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Gdansk, Poland
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Runoff waters are one of the forms in which precipitation reaches the ground and surface
waters. They are formed when rain or melting snow washes the surfaces of roofs, highways,
agricultural areas or tree canopies. Pollutants present in runoff waters can constitute a potential
danger to aquatic ecosystems. This paper reviews techniques and equipment for collecting
runoff water. It discusses storage and preparation of samples for analysis (errors made on the
stage of sampling, type of a sampled fraction—important step of analysis). This work presents
bibliographic information about a wide range of inorganic and organic compounds in various
form of runoff water (as a result of washing out pollutants from such surfaces as: highways,

building roofs, and agricultural areas).

Keywords

INTRODUCTION

The atmosphere is one of the main non-point sources of pol-
lution, and its dynamics causes a diversity of the ways that it
can affect the level of contamination of soils and surface water.
The composition of precipitation is closely related to a degree
of pollution of air. One of the more important forms of precip-
itation that ends up in the environment is runoff water, which
originates as a result of washing off pollutants by rain or melt-
ing snow from such surfaces as highways (road runoff ), roofs of
buildings (roof runoff’), agricultural areas (edge-of-field runoff ),
forests (throughfall and stemflow) and dumps (1).

The composition of runoff water depends to a large extent
on the kind of terrain on which precipitation fell. The road
runoff can contain hydrocarbons of petrochemical origin, dust
and heavy metals. The level of contamination of roof runoff
depends on the roof material, which can be a source of many
organic and inorganic pollutants, such as pesticides and heavy
metals (copper, zinc). The dump runoff is characterized by vari-
able aggressiveness towards the environment, dependent on the
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degree of processing of the refuse while the edge-of-field runoff
can contain pesticides and biogenic substances. A large fraction
of runoff water with the pollutants present in it enters surface wa-
ter and groundwater, which can be used as a source of drinking
water. Although the flux of pollutants into soil and groundwater
is usually small, hazardous chemicals can undergo accumula-
tion over a period of time. The environmental fate of pollutants
transported with runoff water is depicted in Figure 1 (2).

SAMPLING PROCEDURES

In order to obtain reliable information regarding the kind and
amount of pollutants present in runoff water, an extended period
of monitoring its composition is required. Sampling is an im-
portant step of any analytical procedure and appropriate devices
(samplers) must be used to avoid errors. The error made at this
stage affects subsequent steps of analysis and no effort can elim-
inate the effect of this error on the final result of determination.
Prior to sample collection, the purpose of intended investiga-
tion has to be identified, because it determines the location of
sampling points, sampling procedure and sample preparation
methods. The sampling locations and samples collected should
be representative, i.e., the results of laboratory analysis should
reflect the true composition and properties of water samples at
the sample collection points. Glass or polyethylene containers
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FIG. 1. Environmental fate of pollutants present in runoff waters.

are usually used to collect and store samples of runoff water (3).
The kind of container used has to ensure:

e Lack of contamination of a sample by the material of
which the container is made;

e Thorough cleaning before next use;

e Lack of cross contamination (4-6).

The samplers used to collect runoff water often have an addi-
tional protection to prevent contamination with insects or leaves
(e.g., mesh from a chemically inert material). A bird ring to
prevent contamination from bird droppings is also used.

Transport and storage of samples must be accomplished in
such a way as to ensure the requirement of stability of their
composition (7). If samples cannot be analyzed immediately
after collection, they should be preserved (e.g., by completely
filling the container, storage at 4°C in the dark with the addition
of preservatives—bactericides—for example HgCl, or chloro-
form or by storage at —20°C in the frozen state). Such operations
are necessary to avoid biodegradation of analytes which can take
place at room temperature (8).

Assessment of Trace Concentrations of Different
Constituents in Runoff Water Samples

Table 1 provides a summary of the sampling techniques de-
scribed in literature to assess runoff quality. Samples can be
collected as a first flush, post-first flush (steady-state), samples

collected on a flow proportional basis, or in a way that allows
event mean concentrations to be obtained. The technique of sam-
pling determines the comparability of the data (first flush com-
pared with subsequent samples) and the ability to determine
loads from events or over a known period of time. The first flush
phenomenon may be defined as the initial period of stormwater
runoff during which the concentration of pollutants is substan-
tially higher than during later stages (9—11). As a matter of fact,
there is some discrepancy in the definition of first flush waters,
with different definitions given by various authors (12-14).

