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Abstract

Soil was sampled along two lines of a highway, 0.5 m and 2.5 m from the asphalt surface, and in an infiltration
pond for highway runoff. The study area was located in the infiltration area of the reserve water supply for a

Ž .community. The concentrations of Cd, Pb and Zn in soil samples from the highway 0.5 m andror in the infiltration
pond exceeded guideline values for less sensitive land-use with groundwater protection. The highest Pb concentration

Ž y1.measured 542 mg kg was 34 times the average Pb concentration in soils in Sweden, and exceeded the Swedish
guideline value by a factor of almost two. Cadmium in the infiltration pond exceeded the guideline value almost
three times. An increased concentration with soil depth for Cd, Pb, Cu, Zn and PAHs in the infiltration pond showed
that downward transport had occurred. This was supported by a Pb concentration exceeding the limit for drinking

Žwater quality in the groundwater 4.5 m below the soil surface in the infiltration pond. The ESP exchangeable sodium
. Ž .percentage in some samples was high enough 10]27% for dispersion of soil colloids to occur. The Tessier’s

sequential extraction scheme showed that Pb and Zn occurred mostly in association with the oxide bound fraction
whereas Cu was mainly associated with the organic fraction, e.g. colloids. Another important fraction for Pb was the
carbonate fraction. The study showed that a large part of the Pb, Cu and Zn in roadside soils is vulnerable to
leaching when exposed to a high NaCl concentration, reducing conditions or to a lowering in pH. Regression analyses
showed that a high concentration of Na predominately displaces Ca of the base cations from the exchange sites in
the soil. The highly significant relationships observed between soil properties and chemical fractions of the metals
make the result reliable for the fractions that predominate. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Older highways in Sweden are often situated
on glacial eskers which also serve as drinking
water supplies for communities. The highway
runoff water is therefore a potential source of
contamination of local groundwater resources.
The contaminants are generally adsorbed in the
soil and several studies have reported the enrich-

Žment of heavy metals in roadside soils Singer and
Hanson, 1969; Lagerwerff and Specht, 1970; Ho
and Tai, 1988; Scanlon, 1991; Howard and Sova,

.1993 . The heavy metal concentrations were com-
pared with traffic volumes and distance from the
highways. Depending on the soil properties and
metal present, the metal is associated with dif-
ferent chemical fractions. The chemical fraction
of a metal is the determining factor for environ-
mental mobility and bioavailability. Sequential
chemical extraction studies by several researchers
have provided an insight into the partitioning of

Žmetals in roadside soils Harrison et al., 1981;
Garcia-Miragaya, 1984; Gibson and Farmer, 1984;

.Howard and Sova, 1993; Mao and Rao, 1997 .
The dominant chemical fraction varies both
among the studies and among different metals.
However, Pb is mostly reported as being Fe]Mn
oxide-bound and Cu as organic-bound. Howard

Ž .and Sova 1993 noted that the carbonate and
Fe-oxide fractions of Pb dominated close to the
highways, whereas organic forms predominated
further away from the highways.

Besides heavy metals, there is concern about
Ž .polyaromatic hydrocarbons PAHs , as high val-

Žues have been reported in roadside soils Blumer
.et al., 1977; Butler et al., 1984 . Due to their

hydrophobic characteristics, PAHs are effectively
adsorbed to the soil organic matter. However, it
has been verified by column experiments that
dissolved organic matter in the water increases

Ž .the mobility of PAHs Johnson and Amy, 1995 .
The use of NaCl as a de-icing salt may change

the behaviour of the accumulated contaminants
in roadside soils. In soils exposed to high Na
concentrations with a subsequent supply of lower
salinity water, as in snow-melt periods and storm
flow events, there is a risk for the dispersion and
mobilization of colloids. Soil column leaching ex-

periments with NaCl and low-electrolyte water
have provided evidence for the mobilization of
organic colloids and Fe-oxides, suggesting that
heavy metals may reach the groundwater via col-

Žloid-assisted transport Amrhein et al., 1992, 1993;
.Grolimund et al., 1996 . Moreover, the use of

road-salt may result in an increased mobilization
of heavy metals due to complexation with chlo-

Ž .ride ions Doner, 1978; Lumsdon et al., 1995 .
The objectives of the present study were to

determine to what extent roadside soils in Swe-
den are contaminated with Pb, Cd, Zn and Cu
and to assess the potential mobility of these met-
als from analyses of chemical fractions with se-
quential extractions and the dependence on Na
concentration in the soils.

2. Material and methods

2.1. Site description

The study site was the infiltration area for the
reserve water supply for the municipality of Upp-
lands Vasby community, 20 km north of Stock-¨
holm. The area is a part of the Stockholm esker
where a highway with high traffic density is lo-
cated. The length of the highway passing through
the recharge area for the water supply has been
calculated to be 5 500 m. The road was built in
1964 and the average daily traffic is 40 000]50 000
vehicles. An increase in the chloride concentra-
tion in the water supply has been observed in the
water supply from 15 mg ly1 prior to construction
of the highway to a current level of 120 mg ly1.
An investigation has shown that the high chloride
concentration is a result of road salt spreading
Ž .Maxe et al., 1994 . The average NaCl dosage
during a season is equivalent to 10 g my2 to the

Žinfiltration area of this aquifer Swedish National
.Road Administration, Region Stockholm, 1994 .

The road-salt contains more than 98% pure NaCl,
the rest is mainly moisture and gypsum. In addi-
tion the salt contains 0.01% of sodium ferro-
cyanide.

