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Abstract

Application of galvanized steel in pylons supporting electricity transmission lines
has brought about soil contamination by zinc. The distribution of the cumulative
zinc burden was evaluated from the stock of zinc in the top 60 cm of the soil around
five pylons of two different types. An adequate description of the data was obtained
with a model comprising a background value of the zinc stock, a factor related to the
time-integrated source strength and local variables characterizing exposure fre-
quency and deposition rate. The exposure frequency factor was calculated as the
sum of long-term directional wind frequencies over the range of azimuths over
which winds move from the pylon to a given location. Deposition rate was related to
distance from the pylon by an exponential decay function.

Introduction

A marked gardener’s claim that the growth of green beans was inhibited in the im-
mediate vicinity of a power pylon on sandy soil, led us to investigate the cause of
this symptom. The results of soil and plant analysis indicated that it was a matter of
zinc toxicity (Lexmond, unpublished).

The pylon referred to is a component of the national 380 kV grid, a network of
transmission lines linking together the main power stations in the Netherlands, with
branches to Germany and Belgium. The grid is owned by the cooperating electricity
production companies. Pylons supporting the transmission lines consist of a frame-
work of galvanized steel girders built on concrete corner blocks. The owner’s main-
tenance policy is directed towards preventing the steel from rusting. Since the pro-
tective effect of zinc coatings is only temporary under Dutch conditions, the pylons
are painted. Fresh, unweathered zinc, however, is considered unsuitable as a basis
for the paint. Therefore the zinc coating is allowed to weather for several years (5 to
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10 depending on the local corrosion rate) before the first layer of paint is put on.
During these years a burden of zinc is imposed upon the soil. In the case referred to,
the zinc content extractable with 0.43 M HNO, (Westerhoff, 1955) in the top 20 cm
of the soil below the pylon was 260 mg kg™'. At a distance of 5 to 10 m from the edge
of the basal area it had declined to 100 mg kg™’ and at 50 m to 25 mg kg™'. Only the
last value is within the normal range of HNO;-extractable zinc for Dutch sandy soils
in agricultural use.

Jones (1983) determined the zinc content in soil near rusty pylons in Ontario, Ca-
nada, which obviously had largely lost their zinc coating. The maximum value of to-
tal zinc reported was as high as 17.4 g kg™" in the top 5 cm of soil collected close to a
30-year-old pylon. At another site a value of 8.4 g kg™! was found in the top 5 cm of a
bare patch of soil under the pylon. The zinc content declined rapidly with distance,
soil containing 143 mg kg™' in the top 10 cm at 10 m distance and 68 mg kg™' (back-
ground value) at 90 m.

In the Netherlands, electricity companies do not possess the freehold of transmis-
sion line corridors. They acquire a right of way including rights to safeguard proper
functioning of the line, but they remain responsible for damage to joint users resuit-
ing from contamination. Such liability requires insight into the extent of the con-
tamination and into its consequences. This paper reports the results of a study on
the distribution of the zinc burden upon the soil, as reflected in the stock of total
zinc in the top 60 cm around pylons in the national 380 kV grid.

Model description

The distribution of the cumulative zinc burden is the time-integrated result of zinc
transport from pylon to soil. Zinc transport is preceded by dissolution of zinc ions at
the pylon surface in water supplied by rain, fog and condensation. The resulting
zinc solution reaches the soil surface by flow along the pylon surface and by settling
of droplets after they have become detached from the pylon surface. Droplets mov-
ing through the atmosphere are subject to the transporting action of the wind. They
are carried along into a direction determined by the direction of the wind over a dis-
tance depending on wind speed and their residence time in the atmosphere. After
reaching the soil surface, the zinc solution may penetrate into the soil immediately
or it may run along the soil surface over some distance before penetrating. For well
permeable, flat soils the significance of transport along the soil surface is considered
minor and is neglected. Then, horizontal transport is entirely due to the wind.
Differences in the cumulative zinc burden between locations outside the pylon
basal area can arise from differences in frequency of exposure to the zinc-contain-
ing spray and from differences in deposition rate during exposure. Exposure fre-
quency depends on the directional wind frequency during the time when zinc-con-
taining droplets are actually being released at the pylon surface. Since this is un-
known, a long-term frequency distribution has to be used. Doing so, however, en-
tails the implicit presupposition that both frequency distributions are congruent.
Exposure frequency also depends on distance from the pylon and on pylon width,
since the range of azimuths (@ in Fig. 1) over which winds move from the pylon to a
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Fig. 1. Calculation of ¢, the range of azimuths over which winds move from the pylon to a given point P,
from the basal dimensions of the pylon (I, II). Lower and upper limits of ¢ are indicated in III, where y =
arctg [dsina/(b/2 + a/2tga + dcosa)] (cf. I, IT). The exposure frequency factor for P (f,) is defined as the
sum of proportional frequencies of resultant winds blowing from the pylon over the azimuth interval