Sampling Techniques for Runoff Water

The methods and devices for sample collection are selected
depending on the objectives of research, including the kind of
sample and the analytes being determined. The most common
sampling devices used for the collection of various types of
runoff water are compiled in Table 2.

A schematic diagram of a road runoff sampler is shown in
Figure 2A (27). A similar design was described in (28), where
a1l m x 0.15 m plastic pipe was installed near the edge of
the pavement to ensure a free flow of a sample to a collection
bottle. A collection bottle equipped with a concave cap is used
to collect road runoff (Figure 2B) (29). The sampler is placed
inside a PVC pipe installed near the curb. The upper part of
the cap is placed at the pavement level to provide a free flow of
runoff water into the bottle through an opening in the cap bottom.



12:11 17 January 2011

Downl oaded At:

SAMPLING PROCEDURES FOR RUNOFF WATERS 93

TABLE 1
Summary of sampling techniques described in the literature to assess runoff quality
Type runoff
Techniques of sampling water Analytes Reference
First flush Road Metals (15)
Metals, PAH (16)
Metals, ions (Na™, KT, Mg;, Cl-, SOi_), 17
COD
Roof Pb (18)
Automatic samplers, samples fractionated by runoff height Road PAH, Metals (19)
Roof PAH, metals 20)
PAH 21
Event mean runoff average concentrations over rain event Roof Metals, COD 22)
Volume weighted event mean concentrations Road COD, Pb, Fe ©)]
Samples collected after first flush Road 23)
Metals 24)
PAH, DOC (25)
First flush and steady state Roof Pesticides, metals (26)

The possibility of adjusting the rate of sample collection (by
means of a set screw in the cap) is an advantage of this type of
sampler.

In addition to simple techniques of sampling road runoff wa-
ter, automated systems are also used. These systems not only col-
lect samples but also allow the measurement of selected physic-
ochemical parameters. A system placed underground inside a
drainage pipe at a depth of 0.5 m and consisting of a 10 L glass
container connected through polyethylene tubing to the devices
for the on-line measurement of physical and chemical parame-
ters of water is described in (25). Samples of runoff water are

transported into the bottle using a pump and rubber tubing. The
system enables not only the measurement of pH, conductivity,
and temperature, but also the transport of collected samples to
a mobile laboratory, where they are analyzed for organic pollu-
tants and inorganic ions. Due to the complexity of sampling and
a high cost of the equipment, the system has been rarely used in
practice. Automatic vacuometric samplers (Figure 2C), placed
in a sewer, are also used to collect samples of road runoff water.
Conductivity is measured after the removal of gross solids. Au-
tomatic sample collection takes place when the conductivity of
runoff water decreases below 450 pS/cm? (30).

TABLE 2
Types of runoff samplers
Runoff Sampler Comments Reference
Road Plastic tubing connected to a Enables free flow of samples to Fig. 2A (27, 28)
collection bottle sampling bottle
Collection bottle equipped with a Fig. 2B 29)
concave cap
Automatic Enables on-line measurement of physical and 25)
chemical parameters of water.
Vacuometric Possibility of conductivity measurement, Fig. 2C 30)
Roof Funnel and collection bottle Placed at the gutter outlet (31,32)
Automatic Enables large sample volumes (1 1), Fig. 3 (26)
Throughfall Funnel and collection bottle Protection from contamination (Fig. 4A-E) (5,3341)
Glass wool “42)
Nylon mesh 5)
Polyethylene mesh  (43)
Stemflow Helical and flange gutters Fig. 4F-G (34, 44-47)
Edge-of-field  Drainage ditch Fig. 5A (48, 49)
Collection bottle placed in soil Fig. 5B (50)
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FIG. 2. Structure of road runoff samplers, A: 1—pump, 2—container (27); B: 1—concave cap, 2—set screw, 3—collection bottle,
4—PVC pipe, 5S—instant glue, 6—asphalt (29); C: 1—separation wall and grate, 2—sewer, 3—samplers, 4—sampling tubes,
S5—removal of gross solids, 6—siphons, 7—conductivity sensor, 8—flow recording (30).