2.2. Soil sampling and preparation

The soil was sampled with a coring cylinder
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along two lines of a highway, at distances of 0.5 m
and 2.5 m from the asphalt surface in October
1993. The upper 0.15 m was sampled in 20 loca-
tions along each line, the soil columns were di-
vided into 5-cm sections and the sections from
the same level were composited. The soil in an

Ž 2 .infiltration pond 440 m for highway runoff was
sampled at 20 locations from the upper 0.20 m,
and the soil columns were divided and compos-
ited in the same way as those from the roadside
soils. The soil from the infiltration pond was
sampled in October 1993, October 1995, April
1997 and July 1997, but in different parts of the
pond. In general, the infiltration pond is filled
with water to a varying extent. The low precipita-
tion in the spring and summer of 1997 resulted in
a drained infiltration pond and made sampling in

Žthe centre of the pond possible April and July
.1997 . In October 1993 and October 1995, the

pond was water-filled and sampling was only pos-
sible at the edge. The soil from the drainage inlet
to the pond was sampled in the upper 0.4 m in
October 1993. Both the roadside soil and the soil
from the infiltration pond were classified as Hap-
loborolls, while the soil from the infiltration pond
inlet was classified as Umbrepts according to Soil

Ž .Survey Staff 1992 .
The samples from the roadside soil, the

drainage inlet and the edge of the infiltration
pond were all air-dried before analysis. For the
samples from the centre of the infiltration pond,
the analyses were made on field-moist soil be-
cause of the high water content and anoxic state.
Drying of the soil samples may result in an oxida-
tion of reduced compounds and the production of
hydrogen ions which would seriously affect the
soil chemistry. For all samples the analyses were
made on soil material -2 mm.

2.3. Analyses

The main part of the study was made on soil
samples from October 1993. The exchangeable

Ž .titratable acidity TEA was measured in 1 M
unbuffered KCl and the exchangeable cations
were determined from 1 M unbuffered NH Cl4

Ž .extract NORD, 1988 . The exchangeable base
cations Ca, Mg, K and Na in the extracts were

Ždetermined by an ICP-AES instrument ARL
. Ž .3560 . The cation exchange capacity CEC of the

soils was calculated from the sum of the TEA and
Ž .the exchangeable base cations TEB . The base

Ž .saturation BS was calculated from the
TEBrCEC ratio. Exchangeable sodium percent-

Ž .age ESP was calculated as NarCEC. Loss of
Ž .ignition LOI was determined by igniting the

samples at 5008C for 6 h.
The amounts of Fe and Mn present as oxides

were measured by extraction with 0.04 M
Ž .NH OH.HCl in 25% vrv HOAc at 968C in step2

3 in the sequential extraction scheme described
below.

Ž .The pH H O was measured on a sample of 1:22
soil to de-ionized water on volume basis.

The total concentration of heavy metals was
determined in 7 M HNO for the soil samples3
from the centre of the infiltration pond, April and
July 1997. The total concentration was not de-
termined on soil samples taken in October 1993,
but the sum of fractions according to metal frac-
tionation represents the total concentrations. The

Ž . Ž . Ž .concentrations of Fe 10 , Mn 0.5 , Pb 6 , Zn
Ž . Ž .0.7 and Cu 0.5 in the extracts were determined

Ž .by an ICP-AES instrument and Cd 0.01 with an
ICP-MS instrument. The numbers in parentheses
are the detection limits for the element in mg
kgy1.

Sixteen PAH compounds were analysed accord-
Žing to the EPA US Environmental Protection

.Agency . The samples were extracted in
acetonerhexane and the concentrations of the
PAH compounds determined with an HPLC-
instrument with both UV and fluorescence detec-
tion.

2.4. Metal fractionation

Chemical fractions of Pb, Zn and Cu in the soil
were obtained by the sequential chemical extrac-

Ž .tion scheme described by Tessier et al. 1979 ,
except for the residual fraction. The residual frac-
tion in this study was extracted with 2 M HNO .3

Ž .Andersson 1975 reported that 2 M HNO di-3
gested 88]94% of the total amount of Pb, Cu and
Zn, the total amounts of metals are consequently
probably only slightly underestimated in this study.
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Although soil extraction provides only operatio-
nally defined fractions and problems exist with
resorption, the extraction scheme by Tessier et al.
Ž .1979 is one of the most widely used and it has
been carefully checked for selectivity.

The five fractions considered, the extraction
solutions and the conditions employed were:

1. Exchangeable: A 3-g soil sample was continu-
ously shaken for 1 h with 24 ml 1 M MgCl ,2
pH 7.0 at room temperature for 1 h.

2. Carbonate-bound: The residue was continu-
ously shaken for 5 h with 24 ml NaOAc
adjusted to pH 5.0 with acetic acid for 5 h.

3. Fe]Mn oxide-bound: The residue was ex-
tracted for 6 h with 60 ml 0.04 M NH OH.HCl2

Ž .in 25% vrv HOAc at 968C with occasional
agitation for 6 h.

4. Organic-bound: To the residue were added 9
ml of 0.02 M HNO and 15 ml of 30% H O3 2 2
adjusted to pH 2.0 with HNO . The samples3
were heated to 858C for 2 h with occasional
agitation. A second 9 ml of 30% H O was2 2
added and the sample was again heated to
858C for 3 h. After cooling, 15 ml 3.2 NH OAc4
in 20% HNO was added. The samples were3
diluted to 60 ml and shaken continuously for
30 min. The last operation was employed to
prevent readsorption of extracted metals.

