolution of Cd from road and gullypot sediments is

most impertant.

The importance of the Strongly Bound fraction during early discharge

was alsp seen in storm 6E (Figure 6.26(c)). Therefore, even in intense
events metal species arising from the gullypot liquor and interstitial
sediment water are observable in the outflow chemographs. Despite the

obvious dilution-exbaustion of controlling parameters for the eecond
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thunderstorm flow peak (Figure 6.23) a larger Chelex Removeable Cd
peak is observed at this stage. During the {irst part of the storm the
pH fell from 6.9 to 5.5, however during the second stage of the storm
the pH fell to around pH 5.0. Therefore the acid washing of sediments
to remove Chelex Removeable Cd increased in the second part cof the
storm and there is clearly more Cd available for acid mobilisation

than for early storm soludbilisation at near neutral pH values.
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Dissolved Ph profiles are similar to dissolved Cd in being dominated
by Chelex Remnveable species. Acid rain mobilisation is also an
important process throughout storm events for the dissolved form of
this nmetal.

Storm 6B (Figure 6.18 and Figure 6.27(a)) shows a first dissolved Pb
peak due to the solubllisation of Pb from road surface sediments, as
well as from gullypot ligquor and interstitial sediment water. Only a
small proportion of the Pb is in the Strongly Bound form at the
beginning of the storm. Secondary peaks can be atiributed to the acid
washing of sedimenits, particularly those on the road surface, yilelding
significant loadings of Chelex Removeable Pb. Most of the Strongly
Bound metal is released late in the starm event. A late peak 1s also
seen for dissolved organic carbon (Figure 6.19) which orlginates in
the road rumoff. It may therefore be that the acid washing of road
sollds releases Chelex Removeable Ph, a significant proportion of

which is complexed by specific organic compounds alspo transported in

the road rurnoff.

Most of the dissolved Pb in storm 6D (Figure €.20 and Figure 6.27(b))
is derived from road rurnoff and i1s in the Chelex Remaveable fraction.
The loading profile for total dissolved Pb follows dissolved

controlling parameters such as dissolved organic carbon and dissolved

€a with a long "first {flush"” waghout.

A elmilar trend of dissolved Pb washout is seen in storm 6E, Figure
6.23 and Figure 6.27(c), with most of the metal in the Chelex
Removeable fraction, although the Strongly Bound fraction is
observable at the beginning of the storm. The second significant peak
which is found, despite a noticeable dilution-exhaustion of dissolved
organic carbon, can be related to the further acid washing of road and

gullypot sediments at pH 5.0 (as was discussed for dissolved Cd).
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Dissolved Cu Is mostly present in the Chelex Removeable fractiom, but

the Strongly Bound fraction is significant when the gullypot ccntents

are mobllised.
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For storm 6B (Figure €.19 and Figure 6.28{(a)> Chelex Removealtle Cu
deminates the profile, with the Strongly Bound fraction (not shown)
only significant at the very beginning of the cutflow. The gullypot
ligquor and interstitial sediment water are more Important than road
runoff, for dissolved Cu, at the commencement of storm 6B. At the
onset of runoff the increase in dissolved Cu due to sediment
maturation, by the process described in 6.2.5, had reached 347.6 ug/l
{100% as Chelex Removeable Cu). This meant that at least 14.4 mg of
dissolved Cu was available in the gullypot ligquor, which corresponds
to much of the difference between the road runcff and gullypot outflow
loadings in Figure 6.28(a). The remaining Cu is due to interstitial
sediment water mohilisation. The final two dissolved Cu peaks,
corresponding to peak flow, are totally due to road runoff. Therefore
the acid rain washing of sediment to dissolve Cu late in this storm
event is important for the road sediments, but not for the gullypot

sediments.

During storm 6D (Figure 6.20 and Figure 6.28(b)) the gullypot
contributes most of the dissolved Cu to the outflow. Consequently
during this low flow storm the Strongly Bound Cu, probably derived
from interstitial water mobillisation, 1s important until 100 minutes

when both dissolved organic carbon and dissolved Cu decrease.

Tctal dissolved Cu in storm 6E (Flgure 6.23 and Figure 6.28{(c)) has a
simlilar profile to the other dissolved metals for this storm, with a
significant "first flush'" related to readily soclubllised Cu from road
sediments and dissolved Cu from the gullypot liquor and interstitial
sediment water. The second peak is due to the acid rain washing of

road and gullypot sedimentis.

€.3.2.5  Suspended Solid Zinc Fractions.

In road runoff the Exchangeable Zn fraction is most important for
suspended solids. However, in the gullypot outflow the Carbonate and
Hydrous Metal Oxide iraction dominates, protably due to redox/surface
area dependent Zn uptake onto soclids in the gullypot. The Organic
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fraction may provide a useful indication of fine sediment mobilisation

in the gullypot.
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Particulate assoclated Zn fractions tend to follow suspended solid

loadings as in storm 63 (Figure 6.19 and Figure ©.22(a)). Thereifcres

the two significant peaks are related to the mobilisation of gullypot

solids giving a large discharge of the Carbonate and Hydrous Metal

Oxide 2n fraction. This metal fraction may be formed cduriag the

ccntact of disturbed reduced boitiom sediments with incomiag axygenated

road runoff.
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organic solids at the gullypot sediment/liquor interface. This is
supported by the increase of particulate organic carbon from 1.4%, at

the beginning of the storm event, up to the 104.7% found at the Organic
Zn fraction peak.

6.3.2.6 Suspended Solid Cadmium Fractions.

Suspended solid Cd shows a complex relationship between the
Exchangeable and Organlc fractions, depending on flow and controlling
parameter conditions. The Carbonate and Hydrous Metal Oxide Cd
fraction was never in detectable concentratlions during the gullypot
study. The pH/surface area dependent metal uptake mechanism (see
Section 6.2.4), as well as physical size sorting, seems to control
whether the Exchangeahle fraction dominates over hackground Organic Cd
levels, both in road runoff and gullypot outflow.

For storm 6B (Figure 6.19 and Figure 6.24(c); see Bection 6.3.2), the
Organic fraction dominates road runoff speclation. This agrees with
the speciation pattern of road dust solids (Figure 6.1) 1if the
Exchangeable fraction is consldered to be solubilised by acid rain
washing (see 6.2.2.1). Gullypot ligquor solids also produce suspended
solid Cd, mostly in the Organic fraction, which is observed in the
gullypot outflow at the beginning of storm 6B. However, in accord with
a pH or redox/surface area dependent suspended solid metal uptake
mechanlsm, as previously described, dissolved Cd 1s adsorbed to
mobilised gullypot sediment during the late stages of storm 6B. This
gives rise to a large release of Exchangeable Cd through the gullypot

outflow during intense rainfall, in this case greater than 1.5 1/s.

For a smaller storm such as the gullypot outflow of storm 8D (Figure
6.20 and Figure 6.30) Organic Cd dominates the profile, suggesting
that the gullypot controls the outflow solid Cd specles. The secondary

peak corresponds to peak flow and may be due to incoming road runoff.

-215-



—— Total Sclid
---- Exchangeable
mmm Orgzanic

S0 30 130
TIME

Figure 6.30 Suspended Solid Cadmium Loading Variations for Storm 6D.
Tise in ainutes
In storm 6E the first part of the storm iz deminated by Organic Cd
(Figure 6.31) which suggests that the road runoff dominates the
gullypot. cutflow for suspended solid Cd. The second peak is
ingignificant and contains a higher proportion of Exchangeable Cd.
Ccnsidering the evidence from storm 6D this would suggest that
mobllised gullypot sediment has increased in importance, compared to

road runoff, in the late stage of the storm event.
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The Exchangeable fraction dominates gullypot outflow loadings of
susperded solid Pb. However, at the beginning of storam events the
Carbopate and Hydrous Metal Oxide Pb fraction may become significant,

prcbably due to the oxidation of reduced lnterstitial waters.
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For storm 6B the suspended solid fractions are shown separately in
Figure 6.32(a)-(c). All three show similar loading profiles te
suspended solids (Figure 6.19) although with different origins and
prccesses affecting the metal fractions. The Exchangeable Pb fraction
(Figure 6.32(a)) dominates over the other fractions thrcugh meost of
the storm and is, for the first pollutant peak, derived from rcad
runoff. The second main peak however is due to mobilised gullypot
basal sediment (Figure 6.32(b)), as discussed in Secticn 6.3.1.1, and
is similar to the ¢d profile (Figure 6.24). Iu the same way as for
Exchangeable Cd 1t 1s suspected that a redox/surface area dependent
solid uptake of dissolved Pb i3 responsible for this peak of gullypot
outflow metal. To support this process the Carbonate and Hydrous Metal
Oxide fraction increases over road runoff in the outilow (Figure
6.32(h)) which may suggest that the redox chbange creates new hydrous
Fe and ¥n oxides in the guliypot which can take up dissalved Pb.
Organic Pb (Figure 6.32(c)) 1s contributed by boib road runcff and the
gullypot for the first majar peak, but cnly from the guilypot for the

seccnd peak.
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During the low flow storm (6D), Exchangeable Pb dominates the loading

profile in the gullypot outflow (Figure §.33). The first section of

the profile contains a large amount of Carbonate and Hydrous Metal

Oxide Pb which may result from the fresh co-precipitation of Hydrous
Fe and ¥n oxides in the gullypot liquor. The Fe(III) and Mn(iW)

originate from mobillised interstitial

is also observed which corresponds to

sediment water. A sscondary peak

an lnput of solids enriched in
Exchangeable Pb from the road surface

6.3.2.8 Suspended Solid Copper fractions.
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Suspended Solid Cu tends to show a more even distribution over the
three solid fractions than the other metals, although the Carbonate

and Hydrous Metal Oxide fraction usually dominates.

The outflow of particulate associated Cu for storm 6B (Figure 6.19 and
Figure 6.34(a)} closely follows suspended solids loadings except for a
final peak. This final peak is derived from the gullypot and is due to
a final flush of fine Cu enriched particles from the gullypat. Road
runoff is most important at the beginning of the storm event, but for
the second major peak, due to the mobilisation of gullypot solids, the
gullypot contributes most of the suspended solid Cu. In a simllar way
to Zn the Carbonate and Hydrous Metal Oxide fraction is most important
for the gullypot mobilisation peak, suggesting redox/surface area
dependent solid Cu uptake for the basal sediments.

During storm 6D (Figure 6.20 and Figure 6.34(b)) most of the profile
is due to the Carbonate and Hydrous Metal Oxide fraction following
suspended solid loadings. Howaver, a late Exchangeable Cu peak is

observed which may be related to the higher loadings of Cu coming in

from road runoff.

Storm 6E (Figure 6.23 and Figure 6.34(c)) shows a significant
dilution-exhaustion effect for suspended solid Cu, with a negligible

amount mobilised during the second stage of the event.

6.3.3 Metal Species Resulting from Different Sources apd Processes in
the Gullypot System.

The major metal species associated with the dissolved and suspended
solid phases, as a direct result of different sources and processes,
in the gullypot system are summarised in Table 6.14. Individual metal
specles, allowing for in-plpe speciation changes, could be used to
tentatively fingerprint the mobilisation of different parts of the
stormwater system, although in some cases a particular metal fraction
may be derived from several sources. It should be stressed that this

approach would be most effective at the outfall to a single gullypot
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and is increasingly more difficult to apply through the stormwater

system. This is mainly the result of different contributions and in-

pipe processes.

Table €.14 Metal Species in Gullypot Outflow Related to Possible
Source Inputs.
Road Runoff Gullypot
Liquor Interstitial Basal
Sediment Water  Sediment
{inferred) {inferred)
Zine Diss Chel. Rem. Str. Bound Str. Baund
Chel. Rem. Chel. Rem.
S5 Exchang. Carb + Hyd Carb + Hyd Exchang.
Organic Carb + Hyd
Organic
Cadmium Diss Chel. Rem. Str. Bound Str. Bound
Chel. Rem. Chel. Rem.
S5 Exchang. Exchang. Organic Exchang.
Drganic Organic
Lead Diss Chel. Rem. Str. Bound Str. Bound
Chel. Rem. Chel. Rem
S8 Exchang. Exchang. Carb + Hyd Exchang.
Carb + Hyd
Copper Diss Chel. Rem. Str. Bound Str. Bound
Chel. Rem.
85 Exchang. Exchang. Cark + Hyd Carb + Hyd
Carb + Hyd Carb + Hyd
Organic Organic

Chel Rem = Chelex Remgveable, Str, Bound = Strongly Bound

Exchang, = Exchangeable, Carb + Hyd = Carbomate + Hydrous Metal Oxide
5§ = suspended solids, Diss = dissolved
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On the parking lot catchment studied, the dissolved phase road runoff
for all four metals was clearly dominated by the Chelex Removeable
fraction. This reflects the importance of acid rain mobilisation in
releasing metals from road dusts {(see Section 6.2.2.1) and thus
increasing road runoff metal levels. Some of the dissolved metals are
initially complexed by organic compounds giving Strongly Bound metal
(see Sectiomn 6.2.3) in the road surface runoff, but the Chelex
Removeable fractlcn is considerably more significant. The major
Strongly Bound fraction, for all four metals, is produced as a result

of mobilised gullypot liquor and interstitial sediment water.

The Exchangeable fraction is important for all four suspended solid
assoclated metals in road runoff (Table 6.14)>. Although this to some
extent reflects the speciation of fire road dust associated metals, a
pll/surface area dependent suspended solid metal uptake mechanism (see
Section 6.2.4) increases the Exchangeable metal levels in road runcff.
In the gullypot the Carbonate and Hydrous Metal Oxide fraction, for
all four metals, becomes important due to the fresh precipitation of
Fe(III)> and Mn{(IV) as hydrous oxides or as a result of the contact of
incoming oxygenated waters with reduced gullypot liqueor and
interstitial sediment water. This is therefore a redox/surface area
dependernt metal uptake process (see Section 6.2.4). Mcbillsed basal
gullypot sediment is dominated by the Exchangeable fraction for Cd and
Ph, and by the Carbonate and Hydrous Metal Oxide fraction for Zn and
Cu. It may be that although hydrous Fe and Mn oxlides represent freshly
formed metal uptake sites, Cd and Pb are only weakly assoclated to the

hydrous oxides and therefore are found to be in the Exchangeable

fraction.

No information as yet exists on the metal species found for stormwater
in-pipe depositis when they are mohilised and washed through the
stornwater system., The same process of metal soclubilisation by
stormwater should affect this sediment, although acid rain washing
would be less slgnificant due to the higher pH values found in-pipe
compared to on ihe road surface (due to the buffering of rain water by

in-pipe cement dissolution}. However, these higher pH values should
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lead to an increase in the pH/surface area dependent solid metal
uptake process, and therefore higher Exchangeable metal values at the

stormwater outfall.

6.4 Heavy Metal Mags Flows through the Gullypot System.

The creation of a mass balance for a particular metal or metal
fraction requires the measurement of concentrations and calculation of
loadings of the particular metal for individual storm events and for
all parts of the gullypot system. This approach was possible on the
Chalmers catchment because of the closed and well defined nzture of
the system, minimisling unexpected metal galns or losses; this was ihe
main problem encountered by Malmquvist (1983) when atiempting to mass
balance metal flows through the Bergsjidn catchment. The aim of
carrying out a mass balance on the gullypot system was to provide some
insight into the extent of the metal mobilisation processes affecting
metal species, as discussed in 6.2, as well as to consider the

relative persistence of individual metals and metal species.

A representation of the gullypot system under study is given in Figure
6.35, which will also be used to record the mass flows of metals.
Atmospheric fallout, road sediments, road runoff, gullypot liquor and
gullypot outflow were sampled as described in Chapter 3. 1t was not
possidble to sample the gullypot basal sediment, or determine the
amount of sediment present, without affecting the experiment.
Therefore metals in this part of the system were determined by the
subtraction of road runoff and gullypot liquor loadings from gullypot
outflow loadings. The most comprehensive range of samples were
collected in storm 6B and therefore the data for this storm will be
most frequently used to demonstrate metal balances through the

gullypot system.
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Figure 6.35 Representation of the Gullypot System.

©.4,1 Zinc Nasc Balance.

The mass balance for total Zn is shown in Figure 6.36 for storm 6B.
The value for road runoff is not included as some Zp contamination in
the road runoff was suspected. Rubber tubing was used to transfer
samples of road runoff and, although it did not have any contact with
other samples, some contamination with Zn may bave resulted.

Polyethylene tubing was used for all other samples callected.
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Atmospheric fallout entering the catchment contributed between 18.1
and 240.1 mg Zn for the storm events sampled. A value of 240.1 mg was
recorded in storm 6B, which was the highest measured loading and may
be the result of Zn accumulation in the atmosphere over the previous
ten dry days. However, no relationship was observed between dry period
and Zn loadings in atmospheric fallout. Road dusts may also contribute
Zn to road runcff. The available rpad dust loadings for Zn varied from

518.9 mg to 2427.1 mg during the sampling period, with 2427.1 mg Zn

available for washoff during storm &B.

Total Zinc, mg

\.’ Storm 6B

IS IIII SIS 1T IA TSI NI 7 17

Figure 6.36 Mass Balance for Total Zinc, Storm 6B.
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The gullypot liquor loading varied from 1.95 1o 34.2 mg of Zn. Storm
6B removed ihe largest gullypol accumulation of Zn (34.2 mg> which was
produced as a result of metal release from the gullypot sediment over
a dry period of 10 days. Lower Zn accumulations were observed in later
storms due to the heavy flushing of the basal sediment which cccurred
during storm 6B. Gullypot iiquor contributed between 0.7% and 7.2% of
Zn in outflow, with 7.2% in storm 6B, The gullypot liquor contribution
is most significant during the early stages of the storm evenit. After
102 minutes of storm 6B the gullypot outflow had released 185.3 mg Zn,
which means that at that stage 18.5% of Zn in the outfiow had been
contributed by gullypol liquor.

The gullypot outflow loadings were between 135 ng and 477.5 mg for
each of the storms studied, with 477.5 mg for storm 6B. Road dust
accumulation was on average 53.5 mg/day during the sampling period and
therefore can account for much of the outflow metal, although
atmospheric fallout is also an important Zn source. The outflow Zn
loadings reveal no relationship with flow volume; for example the
relatively small storm 6C produced 278.2 ng Zn and the larger storm 6F
produced only 228.7 mg Zn. This can be explained by the solubility of
Zn causing most of the readily released Zn to be washed off early in
storm events, in which caze it is not storm characteristics hut the

extent of Zn inputs that determine Zn loadings in guliypot outflow.
€.4.2 Cadmium Mass Balance.

The mass balance of Cd for storm 6B is shown in Figure 6.37.
Atmospheric fallout (0.35 mg) is relatively small for this storm,
compared to road runoff (1.58 mg>. In the storm events studied
atmospheric fallout varied between 0.02 and 0.77 mg. The ampunt of Cd
contained in the road dusts was 2.71 mg for storm 6B (range for all
storms, 0.46-2.71 mg), and this was generally efficiently moblilised in
road runoff. Road runoff removed between 38% and 100% of the combined
atmospheric failout and road dust Cd for the storms studied, which may
be atiributed to acid rain mobilisation. The Chelex Rempveable Cd

frection is a good indicator of this mobilisation process due to the
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liberation of free and weakly complexed Cd species from suspended
solids by the action of acid rain. Indeed, a comparison of Figures
6.37 and 6.38 shows that, in storm 6B, 72.8% of road runoff
transported Cd is in the Chelex Removeable fraction (the average for
the sampled period was 80.7%). Another contribution of Chelex
Removeable Cd is obtained from the gullypot sediment. This may be due
to the acid wasbing of basal sediment and also the result of the

bacterial maturation of the same sediment producing dissolved Cd

spacies.

Total Cadmium mg

J’ Storm 6B

\

)

N

N N

\ -

§§'__' T o=

gi.

N

N

Figure 6.37 Mass Balance for Total Cadmium, Storm 6B.
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Figure 6.38 Mass Balance for Chelex Removeahle Cadmium, Storm 6B.

The gullypot liquor (Figure 6.37) contains 0.15 mg of Cd, representing
4.1% of the gullypot cutflow Cd during storm 6B. For all the storms
studied, the gullypot liquor content varied from 0.03 mg to 0.15 mg
€Cd; a contribution of between 0.3% and 5.7% of the gullypot outflow
Cd. At the beginning of storm events, Cd in the gullypot can have an
lmportant influence on the outflow composition. Figure 6.3 shows that
during the first 102 minutes of storm 6B, 2.34 ng of Cd was released
through the outflow of which 6.4% was from the gullypot liquor. the
gullypot sediment bad already released its quota of 1.9 mg of Cd by
this time, which is probahly due to the corresponding release of
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interstitial sediment water. However, only 18.4% of the road rumoff Cd
had been released and therefore road runoff does not show the same
early flush of Cd exhibited by the gullypot. 62.8% of the Cd washed
off the road in the remainder of the storm was in the Chelex
Removeable fraction which suggests that the acld washing of road

sediments is an important costributor to late Cd loading peaks.