The simplest samplers used to collect roof runoff consist of
a funnel and a bottle placed at the gutter outlet, into which the
runoff flows (51). If the distance between the gutter and the
ground is small, the water can be collected in a smaller container
and then transferred into a glass bottle (31, 32). In addition, if
a rainwater sampler is placed on the roof of a building, then
the concentration of the analytes in rainwater can be compared
with that in the roof runoff (51). Plastic pipets can be used to
collect runoff samples from the flat parts of the roof (52). An
automated system used to collect roof runoff water is shown
in Figure 3. The system consists of five bottles connected with

telescopic tubes of a small diameter made of PVC at a slightly
elevated angle. The inlet of the tube is connected with the gutter,
while its outlet is connected with a sewer. The distance between
successive bottles is adjusted depending upon the intensity of
precipitation. The bottles are connected to the tube by means of
elastic hoses, which contain ping-pong balls inside. When the
first bottle is filled, the ball shuts off the flow, the segment of the
tube with the filled bottle is turned upwards by 5°, thus enabling
the flow to the next bottle. The system is designed to collect 1 L
samples. Prior to use, all the elements are thoroughly cleaned
and rinsed with deionized water, the bottles are sterilized in the

FIG. 3. Structure of roof runoff system (53): 1—from roof gutter, 2—PVC tube, 3—screw ring, 4—rubber hose, 5—ping-pong

ball, 6—sampling bottle, 7—joint.
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autoclave and the entire installation is disinfected by immersion
in boiling water for 10 minutes (53).

The inlet of a throughfall sampler should be placed suffi-
ciently high above ground to avoid contamination with e.g., soil
(6). As a result of space diversification of runoff water due to
the non-homogeneous structure of tree crowns, in order to obtain
representative results, it is necessary to install a large number of
samplers (e.g., 20) distributed at a density of 4-10 over an area
of 0.1 ha. The location of samplers should be defined, e.g., in
the form of a cross, grid of squares, or a circle (46). The distance
between individual samplers should not be less than !/, of the
average radius of tree crown.

The simplest throughfall samplers consist of a funnel and
collection bottle (5, 33—41). Horizontal planks were installed
on an 18 m tower at specific distances from the soil level, the
lowest plank being placed below the tree canopy. Polyethylene
funnels (3 L volume) were placed on each plank at specific
distances from the tower. Runoff water samples pass through
polyethylene tubes to collecting bottles placed in thermally in-
sulated containers in the ground to ensure appropriate storage
temperature and protect from sunlight (40).

A schematic diagram of throughfall sampler is shown in
Figure 4A (54). The bottle with the funnel (nominal sampling
area of 208.5 cm?) is placed inside an opaque glass tube at a

FIG. 4. Structure of samplers to collect throughfall (A-E) and stemflow (F-G), A: 1—funnel, 2—collection bottle, 3—opaque
tube; B: 1—polyethylene line bird ring, 2—stainless steel bird ring support, 3—polyethylene funnel, 4—polyethylene mesh disc,
S5——collection vessel, 6—outer casing (43); C: 1—funnel, 2—glass wool, 3—plastic tube, 4—collection bottle; D: 1—acrylic
tubes, 2—funnel, 3—collection bottle; E: 1—funnel, 2—polyethylene tubing, 3—collection bottle; F: circular sampler, G: helical

sampler, 1—collection tubing, 2—collection bottle.
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FIG. 5. Structure of samplers to collect edge-of-field runoff, A: 1—trench, 2—field; B: 1—roof, 2—plastic container, 3—glass
bottle; C: 1—plastic sheet, 2—plastic box; D: 1—upper funnel, 2—floating funnel, 3—collection tube, 4—hole, 5—cork chamber,

6——corks, 7—collection bottle.

height of 180 cm above ground. A similar sampler was presented
in (42). In order to protect the sampler from contamination by
fallen branches, needles, leaves and insects, glass wool is placed
in the neck of the funnel (Figure 4B), (5, 55). A polyethylene-
lined bird ring is mounted over the funnel on a stainless steel
support to protect the sample from bird droppings. The funnel
and collecting bottle are often placed inside a casing at a spe-
cific height (43). The space between the casing and the bottle
provides for cooling of a sample (Figure 4C). Another sampler
consists of three acrylic tubes, each 65 cm long and 1.8 cm in
diameter, of at total collecting surface of 250.5 cm?, connected
to a funnel, which in turn is connected to a collection bottle (Fig-
ure 4D). The sampler is placed on the ground (54). A diagram
of sampler in which three polyethylene funnels (each 19 cm in
diameter) are mounted at a height of 1 m is shown in Figure 4E
(44). Samples of runoff water are transported through polyethy-
lene tubing connecting the funnel outlets to the inlet of a 30 L
collection bottle.