Ž .5. Residue: The residue from 4 was digested
Žwith 2 M HNO for 2 h at 1008C Andersson,3

.1975 .

All glassware used in the experiments was previ-
ously washed in 14% HNO and rinsed with3
de-ionized water. The extractions were conducted
in centrifuge tubes. The samples and extraction
solutions were separated by centrifugation. The
supernatant was removed and the residue was
washed with de-ionized water which was dis-
carded. Four blanks were run in all the extraction
steps.

2.5. Groundwater sampling and analyses

Two piezometers consisting of PVC tubes with
a diameter of 3 cm with a screened section of 5
cm at the lower end were installed in the infiltra-

tion pond. The groundwater intake was at a depth
of 4.5 m below the soil surface of the infiltration
pond. The piezometers were pumped out prior to
sampling and were then allowed to refill. The
heavy metals and Hg were determined by ICP-MS
Ž .VG PQ2 TURBO PLUS , the other components

Žwith ICP-AES ARL 3560 by an accredited
. Ž .laboratory . The SAR sodium adsorption ratio is

Ž .1r2defined as Nar CaqMg in molar concentra-
tions and is used when soil water or irrigation
water quality is evaluated. The relationship
between ESP and SAR has been found to be
linear. The groundwater sampling reported is from
a temporary thaw period in February 1997.

3. Results and discussion

3.1. Soil properties

The particle size distribution of the soils -2
mm is presented in Table 1. The texture of the
soil -2 mm was sandy loam in roadside soils,
loam in the infiltration pond and sand in the
drainage inlet. The soil from the infiltration pond
inlet was different in soil properties from the
other soils, in that it had a coarser texture, a
lower LOI and less amounts of Fe]Mn present as

Ž .oxides Table 2 . The roadside soils had a lower
content of Fe and higher content of Mn present
as oxides than the soil from the infiltration pond.
The higher LOI and clay contents in the soil from
the infiltration pond resulted in a higher CEC
Ž . Ž .cation exchange capacity Table 3 . The high
percentage of finer clay fraction -0.001 mm,
high LOI in some samples and the occurrence of
Fe-oxides showed evidence for the presence of
colloids in the soil.

Table 1
The particle size distribution of the soil material -2 mm

Ž . Ž . Ž .Sand % Silt % Clay %

Ž .Roadside soil, 0.5 m 63 26 11 8
Ž .Roadside soil, 2.5 m 64 25 11 8
Ž .Infiltration pond 51 31 17 11
Ž .Drainage inlet 85 14 1 ]

Note. Numbers in parentheses represent the clay fraction
-0.001 mm.
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Table 2
Some properties of the studied soils, the amount of Fe and

aŽ .Mn occurring as oxides, pH and LOI loss on ignition

Ž . Ž .Depth cm Fe Mn LOI pH H O2
y1 y1Ž . Ž . Ž .mg kg mg kg %

Roadside soil, 0.5 m
0]5 2889 101 4.5 7.0
5]10 2528 118 3.8 6.6

10]15 3206 200 3.4 6.8
Roadside soil, 2.5 m

0]5 2776 180 6.8 6.7
5]10 2794 234 4.6 6.7

10]15 2984 282 3.5 6.8
Infiltration pond

0]5 4369 97 12 5.8
5]10 4005 82 12 5.7

10]15 3824 72 7.5 5.6
15]20 3929 76 6.6 5.8

Drainage inlet
0]10 1492 60 0.53 5.9

10]20 } } 0.74 5.9
20]30 1086 23 1.1 6.0
30]40 1374 34 1.6 5.8

a From soil sampling in October 1993.

3.2. Base status and exchangeable sodium percentage
( )ESP

The base saturation of the soils was generally
)95%, with the exception of the roadside soils in
October 1993 and in the infiltration pond in July

Ž .1997 Tables 3 and 5 . Ca was the major base
cation and Mg was generally of secondary impor-

Ž .tance in October 1993 Table 3 , except for the
soil samples at depths of 5]10 cm and 10]15 cm
in the roadside soils, and soil samples from the
infiltration pond in October 1995 and April 1997,
where Na was of second importance. This sug-
gested that Na ions in the de-icing salt displace
other ions on the exchange sites in the soil. This
suggestion is supported by a highly significant
negative correlation between CarCEC and

Ž .NarCEC rsy0.902, P-0.001, ns27 . In con-
trast, there is no significant correlation between
NarCEC and KrCEC or MgrCEC. In general,
K and Mg are considered to be more weakly
bound to the soil exchange sites than Ca and are
more easily displaced. However, the results of this
study show clearly that Na competes with Ca for

Table 3
y1w Ž . xThe concencentrations of base cations cmol q kg , cation

Ž . Ž .exchange capacity CEC and base saturation BS in soil
samples from October 1993

Ž .Depth cm Ca Mg K Na Acidity CEC BS

Roadside soil, 0.5 m
0]5 1.7 0.26 0.04 0.10 0.07 2.2 97
5]10 1.3 0.17 0.02 0.25 0.64 2.3 73