Total Cadmium mg

Figure 6.39 Mass Balance for Total Cadmium after 102 Minutes of Storm
6B. ’

The gullypot sediment had been maturing for ten days prior to storm 6B
and the organic maturation products, cootained in the Interstitial
water, had retaimped significant quantities of Strongly Bound Cd
(Figure 6.40). Atmospheric fallout and road runoff comiribute a
relatively insignificant Strongly Bound Cd fraction as most of the Cd
1s present in the Chelex Removeable fraction from the acid washing of
sediments. Usvally the gullypot ligquor coniributes more significantly
to Strongly Bound Cd outflow. However in this case the gullypot liquor
had been replaced by road runoff one day previously by a smsll storm
event (128 litres). During the small event 0.26 mg of Strongly Bound
Cd was washed out of the gullypot outflow from the gullypot liguor.
The contribution of 0.57 mg of Strongly bound Cd from the gullypot

interstitial water is obviously the most important source for outflow.
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Figure 6.40 Mass Balance for Strongly Bound Cadmium, Storm 6B.

Most of the Cd mobilised in the gullypot system is therefore in
dissolved forms as a result of gullypot sediment maturation and the
acid raln washing of road sediments. The amount of Cd 1n the gullypot
outflow therefore is not necessarily related to the storm size. Witk a
range of 0.91 mg to 3.63 mg for the sampled storm events, storm 63 was
not insignificant with 3.63 mg of Cd (Figure 6.37). The accumulation
of Cd in road dusis between storms is on average only 0.062 mg/day and
therefore atmospheric fallout and even the removal of Cd from the road

surface itself must contribute significantly to the outflow. It is
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clear, though, from Figure 6.37 that Cd is not a persistent metal and

ls almost completely mobilised during each storm event.

6.4.3 Lead Xass Balapce,

Atmospheric fallout of Pb is important for storm 6B with a
contribution of 203.0 mg (Figure 6.41). The input is probably the Pb
aerosols and fipe dusts, from vehicular emissions, suspended in the
atmosphere. This Pb source is varlable and was in tbe range 31.7-361.8

mg Pb for tbe sampled storms.

"’ Total Lead ng
Storm 6B

Flgure 6.41 Mass Balance for Total Lead, Storm 6B.
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Figure 6.42 Mass balance for Exchangeable Lead, Storm 6B.

Road dusts contained a loading of between 54%.8 and 25%96.3 mg Pb, with
the highest value in storm 6B. Between 4.5% and 11.4% of the Pb
contained i{n combined atmospheric fallout and road sediments are
washed off in road runoff. The extent of the acid rain washing of Phb
from sediments is less than for Cd with an average of only 13.2% of Pb
in the Chelex Rempveable fraction (8.6% for storm 6B). As shown for
storm 6B in Figure 6.4.2, the Exchangeable fraction i{n road runoff
represents 22.7% of the combined atmospheric failout and road dust

source. The Exchangeable fraction represents 82.2% of the total solid
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Pb washed off, yet is only 30.6% of the total Pb in road dusts. This
may be due to the action of the pH/surface area dependent suspended
solid uptake process resulting in the adsorption of dissolved Pb,
which bas been released from road sediments, onto suspended solids. A
similar Exchangeable enrichment process, invelving both pR and redox
changes, may also result in the increased outflow loading resulting

from gullypot hasal sediment (see Section 6.2.4).

Total Lead mg

Figure 6.43 Mass Balance for Total Lead after 102 Minutes of Storm
6B.

The gullypot liquor contained 5.5 mg Pb in storm 6B (Figure 6.41)
which represented only 0.6% of the Fb in gullypot outflow. For all
storm events studied the gullypot liquor produced between 0.16 and

5.5 mg Ph, which represented between 0.17% and 2.66% of outflow Pb.
The percentage contribution tends to be greater in small storns,
although the amount of gullypot liquor Ph accumulation is alsc
important. During the early stages of storm 6B the gullypot liquor
contributed 15.3% of the Pb in the outflow (Figure 6.43). Lead is also
less easily solubilised than Cd and only 2% of the potentially
available Pb in the basal sediment has been mobilised after 102

minutes. Therefore the bigher flow in the late stages of storm 6B were
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required to mobilise the gullypot basal sediment Pb, as well as the
remaining 295.4 mg of road rumoff. The 11.2 mg Pb which had been
mobilised in the gullypot sediment probably represents the Pb

contained in interstitial sediment water.

The gullypot outflow of Pb, therefore, 1s very dependent on whether
the gullypot sediment is mobilised and on the suspended solid Pb
loadings in road runoff. However, approximately 90% of the road dust
Pb remains on the road surface and it is therefore a relatively
persistent metal. The gullypot outflow loading for storm 6B was high
(891.8 mg) largely due to gullypot sediment mobilisation (Figure
6.41>. The gullypot outflow released between 75.7 mg and 891.8 mg Pb
in the sampled storms, and correlated well with loadings of suspended
solids and particulate organic carbon. The average accumulation rate
in road dusts was 56.2 mg Pb/day between storms which is sufficient to
meet the outflow loadings found, although atmospheric fallout is also
important.

§.4.4 Copper Mass Balance.

The atmospheric fallout loadings of Cu (ranging between 2.0 and 203.4
mg Cu) are frequently greater than gullypot outflow loadings for the
sampled events. During storm 6B, 203.4 mg Cu was contributed by
atmospheric fallout (Figure 6.44).

As in the case of Pb, a large reservolr of Cu is present in road
dusts, yet only between 5.3% and 9.8% of Cu in combined road dusts and
atmospheric fallout is washed off in road runoff. The loading of Cu in
road dusts was in the range of 148.6 mg - 3465.8 mg Cu. However, acid
washing of sediments appears to be a fairly important Cu removal
process, as an average of 49.8% of the Cu in road runoff {(for all the

storms studled) is in the Chelex Removeable fraction.
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Figure 6.44 Mass Balance for Total Copper, Storm 6B.

The gullypot liquor is an important source of Cu and produced 15.6 mg
of Cu for storm 6B, which represented 8% of the gullypot ocutflow.
During the sampling period the gullypot liquor contained between 3.1
and 15.6 mg Cu which represented contributions of between 3.7% and
12.3% of the gullypot ocutflow Cu loading. As was found for the other
metals the gullypot liquor is wost importaot during the early stages
of a storm event. During storm 6B, the gullypot liquor contributed
18.6% of the Cu after 102 minutes (Figure 6.45), Copper behaves
somewhere in between the extremes of Cd and Pb in that 63.7% of the
gullypot basal sedimentary Cu was released in the first part of storm
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6B. This represents Cu in interstitial sediment waters with a fyrther
35.1 mg Cu still bound to sediment and to be released later in storm
6B. Only 8.3% of the road runoff Cu bad been released by 102 minutes,
with the remainder coming in later from road sediment mobilisation and

the acid rain washing of sediments.

Total Copper ng

5
:

7IA ISP II NI IF AP P77,

Figure 6.45 Mass Balance for Copper after 102 Ninutes of Storm 6B.

The gullypot interstitial sediment water can be an important source of
the Strongly Bound Cu fraction (Figure 6.46). In storm 6D, 98% of the
Strongly Bound Cu in outflow came from interstitial sediment water,
with the remainder from road runoff and none from atmospheric fallout.
As this fraction was 17.2% of total Cu in the gullypot outflow then
the Strongly Bound fraction in interstitial sediment water is a
significant source of Cu. This fraction results from the complexing of

Cu with matured sediment derived organic compounds.
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Flgure 6.46 Mass Balance for Strongly Bound Copper, Storm 6D.

The gullypot outflow therefore depends both on sediment mobilisation
and acid rain moblilisation. During storm 6B (Figure 6.44) 193.9 mg of
Cu was released, although a range of 31.8 mg - 193.9 mg Cu was found
for the storms studied. This seems reasonable as the average road dust

accumulation was 18.7 mg Cu/day.
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The occurrence of heavy metals in stormwater in unacceptably high
concentrations is a particular cauvse for concern as they may have a

serious impact on sensitive receiving waters (Randall et al. 1978,
Wilber and Hunter 1972, Malmqvist 1983).

In order to assess the degree of pollution due to metals in urban
runoff 1t 1s essential to understand the variatioms, both in terms of
concentrations and loadings, of biocavailable metal species. It is also
necessary to analyse the data obtained for viclatlions of Vater Quality
Standards. Exceedance of these standards may indicate short ferm
effects on the biota of recelving waters. However, the pin-pointing of
violations is not aided by the intermittent nature of urban runoff
discharge. There is therefore a requirement for amalytical methods
which can monitor the long term uptake of heavy metal species by
receiving water organisms and thelr reaction, 1f any, to short term
metal polluted stormwater discharges. Dialysis with Receiving Resins

may provide such an analytical method.
2.1 Storm Characteristics.

Eight storm events (four at Oxhey and four at Bergsjom) and two
snowmelt events (both at Bergsjon) were investigated for heavy metal
species concentratlons and loadings. The main characterisiics of each
storm event are shown in Table 7.1. In addition to analysing the
samples for heavy metal species, controlling parameters, such as
suspended sclids, particulate crganic cartaon, pH, dissolved chloride

and dissolved organlc carbon, were alsc measured.
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Table 7.1 Characteristics of Ten Urban Runoff Events Sampled at
Storanwater Outfalls in Sweden and the U.K.

Storm Date Catchment  Samples Type of Storm Urban
Code Collected Event Duration  Runoif
(No.? (hours) (m=)
Th 26.02.83 Oxhey 9 Stormwater 2.2 1058.3
7B 28.02.83 Oxhey 10 Stormwater 2.7 1362.3
7C 28.05.83 Oxhey 5 Storowater 0.8 320.3
7D 04.05.84 Oxhey 3 Stormowater nm nm
TE 04.10.83 Bergsjion 5 Stormwater 0.7 33.4
TF 27.10.83 Bergsjsn 12 Stormwater 1.7 63.1
TG 19.00.84 Bergsjon 3 Stormwater 0.4 79.9
TH 18.10.84 Bergsjon 11 Stormwater 4.4 281.3
71 20.12.83 Bergsjin 12 Snowmelt 6.6 111.7
77 29.01.85 Bergsjén 12 Snowmelt 9.0 77.1

nn = pot measured

Storms 7A and 7B represent a rainy spell at the Oxhey site with a
break of 2.7 days separating the two events. The weather for the
preceding two months contained isolated snowfalls, and urban salting
during this time is reflected in the elevated dissolved chloride
concentrations in storm 74 {up to 179 mg C1/1). The maximum flow
intensity was bighest in storm 7A, up to 231 1/s, which represents
4.7 1/s/impervious hectare (although it may not have rained over the
whole catchment). The highest rainfall intensity sampled at Bergsjon
was 82.3 1/s in storm 7G, which represents 13.5 1/s/impervious
hectare. Clearly these are not large storms, in comparison with the
maximum intensity range of 5.9 to 118 1/s/impervious hectare for the
six storms sampled on the Chalmers catchment during the summer of 1984
(Chapter 6). However, storms 7A - 7H were all monitored during spring
and autumn and therefore do not represent the heavy thunderstorm

events found in the summer. Also the Oxhey and Bergsjon catchments are
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not small confined areas and different spatial rainfall intensity and
duration may be found in each contributing area. Consequently a high
rainfall intensity in one area may be reduced in the suhsequent

stormwater outflow by a low intensity in another area.

Storms TE, 7F, 7G and 7H were collected during the autumn seasons of
1983 and 1984 on the Bergsjon catchment (Table 7.1). These four events
are typical of the frequent low to medium intensity rainfall events
recorded throughout the year in Gothenburg.

Snowmelt events 71 and 7J were collected during the winters of 1984
and 1985 respectively (Table 7.1) and the two events are quite
different in character. Snowmelt 7] was collected in December when
snow often melts rapidly, either due to the snowfall changing to sleet
or rain, or during the frequent warm spells. For 71 the snow had lain
on the ground for several days and the first sample was collected as a
warm spell had started to melt the snow. After five bottles had been
callected rainfall increased the snowmelt process, and consequently
the runoff, resulting in a heavy flush of suspended solids (up to

1624 mg/1) and dissolved chloride (up to 17 g/1). In contrast snowmelt
73 was collected during mid-winter (Janvary/February) when anblent
temperatures are frequently as low as -20°C. Under thege conditions
the snow melts over a long time perind as a result of road salting and
the heat of the sun during daytime. Snowmelt 7J represents only nine
hours from these winter conditions, which prevailed from early January

to the end of April in the winter of 1985.

7.1.1 Digsolved and Sugpended Solid Metsl Concentrations.,

The average dissolved metal concentrations for all the storm and

snowmelt events studied are shown in Table 7.2.
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Table 7.2 Average Dissolved Metal Concentrations in Stormwater and

Snowmelt.

Dissolved Metal Concentration pg/l

TA* B> 7C*  7D* 7E* 7F* 7Gt 7H* 7I- 7J-

Zinc 227.4 162.8 92.0 158.4 202.3 88.1 65.4 68.7 339.5 508.5
Cadmium 3.4 6.1 2.7 1.7 2.9 1.4 0.6 1.0 6.1 4.3
Lead 17.0 17.8 15.5 16.4 0.0 5.2 3.8 4.¢ 37.0 8.6

Copper 53.8 47.2 23.5 37.9 138.2 33.6 45.1 68.5 896.2 996.3

*Storawater, Oxhey
tStormwatar, Bargsjdn
*Snowoelt, Bergsidn

In stormwater the dissolved Zn and Cu concentrations are similar faor
both catchments, whereas the dissolved Cd and Ph concentrations are
generally slightly higher in the U.K. catchment. The two snowmelt
events at Bergsjon show eievated dissolved concentrations for all four
metals compared to the four stormwater events monitored at the same
catchment. This has been observed previously for total metal
concentrations at Bergsjon (Malmgvist 1983) and has been attributed to
the slow melting of metal enriched, dirt-laden snow which collects at
the road side.

Tte greatest snowmelt dissclved metal enrichment is seen for free and
weakly complexed (Electrochemically Available and Chelex Removeable)
metal species, which is iilustrated in Tadble 7.3 by a comparison of
dissolved Cd in stormwater and snowmelt. The same enrichment pattern
is observed for Cu, Pb and Zn and can be accounted for by the high
dissolved chloride concentration (i-17 g/1) in snowmelt which assistis
the desorption of weakly associated metal species from suspended
solids. On liberation the metal chloride species tend to enter free
and weakly complexed fractions. The enrichment factor for all four

metals was between 3.6x and 15x for the Electrochemically Available
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and Chelex Removeable fractions in snowmelt over stormwater at
Bergsjon. The presence of dissolved organic complexing ligands may
campete favourably with chloride for the liberated metal. An
enrichment of between 1.9x and 5.8x, for all four metals, was found

for the Strongly Bound fractian of snowmelt at Bergsjon.

Table 7.3 Average Dissolved Concentrations for Cadmium Fractions in

Stormwater and Snowmelt, Bergsjon.

Dissolved Cadmium Concentration ug/l

7E* TE* 7G* 7HT 7i- 73
Electrochemically
Available 2.7 0.7 nd 0.3 4.8 2.4
Chelex
Removeable 2.3 1.0 0.4 0.8 4.2 3.8
Strongly
Bound 0.6 0.4 0.2 0.3 2.1 0.5

*Storavater, Bargsjin
*Snownelt, Bergsjén
nd = nol detected

Zinc, Cd and Pb suspended solid concentrations are similar on both the
Oxhey and Bergsjcn catchments (Table 7.4), The road surface dusts are
probably the main source of these three metals on both catchments, as
evidenced from the mass balance of the Chalmers parking lot (Chapter
6) and the mass balance of Malmgvist (1983) far the Bergsjsn
catchment. The metal inputs to both the Swedish and U.K. catchments
may be largely atiributed to domestic traffic and therefore the
accumulation of metals in the road dusts may be expected to be
slmilar. Copper is greatly enriched at the Bergsjcon outiall, compared
to Oxkey. This can be directly related to the Cu guttering which is
widely used within the Swedish catchment, as the road dust
concentrations are not particularly high (Table 7.5).
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Table 7.4

Stormwater and Snowmelt.

ot T it 100 A R Y

o R ek 8k e SR e ko e B

Average Suspended Solid Metal Concentrations in

e ek e e e B R e e e e v B

7A* e Ik 0* JE? 7Fr 767 H* 7t 71
Zinc 413,98 551.7 763.8 3455 272,2 944,83 1211,9 1312,3 6€3,7 23722
Cadmium 11,5 60,3 9.1 3.0 51 1.2 £,3 4,7 3.4 1.8
Lead  2464.5 2001,4 939,2 514,0 410,5 663,2 1416,2 1889,8 B550,7 4290.4
Copper 4136 481.5 1673 126,01 756,0 1043,8 2309,0 3364,3 3071,) 25184.7

*Storowater, Ouhey
*Storawater, Bargsjin
*Snovaelt, Sergsidn

The suspended solid metal concentrations at the Bergsjon stormwater

outfall are greater than those assoclated with the fine fractiom of

road dusts (Tatle 7.5). This enrichment can be explained for Zn, Cd

and Pb by the pH/surface area dependent metal uptake theory, described

in Section 6.2.4, with the increase of
related to the increase in pH from the
Bergsjén) to the stormwater outfall (=
increase is believed to be a carbonate
of road and im-pipe sediment salts, as

destruction of concrete pipes, This pH

suspended solid metal belng
acidic rainfall (= 4.0 at

€ - 7 at Bergsjén). This pH
process due to the dissclution
well as the products of the
gradient through the stormwater

system causes solubilised metal species to adsorb to particulate

surfaces, which are = 20% organic carbon at the stormwater outfall and

therefore provide increased complexing

sites for the metals. The major

metal enrichment of stormwater over reoad dusts for Zn, Cd and Pb is

found in the Exchangeable fraction, as

a comparisonr of Tables 7.5 and

7.6 shows for Pb. The Exchangeable Pb fraction is enriched by between

13x and 96x 1in stormwater solids over the fine fraction of road dusts.
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Table 7.5 Average Metal Concentrations (Three Samples) in the Fine

Fraction of Road Dusts from the Bergsjon Catchment.

¥etal Concentration pg/g

Exchangeable Carbonate and Urganic Total
Hydrous Metal Solid
Oxlide
Zinc 20.4 138.2 62.0 220.6
Cadmium 1.3 nd nd 1.3
Lead 27.3 156.8 29.6 218.7
Copper 7.0 45.6 43.7 96.3

nd = not datacted

The same Exchangeable enrichment process alsoc occurs for Cu at
Bergsjon. However, in mass balance terms most of the Cu is derived
from roofing materials (Malmgvist 1983) and this runoff is routed into
the stormwater system below ground. The acid rain mobllisation,
described in Section 6.2.2.1, would be expected to mostly release Cu
in the Chelex Removeable fraction. On contact with the pH buffered,
road and gullypot washout the free and weakly complexed Cu may be
rapidly adsorbed to the surface of suspended solids. Therefore the

pE/surface area uptake process may b%e only an in-plpe process for Cu.
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Table 7.6 Average Suspended Solid Concentrations for Pb Fractions

in Stormwater and Snowmelt, Bergsjcn.

Suspended Solid Lead Concentration ug/g

7E" 7F* 7G* 7H* 71 7J-
Exchangeable 363.6 533.6 834.5 1307.0 363.1 2633.0
Carb + Hyd 39.4 120.5 B832.5 B532.3 97.3 1428.9
Organic 7.6 9.1 49.2 50.4 90.4 228.6

Carb + Hyd = Carbonate + Hydrous Metal Oxide
*Slornuater, Bergsjén
*Snownell, Bergsjén

7.1.2 Dissolved and Sugpended Solid Metal lLoadings.

The dissolved metal loadings for Oxhey and Bergsjcon are shown in Table
7.7. 1t is clear that the metal loadings at Oxhey are much greater
than Bergsjon. However, when the eight times greater catchment area of
Oxhey is taken into account then the respective site loadings are

within the same crder of magnitude for the four dissolved metals.

Table 7.7 Dissclved Metal Loadings in Stormwater and Snowmelt.

Dissolved Metal Loadings, g

7A* 7B 7C* 7E* 7E* 7G* 7HT 71T 7

Zine 217.7 218.1 28.4 6.3 5.1 4.3 16.8 34.6 37.1
Cadmium 3.0 12.4 1.0 0.07 0.08 0.04 0.25 0.4 0.32
Lead 1.7 24.3 5.4 0.25 0.32 0.31 1.01 6.2 Q.67

Copper 2.7 62.7 7.1 3.6 1.9 2.4 i7.6 8.9 76.4

*Storawater, Oxhey
*Storawater, Bergsjon
*Snownelt, Bergsjén

~245-



Snowmelt clearly has increased dissolved metal loadings compared to
stormwater runoff at the Bergsjsn site (Table 7.7), particularly for
Cd and Cu and to a lesser extent for Zn and Pb, despite a similar

total flow runoff volume (Table 7.1).