To collect stemflow runoff, helical or circular gutters are at-
tached to the tree (see Figures 4F, 4G) (34, 44, 45). Spaces
between the gutter and the tree trunk are sealed with silicone
resin (46, 47). The volume of a collected sample can vary to
a great extent and depends on the tree type (branches pointing
upwards (funnel effect) and downwards (dispersion of water).

A Nylon mesh is placed in the neck of the funnel and gutters to
prevent sample contamination.

Edge-of-field runoff is usually sampled from a properly pre-
pared drainage ditch (Figure SA) using a dredge or bucket placed
in the ground (Figure 5B) and then transported to the labo-
ratory (48-50). To prevent the effect of external factors and
collection of rainwater, the samplers (e.g., glass bottles) are in-
stalled inside the earthwork and placed in a plastic container
with a metal cover (50). A sampler consisting of a plastic box
connected via a tube 50 cm long and 15.5 mm in diameter to
a 8 L collection container, placed at the lowest point on the
ground to ensure a free flow of the sample, has also been used
(Figure 5C) (56). A sampler shown in Figure 5D can also be
used to collect runoff water. The runoff is collected through the
upper funnel to the lower funnel, which is gradually lowered,
and then through the tubes (height 240 mm, inner diameter 20
mm) the runoff enters 1 L bottles made of borosilicate glass.
When a bottle is full, a valve automatically cuts off the flow
of the sample. The bottles are filled according to a preset sam-
pling protocol, i.e., the first, second, third and fourth sample
of runoff correspond to 1-2, 4-5, 7-8, and 10—11 mm of de-
position in the lower funnel. The device can be installed e.g.,
in a ditch, the depth of the water in the ditch being at least
57).
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FIG. 6. Concentration levels of PAHs in samples of road runoff collected in various geographic regions.

Runoff Water—Chemical Composition of Trace
Constituents

Road traffic, road construction and road maintenance are fre-
quently the origin of many types of environmental pollution:
noise pollution, atmospheric pollution, water pollution and soil
pollution. Road runoff water is an important transport medium
for various air pollutants from the air to the surface and ground-
water, and then indirectly to other environmental compartments.
The pollutants found in highway runoff arise from a number of
sources:

o the effects of traffic;

o the effects of maintenance;

¢ normal depositions on the highway;
e pillages.

Highway runoff may contain constituents including metals,
solids, nutrients, bacteria, road salts, herbicides, and hydrocar-
bons such as fuel oils and gasoline (58). Motorway pavement
runoff water contains a large quantity of suspended solids, of
chemical oxygen demand, of hydrocarbons and of heavy met-
als. This pollution is increased during the period when deicing
salts are used. Antifreeze salts are a source not only for sodium,
calcium, and chlorine but also for high zinc levels, as a result
of enhancement of corrosion phenomena due to the heavy metal
mobilizing effects of de-icing solutions containing sodium chlo-
ride and calcium chloride (16). The sources of the heavy metals
arise from exhaust emissions; lubrication losses; degradation of
vehicles tyres, brake linings and motorway surfaces; and the use
of de-icing compounds (59).

The road runoff from highways is polluted largely by organic
compounds, such as derivatives of crude oil, fuels, greases and
lubricants (60—66). The investigations carried out in Madrid have
demonstrated a close correlation between the increase in traffic
intensity and high concentrations of PAHs and simple hydrocar-

bons in urban runoff (67). Similar correlations were found in the
investigations performed in the Tricity (Gdansk-Sopot-Gdynia)
area. The vicinity of sample collection stations to highways with
heavy traffic affected in about 50% of the cases the concentration
of PAHs in samples of rainwater and runoff (68). The results of
determination of individual PAHs as well as their total concentra-
tion in samples of road runoff collected in different geographic
regions are shown in Figure 6. The highest PAH concentrations
were observed in runoff samples collected along highways with
heavy traffic.