10]15 1.4 0.15 0.02 0.76 0.45 2.8 84
Roadside soil, 2.5 m

0]5 3.4 0.68 0.14 0.24 0.32 4.8 93
5]10 2.6 0.37 0.08 0.36 0.27 3.6 93

10]15 2.7 0.33 0.07 0.42 0.32 3.9 92
Infiltration pond

0]5 9.6 1.0 0.11 0.14 0.62 12 95
5]10 8.5 0.90 0.09 0.10 0.53 10 95

10]15 6.5 0.72 0.07 0.05 0.40 8 95
15]20 6.5 0.71 0.07 0.04 0.38 8 95

Drainage inlet
0]10 1.3 0.16 0.02 0 0.11 1.6 93

10]20 1.3 0.16 0.02 0 0.15 1.7 91
20]30 1.6 0.19 0.02 0 0.10 1.9 95
30]40 2.1 0.25 0.02 0 0.20 2.6 93

the soil exchange sites. Sodium represented a
much larger part of CEC than usual, a common
value in Sweden being approx. 1]2%. The ESP
value increased with increasing depth from 4.6%
to 27% at a distance of 0.5 m from the road, and
from 5.0 to 11% at a distance of 2.5 m from the

Ž .road Table 4 . Since the sampling was conducted
in October before the salting had started that
year, it is concluded that the high Na content is a
result of salting during the previous winter sea-
son. The increasing trend with increasing depth
showed that Na is transported downwards to the
groundwater. Na is the weakest bound cation to
soil colloids and is easily displaced by other
cations. The importance of the ion exchange of
Na from de-icing salts for other base cations has
been emphasized for both groundwater and

Žstreamwater chemistry Shanley, 1994; Fabricius
.and Olofsson, 1996 .

In the infiltration pond where the soil was
sampled several times, the ESP value varied from

Ž .-1% to 23% Tables 4 and 5 . When the sam-
pling was performed before the salting period of
the season, October 1993 and October 1997, the
ESP values were 1]2%. In October 1995, the
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Table 4
ŽThe ratios between the base cations and CEC cation ex-

.change capacity in samples from October 1993

Ž .Depth cm NarCEC CarCEC MgrCEC KrCEC
Ž . Ž . Ž . Ž .% % % %

Roadside soil, 0.5 m
0]5 4.6 77 12 1.8
5]10 11 56 7.4 0.87

10]15 27 50 5.4 0.71
Roadside soil, 2.5 m

0]5 5.0 71 14 2.9
5]10 10 72 10 2.2

10]15 11 69 8.5 1.8
Infiltration pond

0]5 1.2 80 8 0.92
5]10 0.99 85 9 0.90

10]15 0.64 81 9 0.88
15]20 0.52 81 9 0.88

Drainage inlet
0]10 0 81 10 1.3

10]20 0 76 9 1.2
20]30 0 84 10 1.1
30]40 0 82 10 0.77

sampling was conducted after the first salting of
that winter season and the ESP value increased
from 17 to 23% with increasing soil depth.
Between April and July 1997, the ESP value in
the surface layer of the infiltration pond de-
creased from 18% to 8.9%. The throughflow of
water is much higher in the infiltration pond than
in the roadside soils, and accordingly the ESP

value decreased to the background value in the
autumn, in contrast to the roadside soils. The
high ESP values showed that a dispersion of
colloids is possible in roadside soils, as dispersion
of soil colloids starts when ESP )15% and can
be initiated in many soils already at an ESP value

Ž .of approx. 6% Marshall and Holmes, 1988 .
The lower base saturation in the subsurface

Ž .samples from the roadside soils 0.5 m and from
Ž .the infiltration pond in July 1997 Tables 3 and 5

may be a result of dynamic ion exchange processes
between Na, Ca and H ions. Sodium in the
de-icing salts displaces Ca from the exchange
sites, and leaching of the soil with water low in
base cations such as snow melt water results in a
gradually replacement of Na by H ions and conse-
quently a lower base saturation. Later, the H ions
are displaced by Ca and a higher base saturation
is again reached, as is evident in the surface
layers of the profiles.

3.3. Concentrations of Pb, Cu, Zn and Cd

The sum of the fractions and the total concen-
trations of Pb, Cd, Zn and Cu were higher than
the average total concentrations of soils in Swe-

Ž .den. Andersson 1977 found the average concen-
tration of Pb to be 16; Cd, 0.22; Zn, 60; and Cu,
14 mg kgy1 in a survey of 361 samples from
non-cultivated and cultivated soils in Sweden.

Table 5
Ž . Ž .NarCEC ESP , CarCEC and base saturation BS at the edge and in the centre of the infiltration pond

Location in the Time Depth NarCEC CarCEC BS
Ž . Ž . Ž . Ž .infiltration pond cm % % %

Edge October 1995 0]10 17 68 97
10]20 16 64 98
20]30 23 53 96

Centre April 1997 0]10 18 68 99

Centre July 1997 0]10 8.6 85 99
10]20 6.5 73 93
20]30 10.8 63 90

Edge October 1997 0]10 2.3 82 98
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The highest concentration of Pb, 542 mg kgy1,
was measured in the surface layer at a distance of

Ž .0.5 m from the highway Table 6 and is 34 times
the average Pb concentration in soils in Sweden.
The soil samples at a distance of 2.5 m from the
highway and in the infiltration pond had Pb con-
centrations of 10]20 times the average Swedish
soil concentrations. Hvitved-Jacobsen and Yousef
Ž .1991 reported that 92% of the total lead present
was associated with particles )20 mm and that
Zn and Cu are considerably more water soluble
than Pb. Accordingly, Pb should be deposited in
the immediate vicinity of the highways, consistent