(o1 @l

given location is determined by these factors. Following a suggestion by McClena-
hen (1983), the sum of directional wind frequencies over ¢ is used to estimate the
exposure frequency factor (f). For the sake of simplicity, ¢ is calculated from the
basal dimensions of the pylon, as indicated in Fig. 1.

Deposition rate at a given location is expected to decrease as distance from the
pylon increases. Droplets with a relatively large diameter and, consequently, a high
gravitational settling velocity and short residence time reach the soil surface within
a short distance from the source. Smaller droplets may be transported over larger
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distances. Due to the selective removal of large droplets close to the source both the
zinc content of the air and average gravitational settling velocity decrease as dis-
tance increases. This effect can be taken into account by introduction of an attenua-
tion factor a relating deposition rate at a given location (j) to its original value close
to the source (j,):

j=aj ()

Since a ranges between 1 at the pylon base and 0 at large distances, the relation be-
tween a and distance (d) might have the form of an exponential decay function:

a = exp(—kd) (2

where the attenuation coefficient k may be referred to as sedimentation coefficient.
This expression has no theoretical basis, but it has been used in describing the rela-
tionship between the cumulative lead burden upon soil in the immediate vicinity of
roads and distance from the road (Reiter et al., 1979). Since in that case the source
is linear, exposure frequency for sites on the same side of the road is independent of
distance and the relationship between cumulative lead burden and distance is enti-
rely due to a decrease in deposition rate. Slawson & Wigley (1976) proposed a simi-
lar ‘depletion’ factor in a model for cooling tower drift deposition.

The exposure frequency factor f and the deposition rate attenuation factor a to-
gether determine the distribution pattern of the zinc burden. They still have to be
combined with the time-integrated source strength, which for a given pylon is pro-
portional to corrosion rate and exposition time. In comparing different pylons addi-
tional factors must be taken into account, such as surface area and geometry of the
pylon. The latter may affect the partitioning of zinc between the areas within and
outside the pylon base. When the zinc burden is determined from changes in the
stock of zinc in the soil profile, the time-integrated source strength will be charac-
terized by a parameter of the same unit as the zinc stock, i.e. g m2. This is the ratio
of the quantity of zinc distributed outside the basal area (g) to the product of fand a
integrated over the plane coordinates outside the basal area (m?).

In order to complete the model a background value of the zinc stock (s,) has to be
included, representing the zinc stock excluding the contribution by the pylon.

The full model then reads as follows:

s =s,+ fexp(-kd) S 3)

where s is the zinc stock (g m™2) at a given location, s, is its background value, fis the
exposure frequency factor for that location (dimensionless), k is the sedimentation
coefficient (m™), d is the distance between the location and pylon base (m) and §
represents the time-integrated source strength (g m™2).

The zinc stock s is the measured response variable. Fixed values for the predictor
variables f and d are assigned to each sampling location. This leaves three param-
eters (s, kK and ) whose value has to be estimated by fitting the model.
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Materials and methods

Two types of pylons have been applied in the grid, one, the most common (denoted
here as type A), a single body carrying two crossbeams, the other (type B) a double
body carrying three crossbeams (Fig. 2). Within each type several subtypes can be
discerned. Angle pylons, applied at points where the line changes its course, are
built more heavily since they have to absorb additional forces compared to support
pylons. An angle and a support pylon of both types were examined. Two identical
support pylons of type B were included, so as to provide an independent repli-
cation. Pylon characteristics are listed in Table 1.

A
i
B

Fig. 2. Types of pylons applied in the national 380 kV grid.
Table 1. Pylon characteristics.
Section Geertruidenberg-Eindhoven Maasbracht-Dodewaard
Number 49,51 55 131 151
Type B B A A
Subtype support angle support angle
Height (m) 60 57 49 46
Base (m X m) 7.8 x23.8 12.5x25.0 9.1x9.1 1.1 x11.1
Surface area (m?) 1300 1570 630 970
Orientation of crossbeams (°) 21 26 95 68
Year of construction 1967/68 1967/68 1967/68 1967/68
Year of 1st painting 1974 1974 1978 1978
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The investigation concerning type B pylons was carried out in 1983, the informa-
tion on type A pylons was collected in 1984/85.