Vehicles have been found to be the major source of heavy
metal deposition on road surfaces. Iron, zinc, chromium, copper,
lead, and nickel are often the most common metals in highway
runoff. Heavy metal concentrations have been found to increase
with impervious area and ground slope and in urban and indus-
trial areas (70). The road runoff contains heavy metals in two
forms: suspended and dissolved. Since these metals do not un-
dergo biodegradation, their high concentration in the runoff can
reflect their accumulation by the roadside and toxic effect on
the living organisms in the nearby environment. In comparison
with data previously measured in France, lead pollution loads
have decreased because of the marked drop in the use of leaded
gasoline since 1993. The main sources of Pb, Zn and Cu have
been identified and the results obtained for lead show that a
large proportion of the lead released by vehicles is dispersed in
the atmosphere. Cadmium fluxes, on the other hand, although
very low compared to the other heavy metals, are probably ill-
identified or underestimated (64). The results of determination
of heavy metals in road runoff samples collected in different
countries are shown in Figure 7. The investigations carried out
in Gdarisk in 1999/2000 demonstrated that the road runoff car-
ried a load of pollutants, thus contributing to degradation of the
environment (79).

Highway de-icing salts have often been identified as a sea-
sonal constituent of highway runoff. Along highway edges, most
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FIG. 7. Literature data on the concentration of selected metals determined in samples of road runoff collected in Europe and the

USA.

of the salt that percolates downward with groundwater recharge
has been found to enter the ground within 30 feet. The authors an-
alyzed the effect of sodium chloride on lakes, streams, and rivers
following deicing salt applications to highways above the water.
They found elevated levels of chloride in streams and small lakes
below heavily salted major freeways during the winter, quickly
followed by decreasing chloride concentrations once salt appli-
cations decreased in the spring. In some studies, chloride from
de-icing salts is the only highway runoff constituent mentioned
in the literature as potentially problematic. Another author con-
ducted a study comparing major ion concentrations before and
after a period of major highway development. They did not find
statistically significant increases in all major ions except sodium
and chloride, due to de-icing salts. Sodium and chloride levels
did not, however, exceed the upper limits of the public health
standards (70).

An increased interest in the monitoring of quality of roof
runoff has been observed recently. Such investigations provide
information not only on the quality of water but also on the extent
of dry and wet deposition of pollutants on the roofs. Most of the
investigations of this kind are carried out in the countries where
rainwater is one of the sources of drinking water (80). The variety
and quantity of individual pollutants present in roof runoff are
affected by a number of factors (80), the most important ones
being:

 roof material (chemical properties, surface roughness,
age, resistance to atmospheric conditions);

¢ roof parameters (size, slope, exposure to atmospheric
factors);

e atmospheric conditions (rainfall, pH of rainwater,
wind, season, duration of dry period);

e physical and chemical properties of pollutants (va-
por pressure, solubility in water, partition coefficient)
present in the atmosphere (sources and amount of emis-
sion, transport, half-life, form of the pollutant).

Atmospheric deposition rarely contains substantial amounts
of suspended matter, while the roof runoff may contain relatively
high levels of same. The content of suspended matter is partic-
ularly high in the first flush, which has been demonstrated in a
number of countries. The major factor influencing the amount of
suspended matter and turbidity of roof runoff is the roof material.
The results of investigations carried out in Germany (20, 52),
France (81), Malaysia (53) and Switzerland (26) illustrate this
rule well (Figure 8). The highest concentrations of suspended
matter were found in the samples of runoff from ceramic tiles,
cement sheets and asbestos cement sheets.

A very high concentration of suspended matter in the runoff
from roofs covered with galvanized iron can be attributed to a
rapid wash of solids from dry deposition from a smooth surface.
The lower concentration of suspended matter in runoff from flat
gravel compared to rainwater is associated with the adsorption
of solids on the porous surface of gravel. In the investigations
carried out in Germany, samples of rainwater and roof runoff
were analyzed (20). Higher concentrations of all the examined
ions (except for NH; ) were observed in the runoff compared to
rainwater (see Figure 9). The concentrations of individual anions
in samples of roof runoff are almost double those in samples
of rainwater. Small differences in the concentration of ions in
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that the source of anions is dry deposition rather than the roof
material.

The pollution of roof runoff with heavy metals has been de-
scribed extensively in the literature (24, 74, 82—85). The factors
affecting the level of these pollutants are the roof material, the
roof slope, gutters, the location of sampling sites (industrial,
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samples of rainwater and runoff from various roof materials.

urban areas) and the pH of rainwater (86, 87). The results of
investigations carried out in different countries are compiled in
Table 3.