Ž .with the observations of Harrison et al. 1985
and with data given in a literature survey by

Ž .Scanlon 1991 .
In contrast to Pb, the highest concentrations of

Zn and Cu were measured in the infiltration
pond. Zinc concentrations in the pond ranged
from 373 to 781 mg kgy1 and Cu concentrations
ranged from 80 to 194 mg kgy1. The more water-
soluble metals, Zn and Cu are transported with
the highway runoff to the pond. The source of the
metals are also different; Pb is released to the
environment in exhaust gases whereas Zn and Cu

Table 6
y1Ž .Sum of fractions for Pb, Zn and Cu mg kg in soil samples

from sampling in October 1993

Ž .Depth cm Pb Zn Cu

Roadside soil, 0.5 m
0]5 542 140 57

a a a5]10 502 67 15
10]15 286 89 15

Roadside soil, 2.5 m
0]5 205 96 19
5]10 192 91 18

10]15 129 81 15
Infiltration pond

0]5 205 649 108
5]10 201 533 108

10]15 160 404 94
15]20 164 373 80

Drainage inlet
0]10 ] ] ]

10]20 ] ] ]

20]30 28 111 16
30]40 24 113 21

a Sum of fractions is underestimated.

are wear-products deposited on the highway sur-
face.

The higher metal concentration in the soil sam-
ples from the centre of the infiltration pond com-
pared to that at the edge could be explained in
several ways. Firstly, of course, the analytical
methods used were different. The metal concen-
trations in samples from October 1993 were cal-
culated as the sum of fractions from the sequen-
tial extraction whereas the samples from the cen-
tre of the pond were analysed for total concentra-
tions. It is not impossible that some metals was
lost in the sequential extraction, especially as the
cleaning water used between the extraction solu-
tions was discarded. Another possible explanation
is that the throughflow of water is higher in the
centre of the pond and accordingly that the sup-
ply of heavy metals is higher. The reason is
probably a combination of these two explana-
tions.

The concentrations of metals increased with
soil depth in the centre of the infiltration pond,

Ž .indicating a downward transport Table 7 . The
gradient was largest for Pb and Cd, the concen-
trations of which were almost doubled between
the surface layer and the subsurface layer at a
depth of 20]30 cm. In the case of Pb, this may to
some degree be an effect of the decreased use of
leaded gasoline, as the suspended particles
transported to the pond today have less Pb adsor-
bed to the surface. However, studies from the US
have provided evidence that a downward transport

Ž .of Pb does occur. Howard and Sova 1993 noted
higher Pb concentration at a depth of 75 cm than
in the surface layer in one soil profile close to a
highway exposed to de-icing salts. A study of an
outdoor shooting range showed that other
processes than those caused by de-icing salts are

Žresponsible for a downward transport of Pb Mur-
.ray et al., 1997 . Despite clay-rich soils, 472 mg

kgy1 Pb was found at a depth of 100 cm below
the soil surface.

Several studies have reported that Cd is the
most mobile heavy metal in soils and that a large
part is associated with the readily leached ex-
changeable and carbonate chemical fractions
ŽHarrison et al., 1981; Gibson and Farmer, 1984;

.Ramos et al., 1994; Chlopecka et al., 1996 . More-



( )A.C. Norrstrom, G. Jacks r The Science of the Total En¨ironment 218 1998 161]174¨168

Table 7
Total concentrations Pb, Zn, Cu and Cd in soil samples from
the centre of the infiltration pond for the highway runoff, July
1997

Depth Pb Zn Cu Cd
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .cm mg kg mg kg mg kg mg kg

0]10 171 607 155 1.53
10]20 231 683 175 1.96
20]30 324 781 194 2.66

over, the presence of a high Cl concentration has
been shown to decrease the adsorption of Cd ions

Žon soils Doner, 1978; Boekhold et al., 1993;
.Lumsdon et al., 1995 .

The concentrations of Pb, Cd and Zn in some
of the samples exceeded guideline values for less
sensitive land-use with groundwater protection
Ž .SNV, 1996 . These values are 300 for Pb, 1.0 for
Cd, 200 for Cu and 700 mg kgy1 for Zn.

3.4. Chemical fractions of the metals

3.4.1. Lead
The dominating chemical form for lead was the

Ž .oxide-bound 39]54% with the carbonate-bound

Ž . Ž .22]35% of secondary importance Table 8 . The
samples taken at a distance of 2.5 m from the
road had the highest percentage oxide-bound
fraction and the lowest carbonate-bound fraction.
These soil samples had the highest Mn-oxide
concentration, which suggested that Pb had a
preference for Mn oxides at the expense of the
carbonate fractions and Fe-oxides. The prefer-
ence of Mn oxides over Fe oxides for Pb has been

Ž .reported before by Tipping et al. 1985 and by
Ž .McKenzie 1980 , who found that the adsorption

to Mn oxides was approx. 40 times greater than
that of Fe oxides. The carbonate fractions were
surprisingly high, considering the pH of the infil-
tration pond soil. It is possible that some redis-
tribution from the exchangeable fraction had oc-
curred during the analyses. However, several
studies have reported the same high percentage

Ž .in the carbonate fraction. Howard and Sova 1993
noted, for example, a larger part in the carbonate
fraction in the most heavily contaminated road-
side soils, otherwise the organic fraction predomi-
nated.