Table 7.8 Suspended Solid Metal Loadings in Stormwater and

Snownelt.

Suspended Solid Metal Loadings, g

7A*  7B*  7C*x  7E*  7F*  7G*  7H* 71 7]°

Zinc 74.6 38.5 31.8 i.4 3.8 7.9 12.8 13.0 4.7
Cadmium 1.4 3.9 0.4 0.02 0.04 0.03 0.04 0.04 0.0z
Lead 371.8 146.6 43.9 1.5 2.9 5.4 18.3 6.4 7.9

Copper 64.1 36.2 8.6 2.2 3.8 12.6 30.8B 23.5 42.3

*Storuwater, Oxhey
tStoravaler, Bergsjin
*Snownell, Bergsjdn

A similar comparison can be made between Oxhey and Bergsicén for the
suspended solid metal loadings (Table 7.8). One significant difference
is that snowmelt metal loadings are not significantly different from

stormwater metal loadings at the Bergsjén site.

If, during snowmelt, an interaction between dissolved and suspended
solid loadings occurred in-pipe then, taking into account the
significant dissolved metal snowmelt increase (Table 7.7), the
snowmelt suspended solid metal loadings would be expected to have
decreased accordingly. As this is not the case then it could be
suggested that the significant dissolved metal solubilisation is

taking place on the road surface during snowmelt.
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7.1.3 Partitioning of Metals between the Phases and Fractions.

The percentage contribution of each metal fraction to the urban runoff
events which have been studied are shown in Figure 7.1. The
proportioning of the metal fractions is fairly comparable both hetween

individual storm events and between different catchments.

Zinc shows a presence in hoth the dissolved and suspended solid phases
but, except In storme 7C and 7G, is most important in the soluble
form. Free and weakly complexed Zn predominate in stormwater with an
average of 40.6% in the Electrochemicaily Available fraction and 45.4%
in the Chelex Removeable fractlion. These fractions, particularly the °
Blectrochemically Available fraction (73.5%), are increased
slgnificantly 1n snowmelt runoff. This tends to confirm the formation
of soluble chloride complexes of Zn during appropriate conditions.
Apart from storms 7A and 7E where the Strongly Bound Zn fraction is
consliderably elevated, the Strongly Bound fraction remains consistent
at 15.8% and 15.9% for the Oxhey and Bergsjon catchments respectively,
increasing only slightly in snowmelt runcff. The elevated Strongly
Bound fractions in storms 7A and 7E may be due to the importance of
dissolved organic complexing compounds from gullypot liquor and
interstitial sediment water (see Section 6.3.3). In the suspended
solid phase the Exchangeable fraction is the most important,
accounting for, on average, 22.3% of the total Zn in stormwater
collected from both catchments. However, there is considerable
variation in Exchangeahle Zn hetween storms. As Exchangeable Zn is
mostly derived from read runoff solids and gullypot basal sediments
{see Section 6.3.3), the mobiiisatlon of these sollds and the extent
of the pH/surface area dependent metal uptake process (see Sectien
6.2.4) is critical for the importance of this fraction. The more
strongly associated sedimentary Zn fractions also show wvariable
tendencies. The Carbonate and Hydrous Metal Oxide fractiem is
significant for stormwater at Bergsjon (12.5%), while tke Organic
fraction is more important at Oxhey (11,1%) and for snowmelt at

Bergsjon (14.5%),
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In the case of Cd almost all the metal is contained in bicavailable
forms (1.e. Electrochemically Available or Chelex Removeable and
Exchangeable) with an average of 86.0% in these forms at Oxhey, 68% at
Bergsjon and 73.3% for snowmelt at Bergsjon. The average percentages
of the Electrochemically Available (35.9%) and Cheliex Removeable
(52.4%) Cd fracticns for stormwater are increased significantly in
snownmelt to 63,.4% and 70.4% respectively, whichk is due to the Cd
solubilising action of the high chloride levels. The average Strongly
Bound fraction is higher at Bergsjon, in stormwater (22.7%) and
snowmelt (23.8%), than at Oxhey (12.7%). However, as for Zn the
Strongly Bound Cd fractieon is quite wvariable, with the most
significant percemntages occurring in storms 7A and 7E, although for
this metal storms 7H and 71 also contain a significant percentage of
Strongly Bound Cd. As suggested in Section 6.3.3 the gullypot liquor
and interstitial sediment water may influence the Strongly Bound Cd
variations. For suspended solid Cd the Carbonate and Hydrous Metal
Oxide and Organic fractions are relatively unimportant, but the
Exchangeable fraction represents on average 24.6% of the total Cd in
stormwater, but only 2.9% in snowmelt (due to the high loadings in the
dissolved phase). This effect seems to be fairly consistent throughout
the storm events studied. The pH/surface area dependent mechanism,
described in Section 6.2.4, may provide a consistent influence on the
partitioning of the Exchangeable Cd fraction.

Examination of Figure 7.1 shows that Pb is predominantly suspended
eolid assoclated. Only 9.6% of Pb is found in the dissolved phase of
stormwater, although this increases to an average of 28.4% in snowmelt
runoff, It should be noted that the snowmelt result is elevated by a
bigh dissolved Pb flush (346.4 ug/l) during snowmelt 71 and that
snowmelt 7J does not show elevated dissolved Pb proportions. 0Of the
stormwater dissolved fractions, the Strongly Bound fraction is most
important with a 5.4% contribution for Oxhey and 4.3% for Bergsjon. As
with Zn and Cd the Strongly Bound fraction indicates gullypot liquor
and interstitial sediment water mobilisation. The most significant

proportions of Stirongly Bound Ph are found in sterms 7C, 7E and 71.
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The suspended solid phase is largely dominated by the Exchangeable
fraction with 58.5% of Pb found in this phase at Oxhey and 64.6% at
Bergsjon. Exchangeable Pb may be released into the water column when
suitable conditions for solubilisation occur, such as heavy discharges
of chloride in snowmelt or under reducing conditions in sediments. The
Carbonate and Hydrous Metal Oxide fraction indicates the mobilisation
of reduced gullypot liquor and interstitial sediment water (see
Secticn 6.3.3) and is significant for Pb in all the storms studied
with an average contribution of 20.5%. The Organic Pb fraction is
significant at Oxhey (14.1%) and in snowmelt at Bergsjon (9.4%), but
is insignificant in stormwater at Bergsjon (2.8%).

Copper is fairly evenly distributed between both the dissolved and
suspended solid phases. The Electrochemically Available fraction is
more important at Bergsjon (13,2%) than at Oxhey (5.8%). The presence
of free and weakly complexed metals may be modified by the pH range,
which 1s generally higher at Oxhey. For storms 7A and 7B the pH range
was between 7.1 and 7.6 which did not allow the presence of the
Electrochemically Available fraction. There is a trend for a shift to
more strongly complexed and adsorbed dissolved and suspended solid
fractions., The same trend is seen at Bergsjon where the
Electrochemically Available Cu fraction is sigrificant in storms 7E,
7G and 7H (pH range 6.1 - 6.8), but less significant in storm 7F (pH
range 6.9 - 7.2), These findings agree with experiments on Cu
adsorption to solids which show that dissolved Cu 1s adsorbed at pH
values greater than 5.5, with 100% adsorption at approximately pH 7.0
(see Section 2.7.2.1). Electrochemically Available Cu is less
dependent on pH in snowmelt where the high dissolved chloride
concentrations compete successfully with solid adsorbed Cu to give an
average of 23.3% in this fraction. However, a heavy flush of suspended
solids in snowmelt 71 (up to 1624.1 ng/l) caused a reduction of
Electrochemically Available Cu in this event.

Chelex Removeable Cu is significant in both stormwater and snowmelt
with, on average, a contribution of 31.%%. However the Strongly Bound

fraction is more variable and, as with the other metals, is an
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important indication of gullypot liquor and interstitial sediment
water mobilisation (see Section 6.3.3). The most significant
proportions of Strongly Bound Cu are found in storms 7A and 7E.

In the Swedish catchment the suspended solid Cu concentration is
higher and in stormwater this is reflected in the Exchangeable
fraction which comprises 35.2%, as compared to 15.8% at Oxhey. The
Carbonate and Hydrous Metal Oxide fraction may originate from any part
of the stormwater system although, as with Pb, the amounts may be
dependent on hydrous Fe and Mn oxide formation in the gullypot. The
16.5% average value for Cu is exceeded in storms 74, 7F, 7G and 7H and
the trend closely follows that for Pb in the same fraction. The
Organic fraction is more important in stormwater at Oxhey (17.5%) than
at Bergsjon (6.0%) although snowmelt at Bergsjion (25.4%) is also
important. For snowmelt 7I the Organic fraction is considerably more

important than snowmelt 7] and this may be due to the high particulate

organic carbon in the former (22.4 - 33.5%) compared to 7J
(5.9 - 12.9%).

The storm events studied show distinct trends for heavy netal
loadings, especlally when considered in terms of the loading of metal

fractions onto the hydrograph. Six of the storm events, each

contalning at least nine samples, have been selected for further

analysis.

In order to understand metal variations through the storm events it is
first necessary to describe the flow and contreolling parameter changes
through each event. Of the six storm events discussed in this section,
two represent stormwater at Oxhey, two are stormwater at Bergsjon and

two are snowmelt at Bergsjon.
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7.2.1.1 Storm 7A.

This Oxhey storm of just over two hours duration exhibits three flow
peaks with a maximum flow in the second peak of 231 1/s (Figure 7.2%.
Suspended solid loadings clearly follow the flow peaks, but with

noticeable exhaustion for the final hydrograph rise.

Dissolved Organic C
g/nin { ...... )

suspended Solids

. g/min (—--)
Flow 1/ ( ) n P00
L5031 00
1005%0
b
18] | L
O 50 i¢0 © 0

TiME

Figurs 7.2 Hydrecgraph and Parameter Loadings, Starm 74,

Time in Minutes Commenciing 02,58
Dissclved chlcride (not shown) is washed out with ths first flow peak
and consequently dilution-exhaustion results after 30 minutes, This
washoff profile is not observed for dissolvad organic carbon. As
discussed for gullypat ouiflow in Sections ©.3.1.1 and 6.3.1.3, the
first dissolved organic carbon peak may be ralated to the mcbilisaticn
of in-pipe solids washoff, road runcif, gullypot liquor and
interstitial sediment water. The second and third organic carbon peaks
can arguably be related to the mobilization of gullypot sediment

maturation products and organics from the road suriace. Physical
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nobllisation of sediments is therefore iaportant for the liberaticn of
matured organic compounds, particularly in decompesing gullypot anc
in-pipe sediments. Dissolved organic carbon released by physical
mobilisation may be termed residual matured organics, while dissclved

organic carbon quickly washed through the system may be termed readily

washed organics.

7.2.1.2 Storm 7B,

This storm, of nearly three hours duration and coming only two days
after 7A, is characterised by an early flow peak giviag a

characteristic "first flush" of pollutants (Figure 7.3).
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Figure 7.3 Hydrograohic and Parameter Loadings, Storm TE.
Ting 1o Minutes Commencing 23,48

Dissolved chloride is clearly rapidly washed ogut, while the dissclved

organic carbon peak is prolonged due to contributions from residual

matured orzanics. Suspended solids follow the flow preocfile although,
d

from the gullypot study ¢sea Section &.3.1), a mors pronounced "first



flush” of solids con the rising limb of the hydrograph might be
expected. It can be deduced that, on such a large catchment as Oxhey,
different contributing areas make up the storm profile and therefore
the suspended sollds peak may represent the first contribution frcm

certaln catchment sub-areas.
7.2.1.,3 Storm 7F,

This Bergsjon storm of nearly 1% hours duraticn is characterised by a
low flow rate period before the main storm event (Figure 7.4). During
this period readily washed organics provide an important flush of
dissolved organic carbon and probably also produce the arganic peak on
the rising limb of the hydrograph. The secondary organic peak, just

after peak flow, may provide evidence of residual matured organics
mobilisatiaon.

Mssolvaed Organic €
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Figure 7.4  Hyvdrograoh and Farzmeter Leadines, Storm 7F.

Timz in aindtes Commaniing 15,30

zuspendec 50lids peak may represent the early mobtlisation
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road runcff and particularly in-pipe washout. The main solids peak
shows evidance of peaking with, or even slightly before, peak flow,
which agrees with findings from the gullypot study (see Section 6.3.1)
i.e. the "first flush” cf solide from road runcff is delayed by
gullypot =ettling, but is re-mebilised by increasing flow on the
rising limb of the hydrograph. In addition in-pipe sedimeats may also
be a significant, if not the most lmportant, feature of carly sediment

washout.
7.2.1.¢4 Storm 7H.

This secoad Bergsjon storm event of nearly five hours duration
contains two major peaks af flow (Figure 7.5). Suspended scolids
loadings tend to follow the hydrograph closely, apart frowm an early

flush of suspended solids which slightly precedss the =zecond flow

peak.
Suspended Sollids
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Flow l/s | ) 1y
5 n b
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' P 80,8
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o ]
20 4 40 14
k
© _ o |0
O 100 200 H00
TIRL

Tiag in Minules Commsnzing 12,09
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Dissolved organic carbon follows flow throughcut the storm. At the
beginning of the storm event a flush of readily wached organics can be
seen and these conmpounds may contribute significantly to the two main
peaks. However the broadening of the second peak, which follows flow,

may be related to residual matured organics mobilisation.
7.2.1.5 Storm 71,

Starn 71 was a snownelt of nearly seven hours duration (Figure 7.6).
The early low flow snowmelt period of nearly =ix hours was fcilowed by
a light rainfall event of 0.2 mmw/hour intensity which greatly
increased the flow. Snowmelt continved during the recessional limb of

the hydrograph.

Suspended Sclids

g/min (----)
Flow i/s ( ) 600
f
Digsolved Organic C
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Figure 7.9  Hydrograph acd Parameter Loadings, Storm T7L.

Time 1n winutes Commencing 13,50
Suspenced solid loadings start to increass before flow, demons*rating
the rapid washoff of snow bound particulates. Dissalived chloride

concentrations were high throughout tha snowmelt event (2.4-17 g/1),



with a peak loading of 14.5 Kg/min corresponding to peak flow (total

storm dissolved chloride loading was 637 Kg).

7,2.1.6 Storm 7).

Storm 7] represents a small ten hour section of a long contiauous

snowfall/snowmelt period which lasted during the greater part of

January-4April 1985. High dissolved chloride levels (1.0-1.3 g/1)

throughout the snowmelt suggest that de-icing salts are responsible

for the snowmelt (Figure 7.7).
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Figure 7.7  Hydrographic and Parameter Loadings, Storm 77,

Tine in Minutas Commencing 29,00

The increase of flow after 50 minu

tes is

due to the commencement of

warmer daytime temperatures and, possibly, emuisification of the snow

and salt lying on the recad by early

leoadings increase sharply after 500

of the suspended soclids are derive

morning trafiic. Suspendad solids
zinutes which suggests that much

irom znow bound particulates.



7.2.2 Loading Variations for Individual Metal Fractions.

Individual metal species often load onto the storm hydrograph at
different rates, which can be explained in terms of the controlling
parameters (discussed in Section 7.2.1) and also the influence of
mobilisation and transpori processes. 1ln order to interpret the
loading of individual metal fractions onto the chemographs the
predominant metal fraction is ideatified on the chemograph as outlined
in Section 6.3.2 (Figure 6.24). In addition Table 6. 14 was frequently
consulted to identify the possible sources, prior to release from the
gullypot, of metal fractions. Despite the limitations of comparing
resuits between urban catchments with different characteristics, this
praves to be a useful approach. One explanation for this apparent
contradiction is that the physical and chemical processes outlined in
Section 6.2 do not change between urban catchments, it is the degree

to which they occur which changes.

7.2.2.1 Dissolved Zipnc Fractions.

The variations in loadings of dissolved Za during three storm events
are shown in Figure 7.8. Generally the Chelex Removeable fraction
dominates due to the dissolution and acid rain mobilisation of Zn from
road surface dusts. However, the Strongly Bound fraction often shows
unexpected contributions. It should be noted that the
Electrochemically Available and Chelex Removeable fractions usually
peak together and cannot be separated in terms of different origins

and processes.

For storm 74 (Figure 7.2 and Figure 7.8(a)) the first Chelex
Removeable Zn peak at the commencement of the storm is typical of the
rapid "first flush” due to the solukilisation of Zn from road surface
and in-pipe sediments as well as gullypot liquor mobilisation. Further
Chelex Removeable peaks can also be related to the acid rain
mobilisation of road, gullypot and in-pipe sediments. Strongly Bound
Zn is significant when the heaviest flow occurs and can be accounted

for by the physical mobilisation of gullypot interstitial sediment
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water, which agr=es with the interpretation of dissolved organic

carbon leadings. The second Strengly Bound Za peak arrives late in the

storm and can be accounted for by a variable contributing area

concept. This fraction has taken longer to arrive from gullypots on
the edges of the catchment.
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Figure 7.8 Dissolved Zinc Loadings for Selectied Events.
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k)

Storm 7F (Figure 7.4 and Figure 7.8{(bj> is con a different catchment

but the Zn fractions behave in a similar way. 3cth dissolved organic

carbon and Chelex Removeable Zn exhibit a "first

beginning of the storm and on the rising limb of

flush” at the

the hydrograph, due

to sedimentary Zn solubilisation and gullypot liquor mobilisation
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processes. T[he late Chelex Removeabtle peak 1s aimcost certainly due to
the acid rain washing of road. guilypot and in-pipe sediments, as it
lacks an interpretation from the hydrograph or controlliag parameters.
The Strongly Bound Zn occurs just at and after peak flow, together
with the suspected residual matured organics peak, and may therefare

be a result of guliypot interstitial sediment water moblliisation.

High dissolved chloride levels may also release Zn from solids into
the Chelex Removeable fraction. During snowmelt 7J (Figure 7.7 and
Figure 7.8(c)) oscillating loading curves of Chelex Removeable Zn
represent the chemical mobilisation of road surface snow bound solid
Zn by disszolved chloride in snowmelt runoff. A pezk of Straongly Bound

Zn 1s found which may be a gullypot product.

During snawmelt event 7I, which is characterised by a small rainfall
(Figure 7.6 and Figure 7.9}, Elecircchemically Available Zn exhibits
early small peaks and a delayed response for the main peak compared to
the other parameters. Thus Zn is present in its lowest
Electrochemically Available loading at the onset of the rainfall
event, after = 300 minutes. High suspended solid aand particulate
organic carbon concentrations probably control the partiticmning of Zn

at this stage and hence limit Electrochemically Available Zu levels.
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Figure 7.2  Dizsoived Zinc Loadings in Sncwmelt 7I.
i

ime 1o Minutes
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7.2.2.2  Dissolved Cadmi - ;

Dissolved €Cd wa=s repcorted in Chapter 6 to have a significant
contribution from Strongly Bound species originating from the gullypot

liquor and interstitial sediment water.
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Figure 7.10 Dissolved Cadmium Loadings for Selected Storm Events.
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ln stora 74 (Figure 7.2 and

Removeable Cd iz seen which may originate from the sclubilizmatisn o

road and in-pipe sedimentary

rain Cd mobilisaticn may acc

Figure 7.10<a)> a "first flush”®

Cd, as well as gullypolt produ

ount for the later peaks. The
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Bound fractlon occurs as a late peak in the storm profile representing

gullypot interstitial sediment water mcbilisation.

For storm 7B (Figure 7.3 and Figure 7.10(b)) rapidly washed off Chelex
Removeable Cd is not significant at the very beginning of the storm.
As only two days had elapsed since storm 7A some dilution-exhaustion
of readily solubilised Cd may have occurred. The lower suspended
solids loadings in storm 7B, compared to storm 74, tend to suggest
that in-pipe sediments may bave been thoroughly washed out of the
system. Therefore the Chelex Removeable Cd is dominated by the acid
rain mobilisation of road dusts and appears as a peak coincident with
flow and in & late section of the storm. Strongly Bound Cd is found
nearly one hour after peak flow which means that this is due to a
late mobillisation process rather than a longer distance source

contribution (the time of concentration for Oxhey being 19.2 minutes).

In storm 7F (Figure 7.4 and Figure 7.10¢(c)) the readily washed off
Chelex Removeable Cd species are observed first in the storm profile,
with another contribution at 67 minutes after peak flow due to the
acld washing of urban sediments. An important Strongly Bound Cd peak
is found at peak flow corresponding to guilypot interstitial sediment
water mobillisation. The late Strongly Bound Cd peak may suggest that
the interstitial sediment water was not completely washed out by the

first flow peak and was further mobilised late in the storm event.

In storm 7H (Figure 7.5 and Figure 7.10(d)) the Chelex Removeable Cd
fraction shows a small “first flush” for sediment solubilisatiomn and
gullypot liquor, but is more significant on the rising l1imb of the
second flow peak. This can be related to the acid washing of gullypot
and road sediments. Strongly Bound Cd dominates the first flow peak
and is also important in the second flow peak. This suggests that the
mobilisation of gullypot interstitial sediment water can contribute

significant loadings of Strongly Bound Cd to stormwater.