The literature data on the PAH content in samples of rainwater
and roof runoff are also available (21). Samples of rainwater and
the runoff from roofs covered with five different kinds of materi-
als: ceramic tiles, cement tiles, tar board, asbestos cement sheets
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FIG. 9. Comparison of the content of anions and cations in samples of rainwater and runoff from roofs covered with various

materials (1).
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TABLE 3
Metal concentrations in runoff water samples collected from various roof surfaces

Concentration [pg/dm?]

Roof type Zinc Cadmium Copper Lead Reference
Ceramic tiles 48 0.4 304 41 (26)
Polyester 115 0.3 842 24

Flat gravel 9 0.11 18 2.7

Galvanized iron 490 — — 230 (53)
Ceramic tiles 52 — — 183

Tar board 112 0.75 7.6 37.2 (18,52)
Ceramic tiles 52.1 0.42 326 43.6

Asbestos cement sheets 24.8 0.11 9.6 26.3

Zinc sheet 43,500 1.3 27.6 43.1

Flat gravel 9,200 0.07 4.3 2.6

Copper sheet — — 3,100 — (86, 88)
Zinc sheet 3,400 — — —

Different roof surfaces 802-38,061 0.1-32 3-247 16-2,764 81
Galvanized iron 5,500 — — — (84)
Zinc sheet 3,800 — — —

Ceramic tiles 360 2.1 1905 172 (74)
Polyester 2076 3.1 6,817 510

Flat gravel 36 0.2 140 22

and galvanized iron were analyzed. The PAH contents in the rain-
water and the roof runoff were similar, which demonstrates that
these analytes are not leached from the roof material. The main
sources of these compounds are local emitters and chimneys on
the roof (21). In general, higher PAH concentrations in the roof
runoff were observed during winter.

Pesticides are those pollutants that can often be found in roof
runoff, as these compounds are increasingly being used in the
production of roof materials. The presence of pesticides can be
attributed to protection of the roof from growing moss and other
plants. Additional sources of pesticides are dry and wet depo-
sition. The studies carried out in Germany resulted in detection
of y-hexachlorocyclohexane (y-HCH) in the runoff from roofs
covered with five different types of materials. Its concentration
in the roof runoff was over twice as high as that in rainwater.
Small differences in the concentration of this compound in the
roof runoff from different roof types demonstrate that the main
source of y-HCH is dry deposition and not leaching from the
roof material (89). The evidence for leaching of pesticides from
the roof material is provided by research described in (31, 32).
Samples of rainwater and runoff from roofs covered with three
types of material: tar board, ceramic tiles and polyester were an-
alyzed. The lowest concentrations of pesticides were observed
for the roof covered with ceramic tile, followed by polyester and
tar board.

A very high concentration of (R,S)—mecoprop in the runoff
from the roof covered with tar board should be noted. In
Switzerland, this pesticide is not used in agriculture, but is used

in large amounts as a polymer modifying bituminous coatings
applied as a thin film in places particularly susceptible to leaking
(e.g., at the junction of tar board with the wall). The presence
of (R,S)—mecoprop in the roof runoff can also be attributed to
hydrolysis of Preventol B2—a root-inhibiting compound. In the
investigations carried out in Gdarisk the most common pesti-
cides determined in the roof runoff were malathion, aldrin and
heptachlor epoxide, which is illustrated by the data in Table 4.
This can be explained by their widespread application in the
past (long degradation period). The elevated levels of these pes-
ticides in samples of runoff water collected from roofs covered
with galvanized steel and ceramic tiles may demonstrate the
role of the roof material as an additional factor influencing the
concentration of this class of analytes (90).

In forest geoecosystems the atmospheric deposition does not
reach the ground directly, but passing through the tree canopy
and flowing down the tree trunks it undergoes physical and
chemical transformation. The chemical composition of rainwa-
ter is affected mainly by the physiological processes of plants as
well as by dissolving and washing atmospheric pollutants from
the surface of branches, bark and leaves. The species composi-
tion of trees, their age and condition also influence the compo-
sition of rainwater, giving it new physicochemical properties.