Lead concentrations associated with the ex-
changeable, organic and residual fractions ranged
from lower than detection limit to 88 mg kgy1

Table 8
y1Ž . Ž .The concentration of Pb mg kg in soil fractions according to the sequential extraction scheme of Tessier et al. 1979

Ž .Depth cm Exchangeable Carbonate-bound Oxide-bound Organically-bound Residual

Roadside soil, 0.5 m
Ž . Ž . Ž . Ž . Ž .0]5 25 5 192 35 240 44 42 8 28 5
Ž . Ž . Ž . Ž .5]10 40 8 128 26 220 44 88 18 }
Ž . Ž . Ž . Ž . Ž .10]15 5 2 88 31 142 50 28 10 23 8

Roadside soil, 2.5 m
Ž . Ž . Ž . Ž . Ž .0]5 16 8 46 22 110 54 16 8 17 8
Ž . Ž . Ž . Ž . Ž .5]10 1 0.5 49 26 104 54 20 10 18 9

Ž . Ž . Ž . Ž .10]15 0 30 23 70 54 11 9 18 14
Infiltration pond

Ž . Ž . Ž . Ž . Ž .0]5 16 8 69 33 90 42 20 9 17 8
Ž . Ž . Ž . Ž . Ž .5]10 5 2 68 34 90 45 18 9 20 10
Ž . Ž . Ž . Ž . Ž .10]15 3 2 56 34 72 45 16 10 13 8
Ž . Ž . Ž . Ž . Ž .15]20 11 7 52 32 64 39 20 12 17 10

Drainage inlet
0]10 0 9.6 18 ] }

10]20 0 16 ] ] }
Ž . Ž .20]30 0 14 50 14 50 0 0
Ž . Ž .30]40 1 9.6 40 14 58 0 0

Note. Numbers in parentheses represent the percentage of the sum of fractions.
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Ž .0]12% . This is in agreement with several other
Žstudies Harrison et al., 1981; Gibson and Farmer,

.1984; Ramos et al., 1994 . Conversely, Miller and
Ž . Ž .McFee 1983 and Garcia-Miragaya 1984 found

that the organic-bound fraction of lead domi-
nated. In these studies, the organic fraction was
extracted with K P O before the oxide-associ-4 2 7
ated fraction in contrast to Tessier’s method. It
has been reported that Na P O extracts differ-4 2 7
ent amounts of Cu depending on the sequence
Ž .Miller et al., 1986 : more Cu was extracted when
the extraction was made before NH OH.HCl ex-2

Ž .traction oxide-bound than after. Conversely,
NH OH.HCl had little effect on the organic frac-2
tion and should thus be used first as in Tessier’s
extraction scheme. The same information is not
available for Pb, but the same result could be
expected.

3.4.2. Zinc
The oxide-bound fraction was greater than the

Ž .other fractions in the soil samples 42]77% , ex-
cept in the deepest layer in the roadside soils
where the residual fractions were of similar size
Ž . Ž .Table 9 . Iyengar et al. 1981 found that the

percentage of total Zn in different fractions var-
ied widely in 19 soils, depending on the chemical
and physical properties of the soil. Gibson and

Ž .Farmer 1984 reported that the organic-bound
fraction dominated, whereas others found the ox-
ide-bound and carbonate-bound to be the domi-

Žnating phases Harrison et al., 1981; Ramos et al.,
.1994 . In contrast to most studies, Ma and Rao

Ž .1997 reported that the residual fraction domi-
nated for Zn.

3.4.3. Copper
The dominating fraction for Cu varied with the
Ž .site Table 10 . In the infiltration pond, the or-

Ž .ganic fraction was the highest 64]73% and the
residual fraction was of secondary importance. In
the samples taken at a distance of 2.5 m from the
highway, the organic and residual fractions were
similar except in the deepest layer where the

Ž .residual dominated 47% . The soil samples taken
at a distance of 0.5 m from the highway had
similar oxide-bound and organic-bound fractions,
and the residual was highest in the deepest layer.
Copper is usually reported to dominate in the

Žorganic and residual phases Harrison et al., 1981;

Table 9
y1Ž . Ž .The concentration of Zn mg kg in soil fractions according to the sequential extraction scheme of Tessier et al. 1979

Ž .Depth cm Exchangeable Carbonate-bound Oxide-bound Organically-bound Residual

Roadside soil, 0.5 m
Ž . Ž . Ž . Ž . Ž .0]5 2.2 1.6 16 11 84 60 14 10 24 17
Ž . Ž . Ž . Ž .5]10 1.7 2.5 7.2 11 46 69 12 18 ]
Ž . Ž . Ž . Ž . Ž .10]15 1.4 1.6 5.7 6 37 42 6.0 7 39 44

Roadside soil, 2.5 m
Ž . Ž . Ž . Ž . Ž .0]5 2.2 2.3 16 17 43 45 7.2 8 28 29
Ž . Ž . Ž . Ž . Ž .5]10 1.8 2.0 13 14 40 44 5.4 6 31 34
Ž . Ž . Ž . Ž . Ž .10]15 1.1 1.4 6.9 9 34 42 4.4 5 35 43

Infiltration pond
Ž . Ž . Ž . Ž . Ž .0]5 72 11 70 11 394 61 44 7 69 11
Ž . Ž . Ž . Ž . Ž .5]10 5.0 1 50 9 412 77 36 7 30 6
Ž . Ž . Ž . Ž . Ž .10]15 3.6 1 38 9 280 69 25 6 56 14
Ž . Ž . Ž . Ž . Ž .15]20 2.7 1 36 10 248 66 22 6 64 17