Two snowmelt events are presented in Figure 7.11, showing

Electrochemically Available Cd loading variations.
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Figure 7.11 Electrochemically Available Cadmium Loadings through two

Snowmelt Events.
Time in Minulas

Biocavailable Cd in snownelt 71 (Figure 7.6 and Figure 7.11(a)) has

similar loading variations to dissclved chloride, although with a
flush at the beginning of the snowmelt {(concentratiocns up to
12.5 pg/1). At the onset of rainfall a high suspended solids
concentration occurred, but these solids were stripped of Cd

by the
associated high chloride levels. The result was a rapid rise

in the
loading of biocavailable dissolved Cd which attained a peak
concentration of 8.0 pg/l.
The ease of Cd washoff is also seen for the seccnd prolengsd snowmelt

7] (Figure 7.7 and Figure 7.11<u)). The loading variations do not

follow flow or the controlling parameters but oscillate between 0.2
and 0.55 mg/min.

? 2] g a i t} ons

Dissolved Pb fracticns shcw similar incoming distributions *to those of
Zn and Cd.
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(Figure 7.2 and Figure 7.12¢a}) Chelex Removeable Pb shows

in storm 74
iirst washoff from sediment solubilisation and gullypot

the typical
with a second peak after tkhe second flow maxinum related to

The first Strongly Bound peak (corresponding
was

iquor,

acid rain mobilisation.
which was oot very prominent for either Zn or Cd

to peak flow),

the most significant Pb peak. therefore, Strongly Bound
Pb may be acting as a tracer for the motilisation of the interstitial
sediment water ol gullypots which have service roads with regular

Tohe =econd Strcngly Bound Pb peak appears at a later stage cn

In this case,

traffic.

-265-



the chemograph than far either Zn or Cd, and may represent an input

corresponding to the third flow peak.

Storm 7F (Figure 7.4 and Figure 7.12(b)} shows similar dissolved Pb
fracticn distributions to those found for Zn and Cd. Chelex Hemoveable
Pb dominates the early storm profile giving a similar distribution %o
the remaval of readily washed grganics. Strangly Bound Ph dominates
the second half of the storm profile representing the washing out of

gullypot interstitial sediment water.

For snowmelt 7J (Figure 7.7 and Figure 7.12(c)) oscillatiag Chelex
Remnveable Pb and Strongly Bound Pb peaks are cbserved. The Chelex
Removeable peaks may be most indicative af the release of road surface
snow bound metal, while the Strongly Bound fraction may be physically
mobilised sporadically from the gullypats., The oscillation pattern may

be related to the intermittent nature of snow melting.

Figure 7.13 Electrochemically Available Lead Loadings during Snowmel:t

71.
Time in Minutes
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During snowmelt event 71 (Figure 7.13) Electircchemically Available Ph

ioadings reach a peak of 315 mg/min, as compared to the 9.42 mg/min in
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snownelt 7J. The peak corresponds to the heavy flush of dissolved
chloride in this storm (Figure 7.6) and may be due to the chlaride
cantrolled release of Pb from road, gullypoi and suspended stormwater

solids.
7 i a
The Chelex Remaveable fraction usually domirates the lcading profile

of dissalved Cu during storm events. Hawever, late Stroangly Bound

flushes can change the profile significantly in some cases.
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In storm 7A (Figure 7.2 and Figure 7.14(a)) Chelex Removeahle Cu
exhibit a "first flush”, due to sedimentary Cu soclubilisation and
gullypot liquor contributions, and secondary peaks from acid rain
mobilisation, as was found for the other three dissoclved metals. The
first Strongly Bound Cu peak, from gullypot interstitial sediment
water mobilisation, arrives with the second major flow peak. The
second Strongly Bound Cu peak arrives at the same time as the Strongly
Bound Zn and Cd peaks and can be accounted for by a variahle

contributing area concept.

Storm 7F (Figure 7.4 and Figure 7,14(h)) requires a different
interpretation as much of the dissolved Cu comes from the abundant Cu
guttering within the Bergsjon catchment. At the start of the storm a
significant early peak, corresponding to low flow, is observed. This
may he attributed to the acid washing of roof guttering and
contaminated in-pipe sediments, yielding Chelex Removeable Cu species.
Subsequent Chelex Removeable Cu peaks can bhe related to this source.
Road dust contributions are not so important on this catchment as B0%
of Cu comes from the corrosion of Cu guttering (Malmgvist 1983). The
Strongly Bound Cu fraction arrives with the peak of residual matured
organics and therefore suggests an origin of gullypot interstitial
sediment water. Many of the gullypots on the catchment are entered
kelow ground by a roof runoff pipe. Therefore the Strongly Bound Cu
fraction may originate from gullypot interstitial sediment water which
is contaminated with roof runoff Cu.

In storm 78 (Figure 7.5 and Figure 7.14(c)) a primary Chelex
Removeable Cu peak represenis the early acid washing of roof surfaces
and in-pipe sediments. During the two major flow peaks of the storm
Strongly Bound Cu loads onto the chemograph on the rising limb of the
hydrograph, while Chelex Removeable species appear in more significant
loadings at peak flow. The Strongly Bound Cu peaks may represent the
washing out of the roof runoff contaminated interstitial sediment
water which has been stirred up into the gullypot liquor between storm

events, The Chelex Removeable peaks do not show any exhaustion between
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stcrm peaks which Is due to the continual acid rain mobilisation cf

dissolved Cu from guttering.

Snowmelt 7J (Figure 7.7 and Figure 7.14(d)) has similar dissclved Cu
variations to dissclved chloride and flow and thus differs from the
other dissolved metals. It is probable in this case that the high
dissolved chloride concentrations contirnually desorb Cu from below
ground sediments and depend om a relatively long contact time beiween
melted snow and the sediment. However, when snowmelt increases a
dilution effect cccurs, as well as a reduction of contact time and
therefore dissolved Cu loadings decrease towards the end of the sicrm.
Chelex Removeable Cu usually dominates the profile, probably as
chloride species of Cu. Strongly Bound Cu may represent gullypot

products entering the profile.

Chelex Removeable Cu (Figure 7.6 and Figu}e 7.15) follows a similar
trend to bigavailable Zn in snowmelt 7I. The increase of bigavailable
metal, observed for Cd and Pb, with rising chloride concentrations and
loadings is cffset by adsorption onto the high suspended sclids
loadings released during the rainfall event. Coasequently the highest

bicavailable Cu loadings occur during sustained low flow snowmelt.
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7.2.2.5 SHEPEQQEQ Sglid Zing E:ar‘*‘jgns

Suspended solid assoclated Zn tends to follow the suspended solids
through the hydrograph. However, a broadening of the Zn loading peakx
is cften observed which cam be attributed to the late entry of certain
fractions. The Exchangeable fraction usually domlnates the profile,

although the Carbonate and Hydrous Xetal Uxide and Organic fractions

also show importance at certain points in the storm profiles.
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In storm 7B (Figure 7.3 and Figure 7.16(a)) a first peak relating to
road and in-pipe sediment washoff is found which follows suspended
solids loadings. Although not indicated in Figure 7.16(a), the
Cartonate and Hydrous Metal Oxide Zn fraction alsc reaches maximum
loadings atl this point, with a value of 52.5 mg/min, which may he due
to gullypot liquor solids and reduced interstitial sediment water
mobilisation and oxidation. However, through the in-pipe system the
Exchangeable fraction becomes much more significant, probably due to
the action of the pH/surface area dependent solid Zn uptake (see
Section 6.2.4), which tends to obscure the origin of the Zn fractioms.
The second Zn peak, largely containing the Organic fraction and
probably derived from gullypot basal sediment, is as significant in
magnitude as the first peak. However, this Organic peak is found late
in the hydrograph when flow is starting to decrease and may be
explained by a late entrainment of gullypot basal sediments.

In storm 7F (Figure 7.4 and Figure 7.16(h)) the Bxchangeable fraction,
from road runoff and other storm svlids enriched with surface bound
Zn, dominates the first half of the storm. An Organic peak again
appears late in the storm profile, after peak flow, due to late
contributions of gullypot sclids.

All three solid fractions contribute significantly to storm 7H (Figure
7.5 and Figure 7.164{c)). At the beginning uf the storm the
Exchangeable and Carbonate and Hydrous Metal Oxide fractions dominate
s0lid Zn washoff and represents inputs from road runocff, gullypot
ligquor and in-pipe solids. The second flow peak is more intense and
may mobilise gullypot sediments which accounis for the domination of

the Carbonate and Hydrous Metal Oxide and Organic fractioms.

f.2.2.6 OSuspended Solid Cadmium Fractions,

The suspended solid associated Cd loadings usually show similar irends
to suspended solids through the hydrographs. The Exchangeable fraction
often completely dominates the chemograph for Cd showing inputs due to

road surface runoff, gullypot liquor and basal sediments. The
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Carbonate and Hydrous Metal Oxide fraction was rarely detectable, but

tae Organic fraction indicates the ogccurrence of gullypot interstitial

sediment water mobilisation (and therefore the finer sediment
associated with it>.
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Figure 7.17 Total Solid Cadmium Loadings through two Stormwater

Events.
Time in Minuies

During the two storm events shown in Figure 7.17 the Exchangeable
fraction completely dominates the profile. Storm 7A (Figure 7.2 and

Figure 7.17(a)} has two primary peaks which fcoliow suspended solid

loadings, largely in the Exchangeable form. In the final late peak Cd
s0lid loadings are unexpactedly high compared to controlling

parametars. Chelex Removeable Cd loadings were also nigher at this
stage 0f the storm due to acid rain mobilisation from road dustis.
During passage through the stormwater system the pH/surface area

dependent solid uptake mechanism may bhave caused an enrichment of
suspended s0lid Cd loadings.

A distinctive "first flush” 2f suspended =o0lid Cd is =zeen in storm 7F

(Figure 7.4 and Figure 7.17(b)). This may be due to the low flow
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flushing of readily mobilised metal enriched solids. Gullypot liquor
colids may be an important coatribution to thls early flush due to

their considerable Cd enrichment (see Section 6.2.5).

Under certain conditions the Organic Cd fraction can beccme

signlficant (Figure 7.18).
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Figure 7,18 Solld Cadmium Fraction Loadings in Urban Runoff.

Time in Minutes
In storm 7H (Flgure 7.5 and Figure 7.18(a)} the first two houre of the
event are dominated by tha Exchangeable fraction entering from the
road surface, gullypot liguor and in-pipe sediments., However, before
the second flow peak an Organic Cé fraction anters. This fraction can

be accounted for by gullypot basal sediment mobilisation under higher
flaow.

Durlng snowmelt 7] (Figure 7.7 and Figure 7. 18(b)) the continual low
flow flushing of the stormwater system gives rise to Organic Cd peaks
which follow flaow fairly closely but are nct compatible with suspended
solid loadings. It may be envisagsd that in the zullvpot only semi-

buoyant organic flocculations, perhaps with a high bacterizal and Cd
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cantent and which are at or below the gullypot water/sedinent

interphase, are mobilised during low flow snowmelt conditions. The

Exchangeable fraction at the end of the sncwmelt represents incoming

snowmelt particulates from the rcad surface.

Generally, particulate associated Pb follows suspended solids through

the hydrograph. The Exchangeable fraction usvally dominates the

prcfile and can originate from road runoff, gullypot liquor and basal

sediment.

In addition speciles transformations such as pH/surface arez

dependent solid uptake may contribute to the Exchangeable Pb fraction.
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In storn 7A (Figure 7.2 and Figure 7.19<(a)) a "first flush” of solid
Th containing mainly the Carhonate and Hydrous Metal Oxide, as well as
the Organic, fraction cccurs. The Carbonate and Hydrous Metal Oxide
fraction may be derived mainly from gullypot liquor and ip-pipe
sediments. There is probably also a significant addition from the
gullypot interstitial sedimert water when the rapidly oxygenating road
runoff flush oxidises Fe and Mn to their respective hydrous oxides,
which in turn co-precipitate/adsorb and transport Pb. The Exchangeable
fraction shows peaks with, or just before, the fimal two flow peaks.
This represents road runoff solids ard may also include mobilised
gullypot basal sediment. The Organic Pb peaks are seen at the very
beginning of the storm event and after the second flow peak. These may

represent a gullypot product, although road runcff can alsc provide
significant quantities of this fraction.

The Exchangeable fraction usually dominates the Ph profile and
therefore it is useful to use a shaded chemograph representation as
shown for storm 7H (Figure 7.5 and Figure 7.19(b)) to illustrate other
contributing fractions. The Exchangeable fraction is most important
throughout being indicative of road runoff and Ph enrichment at the
solid surface hy the action of the pH/surface area dependent solid
metal uptake process (see Section 6.2.4). The Carbonate and Hydrous
Metal Oxide fraction is significant throughout the storm represernting
gullypot product reaction and mobilisation. The most significant
proportion of this fraction occurs at the beginning of the storm event
when the gullypot is first mobilised and therefore represents the
oxidation of reduced interstitial sediment water. This fraction is
also significant for the two flow peaks which may represent the
background road dust speciation. The Organic fraction is relatively
unimportant, but is most concentrated im the first part of the storm.
During the second flow peak less organic gullypot basal sediment may

be mobilised, resulting in less Organic Pb.

During snowmelt 71 (Figure 7.6 and Figure 7.19(c)) the Exchangeable
fraction dominates most of the profile suggesting the release of road

sediment from melting snow. On the rising limh of the flow peak the
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Organic fraction beccmes lmportant and may originate from the

mobilisation of gullypot solids.

z 2 2 ﬁ S]ispgndad SQ }d iQD_Pp[ Eraciiﬂns

The suspended solid Cu profiles often contain all three metal

fractions. The Exchangeable and Organic fractians are most
representative aof road runoff and gullypot liquor mobilisatian. The
Carbonate and Hydraus Metzl Uxide fraction indicates the efiect of

highly oxidising road runoff on the reduced gullypot sediment system.

Total Solid

Cu ag/mio (al
!
Cart + Hyd ‘arb + Hyd
3300 tUrganic
A
L \\‘
! N Exchangeable

500 ~
e
0 -
0 60 120
TIXE
Total Soiid
Cu mg/min tb)
Organic
l‘-————_'_—-
600 1]
Py
Iy
R
SN ) Exchangeable
. N ,-“ £
200|; VA
‘\
L}
\ m———
g
o 8¢ 140
TIME
Figure 7¥.20 Suspendad Solid Cu

Tisa in mingle:

During storm 74 (Figure 7.2 and

Hydrous Metal Oxzide {fraction is

Loadings in

IExchangeable
Tatal Solid  lcurp + Hyd c)
Cu mg/min
r————Exchangeabi
100 I xchangeabie
. )
N
1
VoA
‘I\ ’l l\‘__’_.--' OTS‘SIL ier
] ! 1
H : :
]
ac \ ' changeable
v | .v#‘*’_ﬁx hangeatis
v\ LA}
A - Y
0
0 40 80
[INE

clearly important for Cu transpor
¥ 1 ¥

~276-

Stormwataer.

Figure 7.20(a’)) the Carbonats and

L
¥



during the first half of the storm event. Fe/Mn oxidation followed by
Cu co-precipitation/adsorption (as was ohserved for Pb) could be
occurrlng. For significant hydrous metal oxide adsorption the pH must
be greater than 5.5 for Cu and 6.0 for Pb as determined by the
respective hydrolysis constants, i.e. pB.—-1.5 (Table 2.9, Chapter 2).
These criteria are met in the stormwater pipe during storm events. At
the Oxhey site road runoff is well buffered during most of the storm
event and the hydrous metal oxide formation process may well begin in
the road surface water microlayer and increase significantly in the
gullypot. On the Bergsjon catchment the low buffering capability of
road sediments {(see Section 6.2.3) means that most of the acidic
rainfall buffering occurs due to the corrosion of the cement in the
concrete pipes. Therefore metal uptake onto hydrous metal oxides may
be largely an in-pipe process at Bergsjon. The hydrolysis constants,
pBi1-1.5, for hydrous oxides (Table 2.9, Chapter 2) of 7.0 and 8.0, for
Zn and Cd respectively, are not always achleved in stormwater,
therefore 1t can be argued that hydrous metal oxide co-

precipltation/adsorption 1s more important for Pb and Cu transport in

stormwater,

Carbonates are alsoc found in the Carbonate and Hydrous Metal Oxide
fraction and, largely due to the bhackground geology, are likely to be
of importance at Oxhey but relatively insignificant at Bergsjon.
Similar heavy metal uptake onto carbonate surfaces as that of hydrous

metal oxides might be expected.

During storm 7A the Organic fraction shows an important peak
coincldent with the flow maximum. This may be a combination of road
sediment and gullypot sollids mobilisation, although the last
Exchangeable peak, which 1s notably exhausted compared to flow, is

probably also derived from road runoff,
In storm 7B (Figure 7.3 and Figure 7.20<¢h)) which followed two days

after 7A, the Organic Cu fraction clearly dominates with only a small
Exchangeahle peak from further road dust mobilisation at the end of
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the storm. Gulliypot solids, particularly from gullypot ligquor, may
explain the multiple Orgamnic Cu peaks. As for storz 7A the rocad
sediments and {n-pipe sediment may have become greatly exhausted. The
multiple peaks can then be explained by a variable contributing area

concept.

The Exchangeable fraction dominates the profile in storm 7F (Figure
7.4 and Figure 7.20(c)} and may be explained by rcad runoff sediments,
particularly in the late stages of the storm svent. The early
Exchangeable and Carbonate and Hydrous Metal Oxide fraction peaks may
represent enrichments of Cu due to a combination of pH/ and
redox/surface area dependent metal uptake processes (see Section
6.2.4). It can be postulated that free and weakly complexed Cu,
mobllised by acid rain from roofs, is rapidly adsorbed onto the
surfaces of freshly formed hydrous metal oxides from the gullypots and
fine road runoff solids. This reactiocn proceeds underground while the
acidic waters are buifered by the containing concrete pipes. The
Organic Cu fractlon peak occurs slighily after peak flow and may be

attributed to rcad runocif and gullypot solids mobilisation.
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The Organic fraction can alsc act as an important uptake mechanism for
Cu. In snowmelt event 7I (Figure 7.6 and Figure 7.21) the cumulative
loading increase of the Exchangeable fraction is gradual, while the
Organic fracticor increases dramatically during the light rainfall
event, following the same trend as for particulate organic carbon.
This can be explained by the uptake into the Organlic fractlon of
digsolved Cu species, despite the high ionic stremgth. Uptake onto
particulate organic materials can therefore be an inportant speciles
control during snowmelt conditions, especially when high organic solid

loadings overcome the solubilisation effects of ionic strength.

7.3 The Impact of Heavy Metals in Urban Runoif on Freshwater Life.

Two approaches have heen tested for determining the potentially loxic
effect of metal species in stormwater on aquatic life:

a) Metal speciation results can be compared to Water Quality Standards
to ascertain whether they are being exceeded.

b) Dialysis with Receiving Resins allows an in situv assessment of

metal transfer through a membrane and uptake by organic ligands.

7.3.1 VWater Quality Standards Approach.

Both EPA (EPA 1983) and EEC (Mance and 0’Donnell 1983) standards have
been considered with regard to potential toxic lmpacts on freshwater
life in receivirg waters (as discussed in Chapter 2) and only the
proposed EPA standards take into account the impact of intermitient
discharges. To allow for direct effects, as well as recelving stream
dilution, the total metal EPA values can be compared to Chelex
Removeable metal, i.e. free and weakly complexed metal levels, which

can be considered bioavailable (Table 7.8).
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Table 7.9 Percentage Time for Excesdance hy Metals, of EPA
Recommended Values for Intermittent Discharges, during
Urban Runoff.

% Time Exceeded during Runoff Event

Zinc Cadmium Lead Copper

T.V. 8. M T.V. §S.M T.V. S.M T.V. S.M.
Storm 7A - - 13.3 0.7 - - 76.5 6.5
Storm 7B - - 100 48.3 - - 100
Storm 7F - - 4,1 - - - 53.4 13.3
Storm 7H - - - - - - 100 63.2
Snowmelt 71 18.4 - 41.9 11.6 4.4 - 75.7 68.8
Snowmelt 7] 48.3 - 62.5 - - - 100 160
T.V, = Threshold Value
§ M, = Significant Mortality

In stormwater only Cd and Cu appear to be a significant threat to
receiving water standards. Cadmium is most significant on the Oxhey
catchment with considerabhle periods abave hoth limits. Copper is
consistently above the Threshold Limit on both catchments, although
the Significant Mortality Limit is only consistently exceeded at
Bergsjon. Qualitative evidence for the relevance of this exceedance is
the complete absence of any ohservahle life in the urban creek after
the outfall at Bergsjon, despite high stormwater nutrient levels
(Malmqvist 1983). It is realised that persistent toxic hydrocarbon and

nutrient overloading could also have the same effect.
Zinc, Cu and Cd in the outfall waters exist for considerable periods

above the Threshold Value in snowmelt runocff (Tahle 7.9). The chronic

effects of these three metals are especially important for slow
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snownelt, where road salting provides a continuous release of
bipavailable metal species into the drainage system. These conditions
pften prevail for several months in Scandinavia, but for a shorter,
although sometimes significant, period in the U.K. Only during
periods, when very heavy chloride concentrations in the runoff exceed
4-5 g/1, does bioavailable Pb exceed the threshold value. The
significant mortality level for snowmelt is exceeded by Cd and Cu,

underlining the receiving water threat from these metals.