The determination of cations and anions in stemflow and
throughfall runoff has been described extensively in the liter-
ature. The concentrations of individual ions in both stemflow
and throughfall substantially exceeded those in rainwater. Sul-
fate and chloride ions predominated in samples of throughfall
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TABLE 4

Summary of pesticide concentration ranges found in runoff from roofs covered with various materials (90)

Roofing material

Concentration [ng/dm3]

Tar paper

Ceramic roofing tiles

Aldrin (6,020), methoxychlor (430), heptachlor epoxide (19,970), p,p’-DDD (520), o,p’-DDE (540),
o,p’-DDD (340), p,p’-DDE (450), 0,p’-DDT (190), p,p’-DDT (370), «-HCH (200), y-HCH (400),
propazine (1,070), terbutylazine (120)

Aldrin (130), methoxychlor (430), heptachlor epoxide (430), p,p’-DDD (4,610), o,p’-DDE (2,800),

o,p’-DDD (1,210), p,p’-DDE (1,360), p,p’-DDT (1,080), «-HCH (740), ¥ -HCH (600), propazine
(1,110), terbutylazine (120), bromophos (2,720)

Asbestos cement
corrugated sheets

Aldrin (610), methoxychlor (130), heptachlor epoxide (14,540), p,p’-DDD (500), o,p’-DDE (4,640),
o,p’-DDD (7,040), p,p’-DDE (1,040), 0,p’-DDT (750), p,p’-DDT (8,460), «-HCH (460), y-HCH

(840), atrazine (1,210), terbutylazine (130), bromophos (310)

Metal roofing tiles

Heptachlor epoxide (1,640), o,p’-DDE (920), o,p’-DDD (1,890), p,p’-DDE (680), o,p’-DDT (490),

p,p’-DDT (830), «-HCH (320), y-HCH (500), propazine (400), bromophos (4,912), atrazine (2,980),
simazine (620), malathion (1,960), fenitrothion (630), chlorfenvinfos (180)

Painted galvanized

Aldrin (6,020), methoxychlor (430), heptachlor epoxide (19,970), p,p’-DDD (520), o,p’-DDE (540),

steel o,p’-DDD (340), p,p’-DDE (450), o,p’-DDT (190), p,p’-DDT (370), «-HCH (200), y-HCH (400),

propazine (1,070), terbutylazine (120)
Heptachlor epoxide (1,680), bromophos (50)

Bituminous
membrane

as well as in samples of rainwater (see Figure 10). The analy-
sis of samples collected in the Amazonia revealed an increase
in concentrations of the following ions: Mg?>* and K* (90%),
Nat (70%), Ca**(60%), C1~ (25-40%) and SOi_ (40%) in
samples of runoff compared to rainwater (91). The increase in
concentration was attributed to the leaching of analytes from
tree canopies and washing off the dust originating from dry
deposition (air pollution). The investigations demonstrated that
the composition of stemflow is affected by the kind of tree.
A notably higher content of nitrogen, sulfur, sodium, iron,
and zinc compounds was observed in the throughfall from
spruce, whereas the stemflow from hornbeam and alder con-
tained slightly higher or similar and insignificant nitrogen con-
tent, respectively. In addition, the contents of phosphate and
lead ions in the runoff were significantly lower than those in
rainwater, which could indicate an uptake of these analytes by
tree leaves.

The source of increased quantities of potassium, magnesium,
calcium, and manganese ions in the runoff was leaching of the
ions from leaves and needles, which was seen for spruce nee-
dles which have a more expanded total surface area than that
of leaves of other trees (92, 93). The investigations carried out
in Japan revealed that the high load of nitrogen in atmospheric
deposition, including dry deposition, can be one of the factors
causing deterioration of pine trees (inorganic nitrogen is trapped
by tree canopies) (56).

Comparative studies were performed in Japan and Spain in
order to examine the effect of location of a forest system on the
composition and amount of pollutants introduced to the envi-
ronment. Samples were collected in two locations: trees located
near the highway and urban areas (open); and forests located far
from urban areas (shielded with mountains) (34).

No significant differences in pollutant concentrations in rain-
water were observed for the two sampling locations, while
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FIG. 10. Ion concentrations in rain and throughfall samples collected from Sobolewo, Wigry Station.