The pylons are all situated in the province of North Brabant on sandy soils. Their
relatively low zinc content compared to heavier soils warrants low background
values of the zinc stock. Pylon 49 is situated on a Plaggeptic Haplaquod (de Bakker,
1979), 51, 55 and 131 on Typic Haplaquods and 151 on a Typic Humaquept, all de-
rived from cover sand (sandy, siliceous, mesic). At the site of pylon 151 the sand is
loamy, at the other sites it is not.

Around each pylon eight lines of direction separated by angles of 45° were mea-
sured out from the centre of the basal area, taking the orientation of the crossbeams
as base. Along each line points were marked at 2, 4, 6, 8, 10, 15, 20, 40, 60 and 100
m (type B) or at 3, 6, 12, 25, 50 and 100 m (type A) from the edge of the basal area.
Occasionally, deviations from the sampling scheme had to be accepted. Soil was
sampled from the layers 0-20, 20-40 and 40-60 cm below surface level with a set of
gauge augers for stepwise sampling. At each point three cores were collected
around the marking ca. 15 cm apart. Cores from the same depth were combined.

Samples were air-dried, passed through a 2-mm sieve and sub-sampled by hand.
Their zinc content was determined after digestion with a mixture of concentrated
nitric and sulphuric acid (1:1 by volume). The digestion was finished by treatment
with hydrogen peroxide and boiling with water. The zinc concentration in the digest
was measured by flame atomic absorption spectrometry, using the continuous spec-
trum of a D, lamp for background correction. The organic matter content (OM)
was determined as loss on ignition at 850 °C. It was used to estimate dry bulk den-
sity of the soil (g,). For samples with OM < 8 gkg™', o, was set at 1.65 Mg m™>. If 8
< OM < 46, g, was calculated via g, ™' = 0.595 + 3.1 X 10 OM and if 46 < OM <
90 via o, ' = 0.629 + 2.4 X 10~ OM. The zinc stock per layer (g m™2) was calculated
by multiplying zinc content (g Mg™'), dry bulk density (Mg m~®), and layer thickness
(m). Adding up the values for the successive layers gave the zinc stock in the top 60
cm.

The exposure frequency factor was calculated from the directional wind frequen-
cy distribution as given for Eindhoven (1949-1970) by the Werkgroep verspreiding
luchtverontreiniging (1981). The wind climate at Eindhoven is considered repre-
sentative for the inland (Wieringa & Rijkoort, 1983). The station is within 30 km
distance from the sites of investigation.

Results and discussion

Vertical distribution of the zinc content

Table 2 summarizes results of the zinc analysis for the three successive soil layers
sampled around pylons 49 and 51. A full account of analytical data is given by Lex-
mond (1987). It is obvious that the zinc content decreases as distance increases,
thus confirming that pylons act as sources of zinc. In the top 20 cm the zinc content is
consistently higher near pylon 51 than near pylon 49, but the reverse applies to the
20-40 cm layer. These differences in vertical distribution can be attributed to soil
tillage. Up to a depth of ca. 30 cm a partly decomposed sod was observed near pylon
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Table 2. Zinc content (mg kg™') of the soil in three successive layers given as the arithmetic mean per
distance for the pylons 49 and 51.

Distance (m) | 49 51
Depth (cm) below surface - 0-20 20-40 40-60 0-20 20-40 40-60
2 130 121 25 169 47 13
4 115 76 21 134 46 12
6 80 65 24 122 37 12
8 64 56 13 107 31 13
10 60 50 13 82 26 11
15 42 38 11 64 20 9
20 35 29 8 46 16 7
40 21 20 8 38 13 6
=60 16 18 8 31 13 7

49, indicating that the field had been ploughed up. No traces of ploughing deeper
than 20 cm were observed near pylon 51. The increase in zinc content of the 20-40
cm layer at the latter site and the slight increase in the 40-60 cm layer close to both
pylons indicate that some leaching of zinc from the top soil has occurred. Taking the
samples at distances =60 m as reference, it was calculated that the increase in the
zinc stock in the 40-60 cm layer at distances <10 m averages 8 % and 5 % of the to-
tal increase in the 0-60 cm layer for pylons 49 and 51 respectively. The selected
depth of sampling is therefore considered adequate.