7.3.2 The Dialveis with Receiving Resins i :

Using tbe Dialysis with Receiving Resins method (described in Chapter
5) snownelt, baseflow and stormwater have been monitored at Bergsjon.
The results, expressed as metal uptake rates, allow some indication of
the rate at which metal species in stormwater could diffuse inte, and

be taken up by, a biological cell (Table 7.10).

& first observation is that baseflow provides a low, but significant,
metal uptake. This can be attributed to the washing of in-pipe
sediments by infiltrating groundwater, which has an elevated dissolved
chloride level (100-200 mg Ci/1).

To understand the significance of an average 4.9 pg/mm®/hour uptake
rate for Zn for baseflow a comparison with established values for
biological metal uptake must be made. It is not usual for surface area
to be considered in metal uptake studies (Turner 1983). However,
Turner (1883) has used a value for the maximum Zn uptake flux, for the
seawater alga Phaeodactylum cornuium, of 107'4 mol/cm®/s

(2.34 pg Zn/mm*/bour). In using this value diffusion is assumed to be
the major metal transport mechanism across the cell membrane. As the
maximum uptake flux value is already exceeded under baseflaw
conditions for Zn then this suggests that the washing of in-pipe

sediments is already producing enough Zn to contaminate downstream

organisms.
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Table 7.10  Dialysis with Receiving Resins Metal Uptake Rates for
Urban Rumoff.

Period Pariod Sample Rataiving Metal Uptake Rate pg/mm2/hour
No, Date Resin

Zing Cadmium Lead  Copper

1 24 01,85-28,01,85 Snowmelt* (Chelex 9.4 0,03 0,04 3,9

Thial 7.8 0,03 0.1 0.4

Cysteine 7.8 0,16 nd 2.7

2 28,01,85-31,01,85  Snowmelt* Cysteine 139.3 0,81 0,79 2i7.8

3 31,01,85-04,02,85 Snoumali® Chelex 20,1 0,26 0,13 6.8

Cysteine 46,3 0,56 0,58 35,7

4 04,02,85-07,02,85 Snowmelt Cysteine 10,6 5.8 nd 5.6

5 07,02,85-11,02,85 Snownalt Cysteine 12,9 5.4 0,03 1,9

& 11,02,85-14,02,85 Snowmelt Cysteine &7 0,3 0,08 7,0

7 14,02,85-18,02,85 Snowmelt Cystaine 12,7 0,64 6,19 1,2

g 18,02,85-21,02,25  Snowmelt* Cystaina 2,7 nd nd 0.4

9 21,02,85-25,02,85 Snowmelt® Cystaine 17,1 0,53 0,25 27.2

10 25,02,85-28,02,85  Snowmalt* Cysteine 16,8 0,68 nd 13,8
it 28,02,85-04,03,85 Snoumeli* Cysteina 20,9 5.2 0,33 30,0
12 10,05,85-14,05,85 Baseflow Cystaine 4,2 0,03 0.3 £.9
13 18,05,85-21,05 85 Baseflow Cysteime 5.5 nd 0,05 2.8
4 24.05,85-28,05,85 Stormwater Cysteina 38,8 6,09 0,24 16,2

*Significant Snowmelt
*Sporadic Snownelt
nd = not detected

The stormwater discharge, representing an & mm rainfall depth, has the

effect of increasing metal uptake for Zn, Cd and Cu, and possibly Zn.

Certain heavy snowmelt periods increase metal uptake greatly. The
heaviest melt was during Period 2, which is reflected in the high
metal concentrations found for the sampled pariod (snowmelt 7I), and

for the Dialysis with Receiving Resims rasults.
After Period 3 there was a cold two week period (¢ -106°C to -20°C)

with little snowmelt, but continued baseflow (from groundwater

infiltration). The results over this period (Table 7.10) show that it
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is several days before a low uptake rate is reached. This can be
attributed to the continual washing of in-pipe sediments by baseflow.
These sediments have heen deposited in the pipe after the snowmelt

event and clearly represent a significant bicavailable metal source.

During Periods 1 and 3 a comparison was made between the metal uptake
rates for resins containing different complexing ligands. The
Chelex-100 and cysteine resins removed metals at similar rates during
Period 1, except for Cd which was more readily taken up by the
cysteine resin. In Period 3 the cysteine resin removed all four metals
at & greater rate than Chelex-100. The Thiol resin had a lower removal
rate than either cysteine or Chelex~-100 resins for Cd and Cu, but a

similar rate for Zn and a higher rate for Pb.

Table 7.10 also shows that Cd uptake is consistently as high, often
higher, than Pb, despite a total Pb concentration in urban runoff of
100~1000 times greater than Cd. These results confirm the speciation
schene results which show that Pb is usually predominantly particulate
associated and therefore umable to enter the cell membrane.
Alternatively, Pb is consistently associated with the Strongly Bound
fraction which may not react with cell constituvents. Zinc and Cd are
often in soluble bioavailable forms and therefore show significant

uptake by Dialysis with Receiving Resins.
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a) A comprehensive review of the relevant literature has enabled the
formulation of a practical and manageable metal speciation scheme
which allows the biocavallablility and geochemical mobility of metal
fractions in stormwater to be ascertained. The operationally defined
dissolved phase was separated into fractioms related to the relative
complexation strength, while the suspended solld phase was

fractionated according to the relative ease of release of the metals.

b) Dialysis with Receiving Resins has been developed as an alternative
method for the analysis of metal uptake rates in stormwater and
snowmalt. The technique involves encapsulating a cysteine resin in a
dialysis bag and the measured metal uptake rates, onto the resin,
allow an interpretation of the potential impact of bloavallable metal

specles on the blota of recelving waters.

¢) 8ix important processes have been identified which contribute to or
affect the transport of bheavy metals through a gullypot system.
O Atmospheric Fallout
11> Acid Railn ¥obllisation
i11) Free and Weakly Complexed Metal Ion Reactiom.
iv) pH/Surface Area Dependent Suspended Solid Metal Transport
v) Metal Increase in the Gullypot Liguor between Storm Events
vl) Gullypot Liquor and Sediment Contribution to Metals in the
Gullypot Outflow '

d) Gullypot metal fraction loadings through the gullypot system were
found to reflect the mobilisation processes and species
transformations occurring within the system. Individual metal species
indicate the mobilisation of different parts of the gullypot system

and speciation changes therein.
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e) Mass balances for metals and metal fractions in the gullypot system
sbow that dissolved metal species are rapidly wasbhed through the
system with the rate of the wasboff of road sediment bound metal being
greatly increased by acid rain mobilisation. The gullypot liguor and
interstitial sediment water are washed out of the gullypot early in
the storm event and are highly enriched in metals, which have been
released from maturing basal sediments between storm events. As a
consequence of the physical mobilisation of gullypot basal sediment,
and the associated metals, gullypot derived solid pollutants may

become significant during heavy thunderstorms.

f) Separately sewered stormwater runoff, sampled at sites in Sweden
and the U.K. is found to contain significant concentrations and
loadings of Zn, {d, Pb and Cu. Bioavailable forms (Electrochemically
Available/Chelex Removeable + Excbhangeable) represent 68% of the Zn,
76% of the Cd, 66% of the Pb and 32% of the Cu. Dissolved bioavailable
metal loadings are greatly increased during snowmelt conditioms due to
the removal of solid associated nmetal species by the high dissolved
chloride concentrations (1-17 g/1). Copper loadings are higber at the

Swedish site due to the use of this metal as a construction material.

g} Measurements of the individual metal species at the stormwater
outfalls show that tbese load at different rates onto tbe chbemographs.
Tve loading rate variations can be explained in terms of controlling
parameter concentrations, as well as the influence of mobilisation and
transport processes, as described in (¢). Bioavailable Chelex
Removeable metal peaks often appear late in the hydrograpb, due to tbe
acid rain mobilisation of road sediments, wbich provides a prolonged
water quality impact for the receiving waters when the dilution
capacity is decreasing. lnterstitial sediment water and gullypot
liquor dissolved metal specles are usuwally washed out of the gullypot
early in storm events and show a close relationship to variations in

conductivity.

h) A comparison of the observed biocavailable metal concentrations has

been made witd EPA Vater Quality Standards. For stormwater, Cd and Cu
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were found to be a significant threat to receiving water quality
objectives. Snowmelt runoff presented a considerable water quality
threat in terms of Zn, Cd and Cu, as a direct result of road salting
practice. Zinc, Cd and Cu accumulated significantly during Dialysis
with Recelving Reslns tests for both stormwater and snowmelt. Cadmium,
which is present in stormwater at 100-1000 times lower total
concentration than Pb, shows a similar uptake rate. This refliectg the
importance of speciation studles for identifying bicavailable metal
specles.

8.2 Implications for Stormwater Quality Control.

The findings of thls study have provided useful guidelines to evaluate
alternative municipal practices for the reduction of potentially
barmful effects of priority metals contained in urban runcff on

receiving waters.

In the long term the introduction of porous pavements and verge
soakaways, as well as stormwater storage and treatment facilitles,
such as detention and lagoons, would provide a sustantial reduction of
metal loadings in urbam runoff (Hall and Ellis 1985, Perry and
Mcintyre 1985). However, the implementation of these management
alternatives require relatively high capital and management costs. In
addition the inefficlency of conventional storage and treatment
facilities for tbe reduction of toxic dissolved metal species sbould

not be overlooked, especlially if cost-effective objectives are to be
met.

In tbe short term an optimisation of the frequency of gullypot
cleaning, road dust sweeping and dry weather storm sewer flushing
would greatly lmprove the quality of stormwater runoff, in terms of
reducing the amount of metal (as well as solids, hydrocarbons and
Biclogical Oxygen Demand) avallable for remobilisation and washout. In
particular the control of road sediment metal loadings would greatly

reduce ibe amount of metal which can be removed by acid raln
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mobilisation processes and therefore reduce the concentrations of
bicavailable Chelex Removeahle metal in stormwater rumoff. This study
has shown that the rapid accumulation and subksequent washout of metals
through the storm drainage system would require frequent road surface
and storm plpe cleansing procedures on a four to seven day cycle to

1imit pollution from these sources.

In addition to stepping-up these already well established engineering
practices, restrlctions on automoblle parking would be a relevant
environmental procedure., Automohiles provide the most significant non-
point source of heavy metal loadlngs to road dusts. Therefore, parking
cantrols and traffic restrictions in selected areas where the storm
drainage enters particularly sensitive receiving streams or lakes

could give rise to conslderable improvements in water quality.

During the winter season, especially in countries with a long winter
such as Sweden, unnecessarily heavy road salting should be avoided, as
i1t can lead to highly elevated hiocavailable metal runoff
caoncentrations by assisting the solubilisation process., A reduction of
road salting to 25% of present levels would give an estimated decrease
in soluble bioavailable concentration of 60% for Cd, 80% for Cu and
63% for Zn. The receiving water hiota would also gain the additional
benefit from a reduction of osmotic stress brought an by the high

ionic strength imposed by snowmelt runoff.

8.3 Indications for Future Regearch.

a) This study has shown that gullypot sediments and their interstitial
waters undergo chemical and hiological changes during storm events.
The effect and significance of changes in controlling parameters such
as redox potentlal, conductivity and dissolved oxygen concentration in
affecting metal speciation changes need to be analysed in more detail,
to provide a fuller understanding of these interactions. This might
lead to a fuller understanding of the processes occurring at the
interstitial water/sediment interface whick affect gullypot metal
speciation,
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b} Roof runoff has not been considered in any detail in this study.
However, it 1s known that bigh concentrations of Cu exist in roof
runoff at the Bergsjén site due to acid rain washing. The study of
speciatlion changes, for roof runoff derived metals, which occur on
contact with relatively buffered subsurface stormwater should be of
interest. In addition, the overall relative contribution of road
runoff to the receiving water toxlcity levels (in comparison to road
surface contributions) needs to be established. The timing of roof
inputs could he of some significance in both water quality and

management terms,

c) The role of in-pipe sediments in contributing metal species to
urban runoff{ ils an area which has not yet been investigated. This
would greatly assist in obtaining an understanding of the metal
speciation processes throughout the complete stormwater system. The
DMalysis with Receiving Resins results suggest that in-pipe
sedimentary metal may be released into infiltrating baseflow and into

dry weather flows and this might represent a chroniec toxicity threat

to receiving waters.

d) The preliminary work described in this thesis concerning the use of
the Dialysis with Receiving Resins method indicates that this requires
further investigation and development. The versatility of this method
can be tested by a laboratory based study of the uptake efficiency of
different metal species under varying controlling parameter
conditions., This would aid in the interpretation of data for metal
uptake rates in urban runoff and receiving waters. The resin method
could be further extended to a study on the more persistent

bhydrocarbons, such as benzo(a)pyrene, by the use of Amberlite XAD-Z as

a recelving resin.

e} The ultimate fate of the heavy metal species carried hy urban
runoff will to a great extent depend on speciation changes following
contact with the receiving waters. Mixing experiments (Sholkovitz

1976> between samples of urban runoff and receiving waters would
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determine whether soluble bioavallable species remain in a potentially

toxic state.

f)> An interdisciplinary study is required to determine the most cost-
effective methods for reducing the concentrations and loadings of
bioavailable metal species in stormwater, both in terms of short and
long term water quality objectives. This could include an evaluation
of the performance and efficlency of various source control metbods

and of variations in gullypot and inlet design.

g} There 1s a need to combine chemical metal speciation data with
biological monitoring to define the relative metal specles
"sensitivity” of differing aquatic fauna. By further comparing the
biclogical uptake response with the Dialysis with Recelving Resins
method a full evaluation of the newly developed method could be made.
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HEAVY METAL PARTITIONING BETWEEN THE DISSOLVED AND SUSPENDED
SOLID PHASES OF STORMWATER RUNOFF FROM A RESIDENTIAL AREA.
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. Highway surface sediments and their associated heavy metals may
‘be rapidly mobilised during rainfall activity and washed to receiv=
ing waters. Stormwater solids contain predominantly fine particles
which are generally enriched with hecavy metals. Consequently total
metal levels in the suspended solid phase of urban runoff are
generally higher than in corresponding street surface sediments.
The dissolved phase of urban runoff waters has been shown tc con=
tain between 5% and 50% of the total heavy metals with cadmium in
partibular being very soluble in road runoff.

This paper considers the variation in the distribution of Cd,
Cu, Pb and Zn between the soluble and particulate phases of runoff
samples cecllected throughout two consecutive storms over the period
24 Fehruary to 2 March 1983. The catchment area is a 247ha housing
estate located in the outer fringes of N.W, London. Samples were
collected at 7.7 min. intervals during each storm and were separated
into dissclved and suspended phases by filtration througb 0.4 Jm
palycarbonate filters. Follaowing acid extraction of each fraction
the metals were analysed by Differential Pulse Anodic Stripping
Voltammetry.

€d, Cu and Zn in the runeff from both storms ar: found te he
present mainly in the dissolved phase whereas Pb is most strongly
assceiated with the suspended solid phase. 1lhe proportion of all |
metals becomes quite significant towards the end of the second
storm. The patterns of flow-weighted metal loadings during the
storms iandicate that Cu, Pb and Zn are mainly derived from road
runcff whereas the aberrent behaviour of Cd suggests another source

or combination of sources,

0048-9697/84/503.00 © 1984 Elsevier Science Publishers BV,
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ABSTRACT

2n, Cd and Cu in stormwater runoff from an urban catchment are
found to Ye present mainly in the dissolved phase, whereas Pb is most
strongly asscciated with the suspended solid phase. High levels of
metals, particularly Cu, are found in stormwater solids which may be due
to the high percentage of particulate organit material in the runoff.
The metal Ioadings over the storm event for the dissolved and suspended
solid associated metals show similar distributions to the flow and sus-
pended solids respectively, However, in some cases secondary peaks and
deviations due to dissoclved metal scavenging are observed. .

INTRODUCTION

Highway surface sediments often contain elevated levels of heavy
metals which are rapidly mobtilised during rainfall activity and washed
into receiving waters (1,2). The associated outfalls to the urban run-
off, which often drain relatively large catchments, exert a considerable
heavy metal flux locally on the receiving stream.

Runoff wvclume, land use and antecedent dry period length have been
identified as regulating thbese pulses of heavy metals (3), altbough
dilution-exhaustion may pccur where the supply of heavy metals is limited
by initial availability. Other limiting factors mav be where differing
sub-catchments load onte the storm hydrograph at different times, or
where a transport limited situation arises.

The two main inputs of heavy metals to highway surfaces are from
atmospheric and vehicular sources, Rainwater can contripute significant
quantities of heavy metals and may also sparge, leach and fiush the high-
way surface (h). The heavy metals on the road surface, mostly derived
from vehicular emissicns,are largely adsorbed onto or associated with
highway particulates (35).

Heavy metals in urban runoff waters may be strongly attracted to the
suspended solid phase (6-9) with geod correlations existing between sus-
pended solids and heavy metals, Fine particles orednminate in storm-
water solids (b) and thtse particles are generalliy enriched with heavy



metals (2,i0). Consequently total heavy metal levels in stormwater
solids are generally higher than in corresponding raw street sediments
(11,12},

This paper discusses concentrations, loadings and temporal distrib-
ution patterns of heavy metals in urban runeff, and is part of a larger
study being undertaken of these problems (13,14).

EXPERIMENTAL

Stormwater samples from two storms were collected at the major out-
fall of a 214 ba semi-detached housing estate catchment located in the
outer fringes of NW London. 5300ml polvethylene bottles, which had been
washed successively with chromic acid and nitric acid (10%), were placed
in an automatic sampler and samples collected at intervals of 7.7 minutes
aTter the flow rate had reached 91 litres sec—!, The samples were stored
-in a refrigerator at 49¢ and 23 alternate samples from two storms cover-
ing the period 24 February to 2 March 198) were analysed.

The dissolved and suspended solid phases cf the stormwater were
separated by filtration through 0.4 pm Nucleopore polycarvonate filters,
using a polyetbylene Millipore filtration system. After filtration the
suspended solid phase was air dried (509C) and the dissolved phase
stored at 4°C.

The concentrations of suspended solids were determined gravimetric-
ally, whilst dissolved organic carbon was quantified using an Tonics
1258 Organic Carbon Analyser, Dissolved chloride was determined spectro-
photometrically, after the addition of mercuric thiocyanate, using a
Technicon Auto-Analvser.

Analysis of Zn, Cd, Pb and Cu was carried out using a Princeton
Model 384 Polarographic Analyser in the Differential Pulse Anodic¢ Strip-
ing Voltammetry {DPASV) mode.

To release the soluble metals, an oxidising mixture of concentrated
nitric acid {0.18 ml) and concentrated perchloric acid (0.02 mi} was
added to an aliquot of the dissolved phase (25 ml). The mixture was
heated on a sand bath and after evaporation to drvness the residue was
taken up in 1M HXNOj3 (10m1), Following dilution to 25 ml the metal
levels in an aliquot (7 ml) were determined after the addition af 2M
sodium acetate buffer solution (23 ml).

The particulate associated metals were digested with concentrated
nitric acid (18 ml) and concentrated perchloric acid (2 ml) to extract
the metals. The resulting extract was evaporated to dryness and the
metals taken up in 1M HNOj (10 m1). The solids were washed with double
distilled deionised water (10 ml) and the supernatants comhined. The
metal levels in an aliquot {7 ml), from a total volume of 25 ml, were
determined by DPASV after the addition of 2M sodium acetate (3 ml).