Drainage inlet
0]10 2.4 29 ] ] ]

10]20 2.6 26 ] ] ]
Ž . Ž . Ž . Ž . Ž .20]30 1.7 1.5 26 23 64 58 5.2 5 14 13
Ž . Ž . Ž . Ž . Ž .30]40 2.1 1.9 30 27 62 55 4.2 4 15 13

Note. Numbers in parentheses represent the percentage of the sum of fractions.
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Table 10
y1Ž . Ž .The concentration of Cu mg kg in soil fractions according to the sequential extraction scheme of Tessier et al. 1979

Ž .Depth cm Exchangeable Carbonate-bound Oxide-bound Organically-bound Residual

Roadside soil, 0.5 m
Ž . Ž . Ž . Ž . Ž .0]5 0.76 1.3 11 19 20 35 20 35 5 9
Ž . Ž . Ž . Ž .5]10 0.52 3.6 2.7 19 6.3 43 5.1 35 ]
Ž . Ž . Ž . Ž . Ž .10]15 0.12 0.8 0.99 7 3.7 25 3.0 20 7 47

Roadside soil, 2.5 m
Ž . Ž . Ž . Ž . Ž .0]5 0.04 0.2 0.35 1.8 3.3 17 9 47 7 37
Ž . Ž . Ž . Ž . Ž .5]10 0.36 2.0 0.75 4.2 3.5 19 6 33 7 39
Ž . Ž . Ž . Ž . Ž .10]15 0.44 2.9 0.51 3.4 3.5 23 3 20 7 47

Infiltration pond
Ž . Ž . Ž . Ž . Ž .0]5 0.44 0.4 2.4 2.2 2.9 2.7 79 73 23 21
Ž . Ž . Ž . Ž . Ž .5]10 0.36 0.3 4.0 3.7 3.5 3.2 79 73 22 20
Ž . Ž . Ž . Ž . Ž .10]15 0.20 0.2 4.7 5.0 3.5 3.7 65 69 21 22
Ž . Ž . Ž . Ž . Ž .15]20 0.20 0.3 4.1 5.1 4.1 5.1 51 64 21 26

Drainage inlet
0]10 0.04 0.43 ] ] ]

10]20 0.20 0.27 ] ] ]
Ž . Ž . Ž . Ž . Ž .20]30 0.36 2.3 0.43 2.7 2.1 13 11 69 2 13
Ž . Ž . Ž . Ž . Ž .30]40 0.20 1.0 0.43 2.1 1.7 8 16 76 3 14

Note. Numbers in parentheses represent the percentage of the sum of fractions.

Gibson and Farmer, 1984; Hamilton et al., 1984;
.Ramos et al., 1994; Ma and Rao, 1997 .

3.5. Metal fractions and soil properties correlation

Correlations of metal fractions and soil proper-
ties i.e. LOI, amounts of Fe and Mn present as
oxides, and base saturation resulted in a few

Ž .significant relationships Table 11 . The highly
significant correlation between Cu associated in
organic form and LOI is in agreement with what
is usually reported. According to Tessier et al.
Ž .1979 the residual fraction consists of detrital
silicate minerals, refractory organic material and
resistant sulphides. The significant relationship
between residual-Cu and LOI found in this study
suggested that much of the residual fraction was
organic material and explained the dominance of
the residual fraction of Cu in some samples. The
lack of correlation between soil parameters and
the exchangeable and the carbonate fraction sug-
gested that these extractions are not totally selec-
tive.

The much higher correlation coefficients ob-
tained when the samples from the drainage inlet
were excluded showed that the relationships

Table 11
Correlations between metal fractions and soil properties

R

a UUUCu-Organically bound]LOI 0.863
a UUUCu-Residual]LOI 0.874

a NSPb-Oxide boundrPb-total]Mn-oxide bound 0.142
b UUUPb-Oxide boundrPb-total]Mn-oxide bound 0.889

a UUZn-Oxide bound]Fe-oxide bound 0.734
b UUUZn-Oxide bound]Fe-oxide bound 0.942

aAll soil samples are included in the correlation.
b The soil samples from the drainage inlet of the infiltration
pond are not included in the correlation.
U P-0.05; UU P-0.01; UUU P-0.001; NS, not significant.

between soil parameters and metal fractions are
complex and may be different for different soils.
It may also be one reason for the contradiction
between different studies McLaren and Crawford
Ž . Ž .1973 and Iyengar et al. 1981 reported a statis-
tical relationship between metal fraction and soil

Ž .parameters, whereas Miller and McFee 1983
found no significant relationships in their regres-

Ž .sion analyses. Moreover, Ramos et al. 1994 re-
ported that the distribution of metals in the vari-
ous chemical fractions was dependent on the total
metal content of the soils.
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Table 12
The sum of of 16 PAH compounds including five carcinogenic
according to EPA of soil samples from the centre of the
infiltration pond for highway runoff, July 1997

PAH Carcinogenic
sum PAHs

y1 y1Ž . Ž .mg kg mg kg

0]10 3.9 1.6
10]20 6.1 2.6
20]30 7.6 2.8

( )3.6. Polyaromatic hydrocarbons PAHs

The concentrations of the sum of 16 PAH
compounds and of the carcinogenic compounds
were well below the guideline values for less
sensitive land-use with groundwater protection

y1 Žwhich is 40 and 7 mg kg , respectively Table
.12 . A reliable assumption is that the infiltration

pond mostly contained waterborne contaminants.
PAH compounds are mainly transported by air
and most of the highway-derived PAH is de-

Žposited within 3.8 m from the road Johnston and
.Harrison, 1984 . As in the case of the heavy

metals, an increased concentration with increased
depth was observed, indicating a downward
transport, as has also been suggested from column

Žexperiments Magee et al., 1991; Johnson and
.Amy, 1995 .