12:11 17 January 2011

Downl oaded At:

102 K. SKARZYNSKA ET AL.

the concentrations of NO; and SO; ions in stemflow and
throughfall were appreciably higher in the urban area (2.13 and
2.40 mg/dm?, respectively) than those outside the urban area
(0.30 and 1.38 mg/dm?, respectively) and were several times
higher than those concentrations in rainwater. Arguably, this in-
crease in pollution in urban areas can be attributed to traffic as
well as agricultural and industrial activity (34, 47). The results
shown above reveal that dry deposition is a significant source
of pollution in urban areas, since rainfall results in washing de-
posits from surfaces and leaching components from tree trunks
and canopies, thus affecting the change in composition of runoff
compared to rainwater.

Over the period 1996-1999, a research project dealing with
forests was carried out by three universities: Gdarisk Univer-
sity of Technology (at Gdarisk—Rumia), Adam Mickiewicz Uni-
versity in Poznan (at Jeziory), and Agricultural University of
Cracow (at Ojcéw). The investigations generated a large number
of experimental data for selected physicochemical parameters
and concentrations of analytes (anions and cations) in samples
of wet deposition collected in open areas and under trees (33).
A significant decrease in the concentration of sulfate ions has
been observed at all collection sites. Acidification of wet depo-
sition at the Rumia site resulted from the presence of both nitrate
4.96 mg/dm3) and sulfate ions (3.84 mg/dm3). In contrast, at
the Jeziory site sulfate ions predominated (5.28 mg/dm?), while
the concentration of nitrate ions was only 0.87 mg/dm?. Wet de-
position at the Ojcow site had a different composition, whereby
the ratio of concentrations of SO~ to NOj ions expressed in
meq/dm? was 3:1. The results of determination of chloride ion
concentration at the three research sites revealed the lowest con-
centration of chloride at the Ojcéw site 0.71 mg/dm?, and the
highest concentration at the Jeziory site—3.55 mg/dm?>. The val-
ues range from 39.1 to 364.8 mg/dm? for anions and from 18.0
to 284.7 mg/dm3 for cations (94).

Edge-of-field runoff contains a substantial load of nutrients
especially in spring. During this period, the undeveloped as yet
plant canopy does not prevent edge-of-field runoff, which is
favored by the presence of frozen ground. The majority of pes-
ticides and fertilizers are applied directly to soil or sprayed over
the fields, plantations and forests, thus entering the environment
and constituting a source of many pollutants (pesticide aerosols,
nitrogen and phosphorus compounds). Improper storage of pes-
ticides and fertilizers (directly on the ground without proper
protection from the rainfall) contributes to the leaching of ac-
tive ingredients, which by way of runoff enter surface water,
where they cause eutrophication. This brings about detrimen-
tal changes in the aqueous ecosystems, such as an increase in
content of biogenic substances (nitrogen and phosphorus com-
pounds), a decrease in dissolved oxygen concentration and ex-
tensive algal blooms. Pollutants can also infiltrate groundwater,
which is the main source of drinking water in rural areas (wells).

The investigations carried out all over the world reveal that the
edge-of-field runoff introduces to the environment large loads

of nitrogen and phosphorus compounds, Cl~, K*, Ca?t, Nat,
and Mg ions as well as pesticides (4850, 95).

SUMMARY

After passing through developed areas (buildings, roads,
woodland, farmland, waste dumps), wet deposition enters the
environment almost exclusively as runoff. The runoff, carrying
substantial loads of pollutants (heavy metals, organic and inor-
ganic compounds), may constitute a serious hazard. In order to
analyze samples of runoff water, it is essential to have proper
sampling devices in accordance with the principles of Good
Laboratory Practice. The error made at this stage affects the fol-
lowing steps in an analytical procedure and no other precautions
(e.g., sophisticated sample preparation procedure, sensitive de-
tector) are capable of eliminating its effect on the final result of
determination.

The kind of sample collected and analytes being assayed de-
termine the method of sample collection. The correct result of
analysis and the possibility of comparing it to other data depend
not only on the sample collection procedure but also on the loca-
tion of a sampling site and the design of a sampler. The timing of
sample collection (first flush, post-first flush) is also important.
The paper presents a number of sampling devices of a varying
degree of automation, which allows selection of a proper sam-
pler depending on the objectives of study. There is a continuing
need, however, for designing sampling devices ensuring proper
representation of samples being collected.

The paper also compiles useful information on the concentra-
tions of organic and inorganic pollutants determined in a variety
of runoff waters collected in many countries all over the world.
The studies performed showed that concentrations of analytes
were higher in runoff than in precipitation water. This requires
continuous monitoring of concentration of pollutants present in
runoff water.
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