The precision of the analysis was better than 110% for the sus-
pended solid associated metals and better than 125% for the soluble
metals,

RESULTS AND DISCUSSION

The total loadings and average concentraticns of heavy metals
over both storms (Table 1) show that much higher loadings of 2Zn and Cd
occur as dissolved, as distinet from particulate, metal. Cu is dis-
tributed fairly evenly between both phases while Pb is predominantly
particulate associated. The prefcrence for the dissolved phase ¢om-
pared to the suspended solid phase is in the order: Zn> Cd > Cu> Pb,

Zn, Ph and Cu, in both the suspended solid and dissolved phases,
show similar average concentrations during both storms suggesting that

..B2..
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TARLE 1: Loadings and averuge concentralions of heavy metals in storms 1 and 2

Storm 1 " Storm 2
an Cil I’ Cu Zn Cd I'h Cu

LOADINGS

DISSOLVED (¢) 212.5 2.7 16.h 52.9 195,2 10.6 21,5 . 57,3
SUSPENDED SOLID (g) 721 1.4 367.3 63.8 37.9 3.7 tho, 9 36.0
CUNCENTRATIONS

DISSOLVED (pprt~!) 227.4 3.h 17.0 53.8 162.8 9.1 17.8 b7.2
SUSPENDED SOLID (pga™!) 413.9 T1e5  2h6h.4 hi13.6 551.6  60.3 1910,7 hit.6

TADLE 2: Relevant parametcrs for storms | and 2

Storm 1 Storm 2
pl range 7.1 - 7.6 7.2 - 7.6
Total Tlow mj 9973 1252
Total suspended solids loading (kg) 165.2 : 67.0
Dissolved organic carbon loading (kg) : 8.3 8.1

Dissolved chloride loading (kg) . . 55.4 9.4




a gimilar source material or input is contributing. Similarities
between the particulate metal levels and those in typical reoad sur-
face sediments {15) indicate that road surface runoff is the principal
source of Zn, Cu and Pb for both storms. The elevated particulate Cu
concentrations can be partly attributed to the finer nature of storm-
water suspended solids which are characteristically less than 25 um
{(16) and also to their higher organic carbon content {(20-30%). Cd shows
greatly elevated levels in the second storm compared to the first,
suggesting a distinctive or separate contributing source material.

The distribution of all metals between the soluble and particulate
phases is similar for both storms., The controlling varameters for the
partitioning of heavv metals between the dissolved and suspended solid
phases include pH, flow, suspended so0lid concentrations, dissolved
organic carboen and dissolved chloride concentrations. The pH ranges
are almost identical and there is little difference in the total flow
or the dissolved organic carbon loadings for either storm {Table 2},
The major differences are the greater suspended solid loadings and
dissolved chloride loadings in storm 1. This storm was preceded by
several weeks aof dry weather allowing the accumulation of surface sed-
iments, while only two days elapsed before a further fliushking occurred
to generate storm 2. The accumulation-limited conditions, although
lowering the lcadings of suspended solid asseociated Zn, Pb and Cu in
storm 2, do not seriousiy affect the phase distribution of the metals.
This is also true of the dissolved chloride which shows a more signif-
icant dilution-exbaustion response in the second storm,

The variations of flow-weighted heavy metal lcadings between the
dissclved and suspended solid phases are illustrated in Figure 1, The
proportion of all metals in the dissclved phase increases as both storms
progress and for Pb the dissuvlved pbase becomes gquite significant to-
wards the end of the second storm. The changes observed in the dis-
solved organic carbon and the dissclved chloride throughout the storms
cannot on their own account for the dissolved-suspended solid inter-
actions., A more probable interpretation is the increase over the
storm of the water-sediment ratioc which results in less suspended saolid
adsorptiocn of heavy metals.

The flow-weighted loadings of suspended soclid asscciated metals,
as represented for 2n in Figure 2, generally show a similar pattern fa
that of suspended solids for storm 1. However, Cu does not show the
first peak which may be related to the combined effects of high ionic
strength and dissolved organic carbon altering the equilibrium in
favour of the dissolved form compared to sclid associated metal. During
storm 2 Pb follows suspended solids exactly with Cd shecwing a pronsunced
first flush, However, Cu, Zn and Cd show secondary and late flushes
suggesting a retarded input of suspended solids enriched with these
metals. '

The late flushes of suspended solid associated metals in storm 2
(illustrated in Figure 2 for Zn) may be accounted for by a variable
contributing areas concept. These metals have taken longer to arrive
from their source, either due to a different rate of mobilisation, or
because of a longer travelling distance. These reasons mav be further
complicated by variations in rainfall intensity and by in line sewer
mixing processes.

The flow-weighted loadings of all four dissolved metals throughout
stoerm 1 show similar trends. Although there is an obvious second peak,.
which is related to flow {Figures 1 and 2}, there is no initial peak.
This is probably because a flux of dissolved metals may take some time
to De mobilised or require a high rainfall intensity threshcld. Another
explanation may be that the dissolved metals are scavenged by the sus-
pended so0lid ghase, All the metals show an increase in locading near
tke end of the storm which may relate to the correspending increase
observed for dissglved organic carbon and dissolved chloride. For the
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dissolved phase of storm 2 the initial peak only follows flow in the
case of Cd, while the other metals show a lag behind the peak flow
(Figures 1 and 2). A secondary peak os observed for all the metals,
reflecting similar anomalous peaks which were also present for metals
in the suspended solid phase.

In both the suspended solid and dissolved phases Cd flow-
weighted loadings generally follow flow accurately but greater load-
ings occur in storm 2 (Table 1). These increased Cd levels may be
due to a combination of different sources and rates of mobility.
This also suggests that Cd levels are not controlled by the same
mechanisms as Zn, Pb and Cu.
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ABSTRACT

A physico-chemical speciation scheme has been applied to the analysis
of zinc, cadmium, lead and copper in stormwater samples coliected from
selected urban catchments in England and Sweden. Zinc and <aémium
exhioit a preference for the dissolved phase whereas lead predominates

in the suspended so0lid phase. Copper is distributed equally Ctetween
both phases.

The potentially toxic forms of the metals in the disscived ghase

(Electrochemicaily Available) and in the particulate ohase

{Exchangeable} account for 63% of the total zinc, 77% of the total

cadmium, t6% of the total lead and 32% of the total ccpper. The

Exchangeable fraction of the suspended solid phase exhibits unexpectediy
high metal levels which may be easily released cn contact with receiving
waters and thus praovide a major source of biocavailable metais.

Both UK and Swedish catchmentis show consistently simitar distritutions
of all four metals Detween the six experimenially determined {ractions.
The major differences are the higher lead ccncentrations found at the
UK site and the ceornsiderably larcer ccpper concentraticns which are
distinctive of the Swecish catchmént. These nrigher copoer levels
accompany a free or weakiy comgiexed cooprer contributicn to the soluble
phase which is absent within the UK catchment.

Keywords: physico-chemical metal speciation, stormwater poiiution,
bioavailability, heavy metals, concentraticns, loadings.
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INTROCUCTION
Poliuted urban surface runoff may have a sericus impact on sensitive
recaiving waters, the occurrence of heavy metals in unacceptably nigh
concentrations is a particular cause for concern (Randail et al. 1978,
Wilber and Hunter 1979, Malmgvist 1983).

Earlier studies on urban runoff eanalysed total heavy metal
concentrations or loadings as an index of stormwater toxicity. It was
believed that the greater prcportion of metais were suspended solia
associated {Mance 1981). We have shown that for zinc, cadmium and
copper the dissolved phase may be equal to or greater than the
particulate phase (Morrison et al. 1984). The available evidence
strongly indicates that the free dissolved or weakly associated
suspended solid metal forms are bicavailable, and thus aiso potentially
toxic to receiving water biotz (Theis and Dodge 1979, Sunda eand
Gillespie 1979, Tessier et al. 1979, Guy and Xean 1930, Salomcns and
Forstner 1980, Petersen 1982, Florence et al. 1983). No detaiited
separation of the bioavajlable and non-biocavailable metal species in
stormwater has yet been attempted.

A speciation scheme has recently been devised which allows a separation
of bicavailable and non-biocavailable heavy metal species (Morrison
1983). This differs from previous schematic appiicaticns tg natural
waters ({Batley and Florence 1976, laxen and Harrison 1881l) and
sediments (Giobs 1973, Tessier et al. 1979, Salomons and Forstner 1980}

in providing a more rap1d and exuer1menta:1y stra1ghtforward evaluation
of the toxic fractions.

This paper discusses the application ¢f the scheme to stormwater runoff
quality within urban catchments in both Engiland and Sweden.

CATCHMENT CHARACTERISTICS AND EXPERTMENTAL METHQDS

Catchment Characteristics

The UK catchment is a 214 hectare, 18% impervious, residential catchment
situated in the outer north west fringes of Metrcpolitan Londen. Earily

studies have been described in.detail by Wilkinson (1956). The catchment
drazins to a trapezoidal fiume and flow is recorded by a potentiometric¢

lTevel meter at one minute intervals on a data logger. Sampling was

carried out automatically at seven minute intervals.

The Swedish catchment is a 15.4 hectare, 42% 1mperv1ou , muiti-starey
residential catchment in Gilteborg, Sweden. Tne Bergsjdn area has besn
studied by Arnell (1980). Flow is continuously monitared us]ng' an
ultrasenic level meter at a Y-notched weir situated at the ocutfall o
the catchment. Flow-weighted sampling is carried out gutomaticaelly at
the commencemént of oach storm event.

Experimental Methods

Field samples were cgilected in 1 1liire polyethylene bottles at both
sampling stations. The stormwater samples were then immediately returned
to the labgratory. A1l filtration was carried out on the sampling day.
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An aliguot of each sample (250 mls.) was set aside for the determination
of pH, dissoived chloride and organic carbon. A further aliguot {250
mis.) was anaiysed for heavy metals according to the speciation scheme
illustrated in Figure 1 and which is described in detail elsswhere
(Morrison 1983).

Tne precision of the schematic analysis has been tested for each
fraction. For ail metals, the pregision for each of the dissolved metal
fractions is aiways hetter than 1 25% and generally better than I10%.
for the suspended solid ghase the precisicn is better than *10% in all
three fractions.

Interpretation of ithe Speciation Scheme

The dissolved and suspended solid phases were operationally defined by
filtration through a 0.4 um MNucleapore palycarbonate filter. The
dissolved phase is separated into three fractions, depending on the
complexation strength of the heavy metals.

1. Electrochemicaliy Availablie Fraction

The free jons and weakly complexed metals were determined by Anodic
Stripping Voltametry. This fraction can be compared o the
bicavailable metal as defined by Whitfield and Turner (1979).

2. Chelex RemoveaB]e Fraction

Batch extraction with Chelex-i00, a metal selective ion exchange
resin, removas those metals associated with the Electrochemicaily
Available fraction as well as more strongly bound metals but does
not retain soluble metals which are strongly bound to colloids or
complexes Figura and Mc Duffie (1979). Florence et al. {1983) have
shown that this fraction may over-estimate the truly biocavailzble
metal but it does give an indication of those metals attached to
ligands by a medium complexation strength.

3. Strohg]y Bound Fraction

The Strongly Bound Ffraction has been defined as the difference
between the tfotal dissolved metals and the Chelex Removeable
Fraction. The experimental conditions used %0 determine this
fraction indicate the strong association of the metals as complexes
ar cotloids and ensurs that they may be considered ncn-bicavailable
as far as receiving water biota is concerned.

The suspended solid phase was divided into three fractions according to
the ease of metal release. :

4, Exchangeabie Fraction

Particulate associated heavy metals which exchange or complex with

anions may be released intc the sclubie phase under normal pH

conditions in stormwater. This solubilisation process is particularly
probable under the hich chioride concentraticns which are often

encounted in urban runcff (see Table 1 in the Results and Discussion

section).
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5. Carbonate and Hydrous Metal Oxide Fraction

The metals 1in this fraction are more strongly ogund than the
Exchangeabie fraction and onccur mainly as surface associazted metals
{Davis and Lackie 1978) and co-grecipitates of nydrous meizi c¢xidas
and carbonates. This fraction is unlikely to have any immediate
biological impact on the recsiving waters, but may accumulate in
river or estuarine sediments. Subsequently the metais may be
released into the water coiumn when a significant drog in pH occurs
(Florence and Batley 1980).

6. Organic Fraction

The remaining metals are largely organically bound 1in poliuted
suspended solids ¢r sediments (Morrison 1983) and because of their
strong association are unlikely to be bicavailable. However, this
fraction may act as an important transportation mechanism and sink
for such metals as lead and copper, which have high stability
constants with organic compounds {Mantoura et al. 1978),

RESULTS AND DISCUSSION

Concentratian Averages and Lgadings

The average concentrations for each metal fraction and for all the
sterm events are given in Table 1, '

The zinc and cadmium concentrations are similar for both catchments,
while the Tead concentrations are 2 to 4 times higrer in the UK
catchment. The copper concentrations are nearly an order of magnitude
greater within the Swedish catchment. This is most certainly due to the
use of copper roofing and guttering in Sweden (Maimgvist and Svensson
1977), which is not a common practice in the UK,

The dissolved concentrations for all metals are generaily high. The
concentration of the dissoived metal will be determined by sclubility,
pH, ionic strength, dissclved organic ligands and the {low/suspended
solids ratio (Morrison et al. 1984). QOverall, the ievels of dissglved
metais in stcrmwater are significantly higher than those quoted ftor
rivers or seawateis (Florence and Batley 1980).

The suspended solid concentrations are greater than thase associated
with typical road dusts, particularly in the case of cadmium and copper
(Hamilton et al. 1984). To a large extent this ennhancement is exciained
by the fine, highly grganic nature {~20%, as shown in Table 1; of
stormwater sclids. This ensures a high surface area and the avaiiabiiity
to the metals of many orcanic campiexing sites.

The loadings (Table 2} demcnstirate the magnitude of the four metals
discharging from both caichments. The lcadings of the bioavaiiabie
forms of 411 four metals are significant and may have a delatericus
efrect on the Giota of receiving waters which must prajudice iong term

quality cbjectives and user standards.



Table 1. Average Concentrations for the Heavy Metal Fractions and
Parameters during each Storm Cvent.
STORM EVENT
OXHEY QYEEY SERGSICN  BERGSJOH
830224 830602 331004 831027
. -1 :
i Dissolved wg 1 Electrochemically
Available 99.4 57.1 118.3 72,2
Chelex Remcveable 128.5 77.4 11C.8 77.6
Strongly Scund 55.3 14.6 91.5 13.6
Suspended Solid_l Exchangeable 258.1 W77.1 202.1 SW7.7
ug 2 Carbonate and
Hydrous Metal Oxide 43,6 5Q.5 37.7 139.2
Orzanic 160.3 262.2 2.4 237.8
, -1
CADMIUM Oissolved ug 1 Electrochemically
Available 3.6 2.6 2.7 0.6
Chelex Remoevable 4.8 2.5 2,3 L.
Strongly Bound 1.3 c.2 0.6 C.4
Suspended Solid_ Exchangeable 30.3 9.1 7.2 3.1
Ue Z Carhonate and
Hydrous Metal Oxide 5.1 n.d. n.d. 1,2
Organic a.d, n.d. n.d. 0.3
LEAD Dissolved ug 1-1 Electrochemically
Available 6.6 5.6 3.2 .8
Chelex Removeable 10.86 S.b4 3.9 3.6
Strongly Bound 6.0 19.1 3.1 1.6
Suspended S¢:|'J.id-1 Exchangeable 1169.3  672.6  1363.6 533.8
Ug g Carbonate and
Hydrous Meral Oxide 407.7 196.0 39.4 120.5
Organic 487 .4 70,6 7.6 9.1
-1 ..
COPPER Dissoived ug 1 Electrochemically
Available n.d. a.d. 45,4 8.4
Chelex Removeable 35.0 15.0 71.5 28,8
Strongly Bound 12.8 8.5 £€6.7 5.5
Suspended Solid _ Exchangeable £6.2 81,6 51D0.2 949.b
ug g-L Carbonate arnd
Hydrous Metal Oxide 139.2 S0.1 117.4 305 .4
Orgacice 221.4 35.6 29.¢ £8.9
PARAMETERS
Dissolved Orgamic C =g i - 7.0 - 8.9 5.5
Dissolved Chlorice =g i - 28,9 - 159.6 21.4
Average pH Value 7.5 7.2 6.6 7.1
Suspended Solids mg L 102,8 113.7  122.6 6.6
Suspended Solid Organic C mg 1 - 2,3 23,9 14.3
n.d. = not detecred
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Table 2. Lloadings for the Heavy Metals and Parameters during each
Storm Event.

Storm Event
Oxhey Oxney Jargsicn  Rargsjon
830224 830602 831004 231027

Flow, m 2250 265

47 87
Dissolved Organic Carbon, kg 15.8 - 0.4 0.5
Dissolved Chloride, kg 64.9 - 0.8 1.9
Suspended Solids, kg 231.2 32.4 5.8 6.1
Zinc, g 519.8 51.2 11.1 i8.0
Cadmium, g 21.9 1.1 0.2 ¢.2
Lead, g 516.3 34.9 3.9 4.5
Copper, g 206.4 12.1 10.9 9.3

Partitioning of Metals between the Phases and Fractions .

The percentage of each species in the storm events which have been
studied are shown in Figure 2. Despite the cccasional large differences
of metal concentrations in each storm {Table 1) the precporticning of
the metals between the fractions is remarkably comparable between storm
events and catchments.

Zinc shows a presence in both the dissolved and suspended solid phases
but is most important in the soluble form. In this phase the
bicavailable Electrochemicaliy Avajiable and the Chelex Removeable
fractions are 43% and 48% of the toutal metal respectively. For the
suspended solid phase the oiocavailable Exchangeable fraction is most
important being 19% of the total metal. The dissolved Strongly EBound
fraction is the mcre important removal and sink mechanism for zinc
species accounting for 20% of the total metal, although the suspended
solid Organic fraction (9%) is also significant.

In the case of cadmium almost ail the metal is distributed in the
bicavailable Elactrochemically Available (52%), Chelex Removeadble {57%)
an¢ Exchangeable (25%) fractions. Cadmium forms strong <chloro
cemplexes, which explains its solubility and ease of release from the
soiid phase. Therefore most of the cadmium transportad by stcrmwater
may have a direct impact cn the receiving waters.

Lead is predominantly suspended solid associated with only 15% of the

metal, on average, in the dissolved phase. Of the dissoived fractions

the Strongly Bound frection is usually the most important. This

demonsirates that the presence of dissolved organic ligands in the

goueous system can increase the mobilisaticn and sciubility of this

etement. In addition the suspended soiid ghase s largely dominated by

the Exchangeszble fraction (63%) which may be reiezsed into the water

coiumn where suitable conditions for sclubiiisation occur. The Carbonzte
and Hydrous Metal Oxide (14%) and Organic {8%) fracticns ars important

transport mechanisms and sinks for lead.
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Copper 1is found to be fairly evenly distributed between both the
dissolved and suspended solid phases. Copper is readily complexed by
disscived organic componds giving rise to only Chelex Removeable and
Strongiy 8&ound Tractians in the UK catchment, but in the Swedish
catchment the copger conceniration is hicher and <o there is aiso the
Electrochemically Available fraciion present. A-similar trend in the
particulatz phase shows a highar proportion of cooper in the more
readily released Zxchangeable fractian i1n the Swedish compared to the
UK catchment. However, for both catchments the combined Strongly Bound,
Carbonate and Hydrous Metal Oxide and Organic fractions {(42%) represent
a significant sink for copper.

Metal speciation schemes which have been applied to the dissolved phase
of freshwater (Duinker and Kramer 1977, Batley and Gardner 1978, Figura
and McDuffie 1980, Pik et al. 1982) have shown that cadmium and zinc
are mainly present as relatively free forms, which corresponds to our
Electrochemically Available fraction. Soluble lead in freshwaters was
found to exist mostly as inorganic complexes which corresponds in our
scheme to metals released into the Chelex Removeable fraction but not
the Electrochemically Available fraction. However, in stormwater the
strongly bound lead also represents a significant contribution to the
dissolved phase. In both freshwater and stormwater soluble copper is
found to be predominantly associated with strongly bound complexes.

Most of the speciation werk carried out on particulate asscciatad
metals has been concerned with river sediments {(Gibbs 1973, Tessier et
al. 1979, Salomons and Forstner 1980) and road sediments (Harrison et
al. 1981, Hamilton et al. 1984}. These studies have indicated that zinc
and cadmium are mostly associated with the Hydrous Metal Oxide
fraction, while copper and lead are distributed between the Hydrous
Metal Oxide and Organic fractions. Cadmium showed the greatest tendency
to be Exchangeable, but this fraction usually represented less than 10%
of the total metal. Our results show important differences to these
studies in that the Exchangeable fraction is found to be dominant for
all the metals except possibly for copper in the UK catchment. These
results agree with the trends observed by Forstner and Patchineelam
(1980} which demonstrated an increase in the proportion of metais in
the less stable fractions of sediments in more polluted waters.
Particulate cadmium in all stormwater samples shows an almost negligible
affinity for the Carbonate and Hydrous Oxide and Organic fractions. The
unigue association of cadmium with the Exchangezdle fraction represents
a gotential toxic threat to the stormwater due to its experimentally
determined solubility (E114s and Revitt 1982}.

ACKNGAWL eDGEMENTS

We gratafully acknowledge firancial supgort from the UK Natural
Environment Research- Council and the Metional Swedish Envircnment
Protection Bcard.

-CO-


http://ri.se

REFERENCES

drnell, V. (1980). Description and Yalidation of the CTH-Urban Runcf¥
vodel. Report Series A:5, Dec. of Hydraulics, Chaimers University of
Technology. GOtebaorg.

Batiey, G.E., and D. Gardner {1978). .A Studvy of Copper, lead and
Cadmium Speciation in some E£stuarine and Coastal Marine Waters. Est.
and Coast. Mar. Seci., 7, 59-70.