Although the PAH concentrations are below
the Swedish guideline values for less sensitive
land-use with groundwater protection, the carci-
nogenic part exceeded the guideline values for
sensitive land-use such as crop production which

y1 Ž .have a value of only 0.3 mg kg SNV, 1996 .
The carcinogenic PAH compounds analysed were

w x w xbenz a anthracene, chrysene, benzo b fluo-
w x w xranthene, benzo a pyrene, dibenz a,h anthracene

w xand indeno 123c,d pyrene.

3.7. Groundwater chemistry

All heavy metals in the groundwater had raised
concentrations compared to background values in

Ž .Sweden Table 13 . The background values are, at
most, 1 mg ly1 for Pb and Cu; 0.01 mg ly1 for Cd;

y1 Ž .and 1 ng l for Hg Aastrup et al., 1995 . The
limit for drinking water quality, 10 mg ly1 for Pb,
was exceeded in the unfiltered sample from
piezometer 1. Although it is well known that 0.45
mm is not a breakthrough for groundwater col-
loids, the much higher concentrations in the un-
filtered water suggested that the heavy metals are
mainly colloid-associated. Moreover, the higher
Fe and Al concentrations in the unfiltered sample
indicated that the metals are associated with Fe-
and Al-oxides, which may have been dispersed
due to the very high Na concentration. The SAR
value of the groundwater samples, which is com-
parable with the ESP values of the surrounding
soil, were 21% for piezometer 1 and 35% for
piezometer 2.

4. Conclusions

The high percentage of the finer clay fraction
-0.001 mm, the high LOI in some samples and

Table 13
Groundwater sampling in the infiltration pond, 4.5 m below soil surface on 7 February 1997

Cd Pb Cu Zn Cr Hg Fe Al Na
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .mgrl mgrl mgrl mgrl mgrl mgrl mgrl mgrl mgrl

Piezometer 1
UF 0.188 27.7 75.3 927 6.75 0.177 20 2.42 715
F 0.043 3.68 38.1 360 1.71 0.020 2.31 0.02 668

Piezometer 2
UF 0.064 5.51 35.7 428 1.91 0.042 2.85 0.19 1280
F 0.068 2.52 22.8 404 1.73 0.057 2.44 0.014 1260

Abbre¨iations. UF, unfiltered sample; F, filtered through a 0.45-mm sieve.
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the occurrence of Fe-oxides were evidence for the
presence of colloids in the soil. The high ESP
values observed showed that the conditions in
roadside soils receiving de-icing salts promote the
dispersion of colloids. Although it has not yet
been proved that the other criterion for colloid
leaching is fulfilled, i.e. low electrolyte concentra-
tion, it is indicated by the lower base saturation
observed in some soil profiles.

Since dispersion can result in mobilization of
both oxides and organic matter, the metals occur-
ring preferentially in these fractions are most
likely to be mobilized. The carbonate fraction can
be considered to contain metals which are vulner-
able to changes in pH. Lead, which had a high
percentage in this fraction, is accordingly suscep-
tible to mobilization if the soil acidity increases.
The lower base saturation in some samples
showed that this is a highly probably scenario.

Ž .The first extraction 1 M MgCl reflects the2
conditions in soils contaminated with de-icing
salts. This may represent the maximum fraction
of the metal that will be leached as chloride
complexes. For all metals, it is a small fraction,
only 1]2%, but if some redistribution to the
carbonate fraction occurred during analyses, as
the soil pH and the lack of any relationship to soil
properties suggested, this fraction could be much
higher. In any case, the study showed clearly that
a large part of the Pb, Zn and Cu was present in
chemical fractions which are vulnerable to leach-
ing when exposed to high NaCl concentration,
reducing conditions or a decrease in pH. The
increase in concentration of Cd, Pb, Cu, Zn and
PAHs with increasing soil depth in the infiltration
pond as well as the groundwater chemistry showed
that a downward transport has occurred or is
occurring.

The conflicting results in the dominant chemi-
cal fractions of metals between different studies
may be an effect of the chemical and physical
properties of the soils. However, the fact that the
extractions are operationally defined fractions and
the problems of redistribution during extraction
are both important when different sequential ex-

Žtraction schemes are compared Miller et al.,
1986; Kheboian and Bauer, 1987; Nirel and Morel,

.1990 . The highly significant correlations observed
in several cases in this study between soil proper-
ties and chemical fractions of metals render the
results reliable for the fractions that predomi-
nate.

The dispersion of the soil colloids result in a
reduction of the hydraulic conductivities
Ž .Amrhein et al., 1993 . However, in soils with
macropore flow, the size of the macropores may
be important for how the water transport is in-
fluenced. Clogging of small pores may lead to a
higher flow rate in larger pores. The importance
of macropore flow for the transport of groundwa-
ter colloids was discussed by McCarthy and

Ž .Zachara 1989 . Colloid-facilitated transport is
quite likely in the coarse fluvioglacial material
underlying the infiltration pond. Sand and gravel
have low specific surface areas with less probabil-
ity of adsorbing colloids.
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