Batley, G.E., and T.M. Florence (1976). A WNovel Scheme for the
Classification of Heavy Metal Species in Matural Waters. Anal. lettr.,
9, 379-388. '

Davis, J.A., and J.0. leckie (1478). Effect of Adsorbed Complexing
Ligands on Trace Metal Uptake by Hydrous Oxides. Environ. Sci. and
Tech,, 12, 1309-1318§.

Duinker, J.C., and C.J.M. Kramer (1977). An Experimantal Study on the

Speciation of Dissolved Zinc, Cadmium, Lead and Copper in River Rhine

and North Sea ‘Mater, by Diffzarential Pulse Anodic Siripping-
Yoltammetry. Mar. Chem., 5, 207-228,

£1lis, J.B., and O.M. Revitt (1982}. Incidence of Heavy letals in
Street Surface Sediments: Solubility and Grain Size Studies. Water, Air
and Soi1 Po]]ution, 17, 87-100.

Figura, P., and B. McDuffie (1979). Use of Chelex Resin for
Determination of Labile Trace Metal Fractions in Aqueous Ligand Media

and Comparison of the Method with Anodic Stripping Yoltammeiry. Analyt.
Chem., 51, 120-125.

Figura, P., and B, McDuffie (1980). Determination of Labilities of
Solublie Trace Metal Species in Aguecus Envircnmental Samples by Anodic

Stripping Voltammetry and Chelex Coiumn and Batch Methods. Analyt.
Chem., 82, 1433-1439,

Florence. T.M., and G.E. Batley (1%8C). Chemical Speciztion in Natural
Waters, CRC Crit. Rev. Anai. Chem., Aug., 219-296.

Florence, T.M., B.G. Lumsden, and J.J. Fardy (1983). Evaluaticn of
Some Physico-Chemical Technigues for the Oetsrmination of the Fracticn
of Dissolved Copper Toxic to the Marine Qiatem Nitzschia closterium.,
Fnalyt. Chim. Acta., 151, 281-29%.

Forstner, U., and 3.R. Patchineelam (1980). <Chemical Associations of
Heavy Metais in Polluted Sediments from the Lower Rhine River, In M.L.
Ravanaugh and J.0. Leckie (Ed.), Particuiaies in Water, Am. Cham. Scc.
Sympesium Serjes Mo, 139, Chap. 7, op. 177-193

s D 193,

Gibbs, R.J. (1973). Mechanisms of Trace Metal Transpart in Rivers.
Science,, 183, 71-72.

Guy, R.D., andg A.R. Kean (1982). Algze as a Chemical Speciaticn
Menitor - 1. A Comparison of Algal Growth and Computer Calculated

Speciation. Yvater Research, 14, 391-899,




Hamilton, R.S., O0.M. Revitt and R.S. MWarren (1984). Llevels and
Physico-Chemical Associations cf Cd, Cu, Pb and Zn in Road Sedimenis.
Sci. Total Env., 33, 59-74,

Harrisen, R.M., D.P.H. Llaxen, and S.J. %ilson {19
Associations of Lead, Cadmium, Copper and Zinc in St
Roadside Soils. Environ. Sci. and Tech., 15, 1378-1383.

gl). Chemical
reet Qusts and

Laxen, D.P.H., and R.M. Harrison (1981). A Scheme for the Physico-
Chemical Speciation of Trace Metals in Freshwater Samples. Sci. Total
Env., 19, £9-82.

Malmgvist, P.A. (1983). Urban Stormwater Pollutant Sources - An
fnalysis of Inflows and Qutflows of Nitrogen, Phosphorus, lead, Zinc

and Copper in Urban Areas. Dept. of Sanitary tngineering Diss. Series,
Chalmers University of Technology, Goteborg.

Maimgvist, P.A., and G. Svensson (1977). Urban Stormwater Pollutant
Sources. International Symposium on Effects of Urbanisatiorn and
Industrialisation on the Hydrological Regime and .on Water Quality,
Proceedings. IAHS-AISH Publication No. 123.

Mance, G. {1981). The Quality of Urban Storm Dischargss - & Review.
Water Research Centre Report, 192-M, Stevenage, U.K.

Mantoura, R.F.C., A. Dickson, and J.P. Riley (1978). The Complexation
of Metals with Humic Materials in Natural Waters. Est. Coast. Mar,
Sci., 6, 387-408.

Morrison, G.M.P. (1983). Heavy Metal Speciation Studies of Natural
Waters: A Review. Research Report No. 8, Urban Pollution Research
Centre, Middlesex Polytechnic, London, UK,

Morrison, G.M.P., D.M. Revitt, J.B. El1lis, G. Svensson, and P. Balmér
{1984). Heavy Metal Partitioning between the 0issolved and Suspanded
Solid Phases of Stormwater Runoff from a Housing Estate. Sci. Total
Env., 33, 287-288.

Petarsen, R. (1982). Influence of Copper and Zinc on the Growth of a
Freshwater Alga, Scendesmus quadricauda: The Significance of Chem1Cc1
Speciation. Environ. Sci. and Tech., 16, 443-447.

Pik, A.J., J.M, Eckert, and K.L. Willjams (1982). Speciation of Iron,

Copper and Zin¢ in the Hawkesbury River. Aust. J. Mar. Freshwater Res.,
33, 971-977.

Randall, C.W., D.R. Helsel, T.J. Grizzard, and R.C. Hoehn (1978). The
[mpact of Atmespheric Contaminants on Stcrmwater Quality in an Urban
Area. Prog. Hater Tech.. 10 (5/6), 417-42¢2.

Salomons, W. and U. Forstner (1980). Trace Metal Analysis of Polluted

Sediments. II. Evaluztion of Envircnmental Impact. Environ. Tech.
Lettr., 1, 506-517,

sunda, W.G., and P.A. Gillespie (1979). The Response of a Marine
Bacterium tﬁ Cupric Ion and its Use to Estimate Cupric lon Activity in
Seawater. J. Marine Research, 37, 761-777.

-C11-



Tessier, A., P.G.C. Campbell and M. Bisson (1979). Segquential
Extraction Procedure for the Speciaticn of Particulate Trace Metals.
Analyt. Chem., 51, &44-851.

Thais, T.l., and E.E. Dodge (1%73). Effac
the Uptake of Cooper by Chirgnomous tentan
13, 1287-1288.

T of Chemical Speciation on
s. tnviron. Sc¢i. and Tech.,

Whitfield, M., and D.R., Turner (1979). Critical Assessment of the
Relationship between Thermodynamic and Electrochemical Availability. In
E.A. Jenne (Ed.), Chemical Modelling in Aqueous Systems, Am. Chem. Scc.
Symposium Series No. 93, Chap. 29, pp. €57-680.

Wilber, W.G., and J.Y. Hunter (1979). Distribution of Metals in Street
Sweepings, Stormwater Solids and Urban Aquatic Sediments. J.Wat.Poll.
Contr.Fed., 51, 2810-2822.

Wilkinson, R. (1956). The Quality of Rainfall Runoff 4ater from a2
Housing Estate. Inst, Public Health Eng. J., 535, 70-84.

-Ci2-



THE TRANSPORT MECHANISMS, PHASE INTERACTIONS AND EFFECTS OF
BICAVAILABLE HEAVY METALS IN SNOWMELT RUNOFF,

G.M.P. Morrison1, D.M. Revitt1, J.B. Ellis1. G. Svenssonz.‘
P. Balmer<.

SUMMARY

The identification, transport mechanisms and receiving
water impacts of Zn, Cd, Pb and Cu species in urban snowmelt
Tunoff are discussed., Temporal variations of biocavailable Zn
and Cu are strongly dependent on suspended solid organic
carbon discharges, while bicavailable Pb and Cd loadings are
mainly controlled by dissolved chloride-levels,

The metal speciation is explained in terms of two mechan-
isms; surface area adsorption and ionic strength.

All metals exceed EPA threshold toxicity levels whilst Cu
and Cd are identified as causing significant mortality to
freshwater life.

INTRODUCTION

Urban runoff waters have been shown to contain high con-
centrations and loadings of heavy metals in the form of bie-
logically and chemically reactive species (ref.1).

The actual bicavailahle species appear to be the free
metal ion and certain organic lipid soluble species (ref.2)
and can be a considerable source of biotic toxicity in rec-
eiving waters {ref.3).

This paper investigates biocavailable heavy matal species
in snowmelt runoff.

CATCHMENT AND ANALYTICAL METHODS

Samples of snowmelt runoff were collected at the ocutfall.
of a 15,4 ha., urban residential catchment in Bergsidn,
Gotebdrg, Sweden (ref.1).

The speciation scheme for the separation of heavy metal
fractions has been fully described previously {ref.1, ref.4),.
The dissolved phase is separated into three fractions depend-
ing on the complexation strength of the heavy metals: Electro-
chemically Available (Biocavailable), Chelex Removeablie
(Bioavailable), Strongly Bound. The suspended solid phase
is divided intoc three fractions according to the ease of
metal release: Exchangeable, Carbonate and Hydrous Metal
Oxide, Organic.

1. Urban Pollution Research Centre, Middlesex Polytechnic, UK

2. Dept. of Sanitary Engineering, Chalmers University of
Technology, Sweden.
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RESULTS AND D1SCUSSION

The hydrograph for the snowmelt studied has an initial
melting period of 4} hours followed by s light rainfsll event
and a recessgional limb during which anowmelt continued. The
relstively low suspended amolid concentrations of 40 mgi-?
during the early snowmelt rose to 1600 mgl=! during the later
rainfall runoff, Dissolved organic carbon, particulate
organic carbon and dissolved chloride (up to 17 gl=1) show
eimilar temporal peak variations during the snowmelt. The pH
at the outfall varies between 6,7 and 7.4 despite a value of
4,0 in the rainfall itself,

Bicavailable Cd and Pb have aimilar bydrographic loading
variations to the controlling parameters., Fb has a peak
dissolved biocavailable concentration of 330 g1'1 due to the
solids being stripped of Pb by associsted high chloride
levels, Cd shows an even greater tendency to be solubilised
by chloride,

The tiocavailable Zn and Cu are present in their lowest
concentrations during tkhe majority of the snowmelt due to the
high particulate concentrations., However, diasclved bio-
available concentrations reach 558 pgl'1 and 146 pgl‘1 for Zn
and Cu respectively, when suspended solid levels decrease on
the receding limb of the bydrogragh,

Consideration of overall metal speciation demonstirates
(Figure 1), that for all four metals the early snowmelt and
recessional limb ahow gimilar proportions of metal species to
those found in .stormwater samples (ref.1)., However, the
higher chloride concentrations of the snowmelt result in an
increase in the proportion of scluble Cd and Pb species,
especially during the rainfall event when chloride concene
trations are at their highest. _

In contrast, 2Zn and Cu exhibit a strong affinity for the
Organic fraction of the suspended solid phase, especially
during the rainfall stage when high suspended soclid concen=-
trations are found,

The results for previous stormwater data {Morrison et al
198&) and the snowmelt event described in this paper, can be
consolidated to provide two possible mechanisms for metal
uptake onto, and release from, suspended so0lids,

1. Metal adsorption onto the particulate surface.

Previous workers {ref.5) bhave demonstrated that at low
suspended sc¢lid concentraticns, which are usually associated
with low flow conditions, small particles containing elevated
metal levels are preferentially washed off the urban surface.
However, a surface area uptake theory adequately explains the
relationship between particle size and metal concentration.

A plot of particle diameter (pm) versus surface area per unit
weight (ecmZg=1), assuming a particle cut-off size of 0.4 pm
and a particle density of between 1.0 and 2.7 gem—3. gives a
hyperbolic relationship. A similar relationship between sus-
rended solid concentrations and the levels of particulate
associated metals has been found for urbhan catchments in both
Sweden and the U.X,

The proposed mechanism for metal transport is that
during rainfall, which usually has a pH of 3.5 to 5.0 at
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Figure 1:- Distribution of Metal Fractions through the

Snowmelt Event.

Bergsjosn, some heavy metals are washed off the urban surface
and solubilised., At a peint between the urban surface and
the storm sewer outfall the pH is buffered up to between 6.5

and 8.0, and the dissolved metals become adsorbed onto the
surface of the suspended solids,

2, Tonic Strength

The first process ie counteracted in snowmelt by the independ-~
ent action of ionic strength, High ionic strength occurs in
stormwater runoff when urban surfaces are heavily salted
during periods of snowfall. The high chloride concentrations
assist desorption of heavy metals from suspended solids into

..DB_.



the dissclved phase, especially for metals such as Cd and Pb
which form strong chloro complexes.

The toxic impact of snowmelt heavy metals towards fresh-
water life is considered using EPA standards for intermittent
discharges. 2Zn, Cu and Cd exist in the outfall waters for
censiderabie periods above the threshold limit, while Cu and
Cd exceed the level of significant mortality for 4.1 and
0.8 hours, respectively. The high levels of Cu are due to the
preponderance of copper guttering at Bergsjdn, but for Cd
more research is reguired to determine the origins, effects
and recurrence intervals of {d discharged from urban catch=-
ments.
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Abstract

The identification and transpart mechanisms of Zn, Cd, Pb and Cu species in

urban snowmelt runoff are investigated.

Biocavailable metal species in snowmelt occur in higher concentrations than
in stormwater from the same catchment. Temporal variations of Zn and Cu are
strongly dependent on suspended so0iid organic carbon discharges, while Pb

and Cd loadings are meinly controlled by dissoived chloride levels.
The metal speciation variations throughout the snowmelt process are ex-
plained in terms of two mechanisms; surface area adsorption and ionic

strength.

wnen the toxic impactis and effects of bicavailavie nezvy metal ¢ 2Cie. on
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the receiving water biota are evaluated according to praoposed EPR standzrds

x

for intermiitent discherges then 211 metals exceed the thresheld toxicity

Q.

levels, whilst Cu and Cd are identified zs being eble to cause significant

martality to {freshwater iife.

Introduction

Urban runoff waters Have been shown to contain high concentrations and
Toadings of heavy metals in the form of biclogicaily and chemically reac-
tive species (Morrison and others 1984a). Zn, Cd and Cu have been found to
be predominantiy asscciated with the dissoived phase, whilist Pb has a
strong affinity for the suspended solid fraction. Metal distributions are
also dependent con parameterg such as suspendad solid concentraticns and
ignic strength (Morrison and others 1884b). The actual bHioaveilable metzl
species in the aqueoﬁs environment appear to be the free metal ijon and

certain organic Tipid solubie metal species (Florence and others 1983).

Snow has been shown to accumulate heavy metals (Vuorinea 1983) and their
subsequent release as potentially toxic forms may occur during meliing. In
order to assess the potential toxicity of these pollutants during this
process, the determination of the metal speciation is described in this
paper. In addition, the heavy metal exchange mechanisms between the solid
and 1iquid phases and their importance in the transfer of metals from urban

snowmelt runoff into receiving waters are discussed.

Catchment and Analytical Methods.

.

Samples were coliected at the outfall of a2 19.4 ha. urben residential

catchment in 8ergsjdn, Gotehorg, Zweden. The nydrology and insirumentation



¢t the catchment have bgen Tully geioribes by Arneil (1980} and Malmgvist

un

The speciation scheme (Fig. 1) for the separation and identification of
heavy metal fractions in stormwaters has been fulily described elsewhere

(Morrison 1982, Morrison and others U

2

34a). The dissoived phase is
separated 1into three fractions which are dependent on the complexation
strengths of the heavy metals; the Electrochemically Available and Chelex
Removeable fracticns are considered to be bioavai1abfe. For.the purpose of
distinguishing bioavailable metals the fraction with the greater
concentration of metal ion is reported here. The suspended sclid phase is
divided into three fractions according to the ease of metal release to the
soluble phase. Of these, only the Exchangeable fraction is regarded as

potentially bicavaiiabie.

Results and Discussion

Snowmelt Runoff

The hydrograph and chemographs for selected parameters are shown in Fig.
2(a) to (d). An early snowmelt period of 4% hours was followed by a light
rainfall event of 0.2 mm hr'l intensity which greatly -increased the flow.

Snowmelt continued during the recessicnal 1imb con the hydrograph. The

. ’ . : . ,-1
relatively iow suspended solid concentrations of approximately 40 mg 1

observed during the early snowmelt rose to 1500 mg 1'1 during the later

rainfall with particulate organic carbon foilowing similar temporal trends.

~ L —mn Sylan fiem Fol e - . - -7 e - v -
LISSOIVEG Or&antC Cardin giso Tliclol Tro 3EME, &ithouch Tess DYrongunecesd

L
4
(g

pattern. An inspaction of Fig., 2{3) and {3) shows that the mass ‘low of

i

particuiate organic carben may be up to 40 times higher than dissolved
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organic carbon. Assuming thai similar metz] complexation =iazbili-.
constanis exist {or the dissolvec and pariicuiates organic carbon CorrIunss,
then particuiate c¢rganic carbon is more important for the sclid/acusous
phase partiticning of the metals. Dissolved chloride levels {Fig. 2{a;} are
fairly high throughout tﬁe hydrograph but reach elevated concentrsztions,
similar to those in sea water, during the rainfall event. Tt is progedle,
therefore, that chloride will cause significant metal solubiltisaticr
particularly during the washoff processes associated with the onset of the
rainfall event. The pH values at the outfall (Fig. 2(b)) show only a small
variation between 6.7 and 7.4. This neutral pH occurs despite an incoming
rainfall pH of 4,0 and is apparently due to stormwater buffering which

occurs between the road surface and the end of pipe.

The chemographs for the Electrochemically Available fracticns of the dis-
solved metals show that biocavailable Cd and Pb (Fig. 2{c)) have similar
loading variations to the controlling parameters described above and in
particular dissolved chloride, except that Cd has a fairly high value =arly
in the snowmeli period. The Pb distribution can be explained by its
affinity for the particulate phase (Morrison and others 1984b). Buring the
eariy stages of snowmelt, the slow cantinuous release of solids results in
high concentrations (up to 1075 ug 9-1) of particulate associated Pb. It is
prcbable that much of this Pb originates from vehicular emissions which
become attached to particulates lying on the road surface. At the onset of
rainfall a high suspended solids concentration occurs but the resulting
cotids are stripped of Pb by the associated high chloride levels. The
result 1S a rapid rise in the Tcading of bioavailabls dissoived Pb which
174

zuizins & peak concentration of 330 g

-
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Cd shows high disso?véd bioavailable concentrations at the onset of both
snownelt and rainfalil, with concentretions of up to 12.5 Ahg 1 7. This
demonstrates both the ease with which washoff of sclubie Cd accurs (Eliis
and Revitt 1982) and its similarity to Pb in the abiiity to form strong

chloro-complexes.

The loadings c¢f Electrochemically Available Zn and Chelex Removeable Cu
(Fig. 2{d)) show early small peeks and a delayed response for the main peak
compared to other parameters. Thus Ir and Cu are present ih their lowest
bicavailable concentratioﬁs at the onset of the rainfall event. The high
suspended solid and oarticulate organic carbon concentrations probably
control the partitioning of these metals at this stage and the sciuble
levels increase only as these decrease. Zn and €Cu originate predominantiy
from roof and surface corrosion and have peak dissolved bicavailable

concentrations of 558 ug 171 and 146 ug 171 respectively.

The metal speciation distributions 1in the three distinct parts of the
snowmelt event are identified in.Fig. 3 together with previous stormwater
results observed for Bergsjdn. For all four metals, the early snowmelt and
recessional 1imb stages show similar proportions of metal species to the
averageq stormwater events. chever,.there is a tendency fTor less total
metal tc be found in thg stormwater dissolved phase probably because of the
prasence of lower dissolved chloride concentrations compared to the snow-
melt. The overall dissolved orcanic carbon concentraticons and pH vajues are

GrTwWE

similar in both spowmelt anc

ry

o
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At the commencement of the rainfall event the dissclved chloride conce -

tratient increass and result in & siripping o77 of &bsut 50 percent ¢f Inz
Exchanceabie Pb. The Pb then takes the form of Lflectrochemically Available
and Chelex Removegzble species, with nc significant addition tc the Strongix
Bound fraction. On the recassional 1imb the Pb distribufion pazttern again

becomes comparable with that during early snowmelt.

Even at the_ Tow ch?orjde concentrations of stormwater which occur in
autumn, Cd is still very soluble and therefore of considerabie potential
toxicity. The relatively high chloride concentrations during all stages of
snowmelt mean thai the Exchangeable fraction of Cd in fhe suspendead solgds

is unimportant.

The decrease of dissolved bioavailadble In and Cu loadings in the rainfall
event, and for Cu on the subsequent hydrograph recessioha} 1imb, c¢an be
exp]éined by uptake into the Organic fraction of the suspended soiid phase
(Fig. 3). The distribution of the metals between the fractions confirms
that for Zn and Cu the particulate organic carbon is an important control

during snowmelt conditions when suspended solids loadings are high.

The Electrochemically Available fraction is occasionally higher than the
Chelex Rempveable fraction, particularly for Zn and Cd in snowmelt samples.
The electrochemical technique may therefcre, in these instances, be
detecting some metals which are relatively strongly bound and yet inert to
Chelex-100. Florence (1982) and Batley (1983) have accounted for these

kinetic prcblems by suggesting that the lability concept of Figurz ang
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woacentrzticns than river or sea water, may readily attach to the surface

©© the ¢heiating resin and 5§ prevent the metal icn exchange procesc.

"ne results for previous stormwater data {Morrison and others 1384a) and
the snowmelt event described in this paper, have been consolidated *to
provide two possible mechanisms for metal untake onto, and release from,

suspended soiids.

1. Metaf adsorption ontd the particulate surface.

Harrison and Wilson (1983) have demonstrated that at low suspended sclid
cencentrations, which are usually associated with low flow conditions,
small particies containing elevated metal levels are preferentially washed
off the urban surface. During higher flows which also contain larger
particles, rather Tower suspended solid metal concentrations are found and
it has been proposed that the hydrodynamic sorting of highway surface dust
might explain tnese results. However, metal concentrations in stormwater
solids are generally much higher than even the fine fractions of road dusts
(Morrison and others 1984 b). A surface area uptake theory adequately
explains the relationship between particle size and metal concentration. A
pict of spherical particle diameter (um) versus surface area per unit
weight (cm2 g'l) gives a hyperbolic re]étionship.-

A_ similar relationship between suspended sclid concentrations and the
concentratiens of particulate assccizted metals (Table 1) has been Found

7

“orourban catichments in Sweden and tng UL, T ts acceoteg th 11
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ct
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o
o

perticles are prevaient during Tow Tlow ccnditions then the resuits show

L

that surface area related uptake is an important mechanism for particulate
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Teble 1. The Relationsnip betwesn Susperczed Sciid Concentreiion mg

(%-axis) and Suspendesd SuVid rsociated Metal levals

g
(Y-axis)}
Equation Linear t-Jest
Y¥ =X Regression significance
for logged %
equation
e 0.74 .
Zn Stormwater, Bergsjon, Sweden* X = 15,590 ¢.52 95
s . 0.26
Snowmelt, Bergsjén, Sweden ¥X = 1,827 0.32 80
1,44 .
Cd Stormwater, Oxhey, U.K.* FP = 11,473 G.79 ) - 99
. D.48
Snowmelt, Bergsjén, Sweden YA = 20 0.43 &80
. . 0.31
Pb Stormwater, Bergsjon, Sweden* X = 2,049 0.213 80
\ e . 0.33 i
Snowmelt, Bergsjdn, Sweden FES = 5,045 0.89 20
- 0.5 )
Cu Stormwater, Bergsjon, Sweden*® ¥X = 7,188 0.33 90
< 0.89
Snowmelt, Bergsjdn, Sweden YX = 117,809 .95 %0

* Datz from Morrison and others (1984a)
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metal trensport, The relationship couid be usefully applied to

-t

he modeliin

of stormweter and snowmelt metal diccharges from urben areegs.

The prepesed mechanism for metal

ct

ransport would envisage that durin

(Y]

rainfail, which usually has a pH of 3.5 to 5.0 at Sergsjén, some heavy
metals are washed off the urban surface and sclubilised. Somewhere beiween
the urban surface and the storm sewer outfall the pH is buffered up to
between 6.5 and 8.0, gnd the dissolved metals beccme adsorbed onto the

surface of the suspended solids.

The evidence from Fig.3 suggests that particulate organic carbon may play a
significant role in this mechanism, adsorbing metals cnto the surface when
a sufficient increase in pH has occurred. The extent of this uptake depends
on the surface area of the particles. A certain amount of each metai
remains in the dissolved phase and in stormwater significant correlations
have been found with dissolved organic carben (6.M.P, Morrison, unpub.
data). However, in sncwmelt donic strength is also regulating metal

partitioning between the dissolved and suspended solid phases.

2. Tlonic Strenath.

The above process is counteracted in snowmelt by the independent acticn of
jonic strength. High ionic stirength occurs in stormwater runoff when urban
surfaces are heavily salted during periods of snowfall. A comparison of
Fig. 2(a) and (b) shows that considerably greater loadings of dissolved
chloride were discharged during the monitored srowmelt event than for
gither dissolved or particulaie organic carbon. The high chioride concen-

Lrelicns essist desorgticn of heavy W

m

teis frowm the suspanded sciids inio

~-Elz-
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the zissolved phase, especialiy for metzls which form strong chiorg com-
~iev:3 such es Cd and Pb. Relatively high levels of chloride, such as those
fournd in snowmelt runoff, must be present for this process to be important.

ihe rzesults of this work suggest that the influence of high chioride levels

is the most impertant factor controlling Pb and Cd distributions between

ot
-
L4

3311d and aqueous phases. For Cu and In oparticulate organic carbon
appezrs to be the most important controlling parameter, especially when

high suspended so0lid loadings are present.

e T e R R o e

Both ZPA (EPA 1984) and FEC (Mance and 0'Donnell 1984) standards have been
considered with regard to potential toxic impacts on freshwater Tife in
receiving waters. Only the proposed EPA recommended standards take account
of intermittent discharges and these are listed in Table 2 together with
the time period that these levels were reached and exceeded in the snowmelt
event. It is important to point out that these must be considered to be
minimum effects as the EPA threshold values are for total metal concen-
trations which are comgared to the bioavailable dissolved metal wvalues
‘determined in this study. It is also recognised that there will be further

dilution of metal concentrations on entering the receiving stream.

Table 2 shows that Zn, Cu and Cd in the outfall waters exist for consider-
able pericds above the threshold 1imit, while Cu and Cd exceed the level of
significant mortality for 59 and 12 percent of the snowmelt respectively.
Cu enceeds this level during both early snowmelt and throughout the

“zzeiiconal Timb of the hydrograph. The or

P .
STl

olid

o
0O

s

th

©r

no= 07 onioh sus)

¢|

Tcadings during the rainfall stage of the avent {Fig. 2) rapidlv lowers the

sciuble concentration to a value below the toxicity threshold. Cd exceeds
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ime for whi

EPA Recommenga2tions for intermitie:.:

h fhese Yaiues we:

[l

fu
=

Percentage

ungit.

iy

EPA Thresnold Toxicity LPA Sianificent Mortality
Metal Concentration  Time Metal Loncentration Time
= * =1 *
ug 1 ! exceeded ug | : exceeded
;3 %
in 380 61 £70-3200 -
Cd 3 42 7-160 12
Pb 150 3.6 350-3200 -
Cu 20 77 50-90 59

" Data from EPA (1984)
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m

the significent mortaiity level during the first stages of early snowmeli

ang the rainfall event but decrezses as the chioride icacings zre depletsd.

These results can De compared with a previous study of the Bergsjdn urban
catchment (Malmgvist 1983) in wﬁich average total heavy metal concentra-
tions were determined for 19 storm events over a year. For Zn, Bb and Cu,
53%, 63% and 100% respectively of the storm events contained average total
.metal concentrations above the toxicity threshoid value in Table 2. This
suggests a significant intermittent impact on receiving waters which is
underiined by the 11% (Zn}, 16% (Pb} and 95% (Cu} of the storms which were

also above the significant mortality level,
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A PHYSICO-CHEMICAL SPECIATION SCHEME FOR THE ANALYSIS OF CADMIUM,
COPPER, LEAD AND ZINC IN URBAN STORMWATER RUNOFF
G.M.P. Morrison, D.M. Revitt and J.B. Etiis

Urban Pollution Research Centre, Middlesex Polytechnic, Enfield,
Middiesax, EN3 45F, Engiand.

A speciation scheme has been devisaed which provides a relatively rapid
technique for separating the dissolved and suspended solid phases of
stormwater into fractions which possess differing degrees of metal
bicavailability. The soluble phase js defined as that which passes
through a 0.4 um Nucleopore polycarbonate filter and is subsequently
separated into 3 fractions. The Electrochemicaily Available fraction,
which can be directly compared to the bio—available metal, is
determined by bDifferential Pulse Anodic Stripping Voltammetry (DPASY).
A batch extraction witn Chelex-100 (Chelex Removabile Fraction) enables
those metals which are more strongly complexed to be estimated and the
Strongly Bound Fraction is assessed following metal soiubilisation by
digestion g1th an oxidising mixture of concemtrated nitric and
perchloric acids (9:1 v/v).

The suspended solid phase is divided inte 3 fractions, which are
indicative of the ease of metal release to the soluble pnase, by a
series o7 sequential extractions. The Exchangeable Fraction, obtained
by treating with 1M MgCl2 represants those particulate associated
metals which may readily transfer to the disscived phase under normal
pH conditions. The more strongly bound metals in the combined
Carbonate and Hydrous Metal Oxide Fraction are detarmined by leachirg
with a solution of 0.04M hydroxylamine hydrochloiride in 25% acetic
acid and the remaining organically bound metals (Organic Fraction) are
estimated by DPASV analysis after concentrated acid digestion.
Application of this speciation scheme to urban stormwater samples
indicates that potentially toxi¢ forms of the metals in the dissolved
phase (Electrochemicatly Available) and $n the particulate phase
(Exchangeable) can account for 63% of the total In, 77% of the totat
€d, 486% of the total Pb and 32% of the total Cu,
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THE CONTINUQUS ON-LINE MONITORING
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OF ENVIRONMENTAL POLLUTANTS
IN STORMWATER

by G. M. P. MORRISON, B. SJOLANDER and G. SVENSSON, Department of
Sanitary Engmeermg, Chalmers University of Technology,

5-412 96 Géreborg, Sweden

Abstract

A monitoring system is descnbcd which p'omdes continuous measurements of selected pollucants
in stormwarter.

The system, which has been installed at both the outfall 0 a stormwater pipe svstem and
in a gullypor, is sensitive to changes in pH, ronductivizy, dissclved oxvgen concentration.
remperature and redox potential.

At the stormwater outfall monitering station rapid changes of conduciivity and surbidity
arc assoctated with the incoming rainfall, while the pH change s less sensicive due to road
surface and in-pipe buffering. Tempcrature cHanges provide an indication @f in-pipe water
reservoir flushing.

The gql[vpot exhibics a significant drop in redox potential and dlSSD]‘-td oxvgen concentra-
tion with incoming road runoft due co the mobilization of oxygen demanding, reduced bottom
sediments and associated interstitial waters. During storm events the road surface material
and the gullypot contents act as huifering media. Ssgmfu:ant buffering of the gullypot water
occurs between storm events due to che dissolution of the gullypot cement structure.

Sammanfatining

Ecr mitsyscem beskrivs fBr kontinuerlig chservation av urvalda dagvattenfGroreningar. Mir-
systemet, som har installerats 1 en mitstation fdr dagvattenavrinning och i en rinnstensbrumn,
han registrera férindringar 1 fldde, pH-virde, konduk:iviter, syrekoncentration. temperater
och redoxpotential.

I dagvattenavrinningen har sicra férindringar i kendukcivices och turbiditer observerats.
vitka sumvarierar med regnintersiteten. Genom buifertverkan frin vigyror och ledningar
fdrindras pH-virdet i mindre grad. Temperaturfdrindringar kan visa pd utfléde av vatren
som magasinerass 1 ledningar och rinnstensbrunnar,

Vatznet 1 rinnsiensbrunnen visar en berydinde sinkning i redoxpotensial och koncencration
av ldst svre nir de syrckrivande, reducerade bottensedimenten sdtts 1 rdrelse av inkommande
vatten. Medan avrinningen pigdr buffras dagvaunet av ytmarerialer pi gatan och innchiller
i tinnsrensbrunnen. Under zorrperioder buifras vatiner 3 rdnnstensbrunnen genom utldsning

av cement frin viggarna i brunnen,

Introduction

environmental
the problems
collection and

The continuous monttoring  of
potlutants eliminates many of
assoctated with discrete sample
off-line analysis.

In this paper we discuss the design of and
present some results for a continuous flow system
which has been used 1o determine fluxes of con-
tamipants in stormwater and through a roadside
gullypor.

VATYEN-2-85
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Continuous on-line monitoring system

The system has been installed at the outfall to
an urban stormwarer pipe network in Bergsidn,
Goreborg and adjacent to a roadside gullypor at
Chalmers University of Technology. Géteborg.

Continuous meagsurements ot o stormwaier

sampling station
Berssj6n is a 15.4 hectare residential catchment in
the northeast suburb: of Géiweborg. The outfall
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Figure Y. The continuous menitoring system inside the
Bergsion field station.

from the catchment drains into a small stream
which enters the Sive river. The continuous
monitoring system has been installed inside the
sampling station 2t the outfall (Figure 1).

Before sampling, the turbidity is recorded
the stormwater pipe to give an indication of
suspended solid concentrations. Water level is
measured over a calibrated V-notch weir by an
ulcrasonic sensor.

Water is continvously withdrawn from the
baseflow, through a 20 mm PVC pipe, by a
Johnson F5B-1 Impellor pump at a rate of 34
lirres min™!. After passing through a sampling
header tank the water flows into the coniinuous
monitoring system passing initially through a
5 mm nozzle and into 2 12 mm diameter PVC
tube at a rate of 0.7 litres min™!. This final flow
rate is stable during storm events.

The continuous flow system is consiructed from
a sealed PVC pipe of 70 mm diameter and 500
mm length, A 14 mm diameter hole on wop of the
pipe allows entry of the water. while the outlet is
a 16 mm hole at the end of the system. This
results in a flow depth during normal operation
of 38 mm. Further holes aliow the insertion of a
series of sensors. wlich include a conductivity
electzode, a temperature sensor and a pH electrode.

The electrode signals, which are amplified 10
between O and 10 mV. are recorded on 2 Chino
12 channel chart recorder. Facilities have now
also been installed to digitally record the data
utilising an ABCS80 microcomputer. A program
has been specially written for the cystem called
“CTHVAL". The svstem also includes possibilities
for computer controtied bottle sampling.

Calibration of the electrodes is carried out at
least once a week, bur apart from this the system
requires very little maintenance. However, during
storm events a high level of suspended solids may
create blockages in the system. This has been
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Figure 2, The continuous system ,‘or manétoring the
contents of a gullypor.

prevented by artaching 2 5 mm plastic mesh
around the iniet pipe 10 the sampling tank and
also around the continuous system inlet nozzle
The temperature sensor provides a useful indicator
of system blockage as the readings equilibrate with
the external temperature of the field station when
the flow has stopped.

Monitoring a roadside gullypot

This system has been designed to continually
sample gullypot water content and to provide a
record of pH, dissolved oxygen. conductivity and
redox changes with time (Figure 2).

Water is pumped out of the gullvpor, through
an opening in the basement wall, via a strength-

-

l

Figure 3. The continuous on-line monitoring system

for the gullypac.
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ened 12 mm diameter plastic pipe and returned
o the gullypot in the same manner after passing
through a ‘small Jabasco ceg wheel pump and
the on-line measurement system. A water flow
rate of 2.6 litres min™? allows a water depth of
30 mm to be maintained in the continuous svstem
which is high enough to prevent blockage by
solids. Tn this way the gullypot contents are
recvcled every 0.3 hours during dry conditions.
Cleaning of the pipes is achieved by revening

VATTEN 285
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Figure 4. Continwous sterm duta for the Bergsjin field
station. Time In min commencing 17.00.

the pump and flushing with 2—3 litres of distilled
water, This procedure is normally repeated twice
a week or more frequently during periods of
heavy rainfali.

The continuous monitoring system (S a sealed
PVC pipe of 30 mm diameter and 430 mm length,
with an inlet of 13 mm diameter and an outler
of 25 mm diameter at the opposite end. Dissolved
oxvgen, combined redox potential, combined ptl
and conductivity electrodes are positioned. cali-



brated and the signals recorded in the same way
as at Bergsjon.

A guilypot road runoff sampler, constructed at
the University of Lund, 15 installed in the gullypot.
Flow into the sampler is measured through a 387
V-norch weir and detected by a conductivity cell.

Results of continuous storm dota from
the stormwoter sampling stction

A typical storm profile from the Bergsjon storm-
water sewer system is shown in Figure 4.

An increase in the incoming flow is followed
immediately by <hanges in conductivity. This
indicates dilution of the baseflow, which usually
" contains 100—20C mg Cl |7!, by the incoming
rainfall and runoff. On the recessional limb of
the storm event the higher baseflow conductiviry
is re-established.

The change in pH is slower and does not re-
present the rainfall pH, which is typicalty ca. 4.0.
During storm events buffering can be actributed
to the washing of road surfaces and the flushing
of gullypots on the catchment. In addition 1t is
thought that dissolution of the cement in the
concrete pipe network is an important source of
bicarbonate ions. The contact time of rainfall
with the rather large surface area of the storm
sewer pipes may be up to a few minutes berween
the catchment and end-of-pipe.

Changes in wrbidity have been gravimetrically
calibrated with samples of stormwater solids and
provide an important indication of suspended
solid transporr razes. As is evident from Figure 4
variations of turbidity are characterised by a
“first  flush™ followed by a less important
“secondary flush™. For 190 storm events. moni-
tored in this way during 1983 and 1984, 34 %%
were characterized by a “first flush” in terms of
turbidity, It can be argued that the “first flush”
15 a combination of road surface, gullypor and
im-pipe sediment washoff. The energy tor road
surface sediment washoff is created by the process
of surface wetting, rainfail intensity and hvdraulic
surface flow. Gullypor and in-pipe sediment
mobilizarion are dependent on the warter flow
energy and the nature of the sediments.

Temperature changes generally follow condae-
tivity and pH, with a decrease in temperature
assocrated with incoming rainfall, However, the
slight increase in temperature ar the very be-
ginning s characteristic of most storm events in
autumn. Gullypats are the only reservoir of rela-
tvely warm water, compared to baseflow, and
their flusning at the commencement of the storm

-.Gq_...

event seems the maost hikely explanation for this
initial temperature increase.

Interpreting storm dota from the
roadside gullypot

The continuous data obtained from the gullypor
shows rapid changes and is less complicated than
the response at the end of the stormwater pipe
nerwork (Figure 3). The gullypot has a standing
volume of 41.5 lirres.

Two distinct 1ypes of storm” event have been
observed in the gullypor, as seen in Figure 52
and Figure 5b.

A small rainfatl event of 128 lirres runcff is

shown in Figure 5a, which is only sufficient w0
mix, but nor -completely flush, the gullypor.
A lag period ot 5 min is observed between the
commencement of flow and any observed change
in either dissolved oxygen or redox potential. The
significant drop which aventually occurs in redox
potential and dissolved oxygen concentration re-
presents a mixing of the reducing, oxygen de-
manding inzerstitial water and bottom sediments.
Ar the same tume a mobilisation of sediment
associated salts and organies oceurs which cause
a general increase in conductivity at the end of
the storm event.

The reading for pH gencrally increases be-
tween storm events from ca. 4.3 up to 7.0, because
of dissalvrion of the gullypot cement structure.
Howev~r, desnite a measured incoming rainfall
pH of 4.0 and comolete sediment mixing afrer
> min. pri changes witnin the gullvpor lag i4 min
bshind the commencemenr of flow. This represents
the residual buffering capacity of the gullypor.
The resultant citration curve is a shight over-
estimate of the gullypor huffering capacity as the
road surface and its associated sediments also
buffer the acidic rainfall.

A second type of rainfall event 15 shown in
Figure 5b. This is 2 heavy summer storm of 4750
litres runoff which mixed and washed ou: most
of the gullypo: contents.

In the early stages of the storm the pH, dis-
solved oxvgen and redox porential changes are
tvpical of gullypor mixing. The next 30 min is
characterised by a washing of the gullypor with
rainwater which causes a drop in pH and con-
ductivity and an iacrease of redox potential and
dissolved oxvgen. During the subsequent heavy
rainfall further reducing sedimen: is remobilised,
causing a drop in redox potential and a cor-
responding inersase of pH. This shows thar the
residual buffering capacity of the gullypor may

VATTEN-2- 3853
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be increased during intense rainfall due to further
botzom sedtment mobilisation.

Raimnwater is saturated with dissolved oxygen
and so dissolved oxygen concentratnion remains
high wuntil the storm event is over. The peak
concentrations carrespond with high gullvpot
water inflows. After the rainfall a slow decrease
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Figure 52, Continwous flow and pollutant moni-
toring for a small storm event in the gullypot.
Time in min commencing 03.00. :

of dissalved oxygen concentration is observed
which may be related to bacterial respiration.

Conclusion

The contnuous on-ilne system allows detailed
monitoring of selected pollutants in stormwater.
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‘The systern requires calibration once a week and
should be checked more frequently in cases of
suspected blockage by solids.

It is suggested that the system might find wider
fields of application in water research projects
involving the continuous monitoring of river and
estuarine water, of combined and separate sewer
discharges, or even of industrial effluent dis-
charges.
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Figure 5 b, Continkous flow and pollxtant monitoring
for a beavy summer storm event in the gullypot. Tims
in min commencing 15.00.
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