Horizontal distribution of the zinc stock

Fig. 3 shows the zinc stock along lines of direction east (I) and west (II) from the py-
lons 49 and 51. To the east values are consistently higher, as expected considering
the prevailing southwesterly and westerly winds. The relationship between zinc
stock and distance closely follows an exponential function. According to Eq. 3 an
exponential relation for s(d) would imply that f(d) is constant or exponential. The
first possibility can be rejected because of the non-point nature of the source (cf.
Fig. 1). The insert in Fig. 3 shows the second to be real, even though some systemat-
ic deviations occur. In general, however, the differences in f between lines of direc-
tion east and west from the pylon correspond to the differences found in the zinc
stock. The zinc stock decreases more rapidly than f as distance increases. Accord-
ing to Eq. 3 this can be explained from a decrease in deposition rate as distance in-
creases.

Fitting Eq. 3 to the collected data (non-linear regression) by the method of least
squares showed error variance to be an increasing function of the response varia-
ble. Since the coefficient of variation was constant the model was refitted by the
method of weighted least squares using the previously estimated values of the re-
sponse variable () to estimate weights (1/5) inversely proportional to the variance
of s. The results are presented in Table 3. The upper part of the table shows esti-
mates of k to be less stable than those of 5, and S. The lower part shows that a fixed
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Fig. 3. Relationship between zinc stock and distance for lines of direction east (I) and west (IT) from the
pylons 49 and 51. Values are the arithmetic mean over 21, 66 and 111° (I) and 201, 246 and 291° (II). The
insert shows the corresponding relationships for the exposure frequency as calculated on the basis of ex-
pressions in Fig. 1 and the directional wind frequency distribution. Exponential functions fitted by ordi-
nary least squares.

value of £ (0.03) can be used for all pylons without substantial effects on the coeffi-
cient of determination.

The regression is highly significant (P < 0.01) for each individual case. Both pre-
dictor variables contribute significantly to the regression model (partial F-test), the
only exception being the contribution of the deposition rate attenuation factor for
pylon 151.

A test for lack of fit

A further check on model adequacy is possible because of the fact that pylons 49
and 51 are identical in every aspect. The zinc stock near these pylons has been de-
termined at a large number (74) of corresponding locations. For each of these, two
completely independent observations are available, which allow a model-indepen-
dent estimate to be made of the error variance. The test procedure involves a com-
parison of the model-independent pure error variance and the model-dependent er-
ror variance known as lack of fit (Montgomery & Peck, 1982).
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Table 3. Model parameters estimated by fitting Eq. 3 by the method of weighted least squares, and cor-
responding statistical data. A: k freely adjustable. B: k fixed at 0.03 m™!.

Pylon number s, (gm?) k(m™) S(gm?) R*
A
49 11.4 0.038 155 0.873
51 12.1 0.017 124 0.812
55 10.2 0.026 130 0.827
131 14.4 0.048 153 0.750
151 14.7 0.004 171 0.747
B
49 11.0 0.03 148 0.872
51 13.1 0.03 131 0.810
55 10.5 0.03 133 0.826
131 139 0.03 140 0.745
151 17.8 0.03 184 0.730
nt TSS* RSS* CV (%)*
49 76 22.8564 2.9315 20.0
51 80 20.7342 3.9486 22.6
55 73 20.4540 3.5533 22.5
131 48 8.2526 2.1070 21.6
151 44 9.6317 2.5983 25.2

* R2: coefficient of determination, n: number of observations, TSS: total sum of squares, RSS: residual
sum of squares, CV: coefficient of (residual) variation.

The weighted sum of squares (SS) due to pure error (PE) is obtained via

M2 _F,
SS,. =2 > (4 "t
=2 2 (2] @

i=1 j=1 ;

with 74 degrees of freedom, 1 for each location. This sum of squares may be inflated
if the zinc stock differs systematically between the two pylons. To check this possi-
bility the ‘block’ sum of squares is calculated via

2 74 §.—5. 2
SSp=% (£ L} /74 )
j=1\ i=1 S;

with 1 degree of freedom.
The sum of squares for lack of fit (LOF)

74 . — .2
SS op=22 (M) (6)

i=1

S.

{

is the weighted sum of squared deviations between the mean response s; at each
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location and the corresponding value §, estimated by fitting the model s = s, + fexp(
-0.03d)S by weighted least squares. The weights required for that are estimated by
fitting this model by ordinary least squares. There are 71 degrees of freedom asso-
ciated with SS, g, since there are 74 locations, 2 degrees of freedom are lost be-
cause 2 parameters (s, and §) must be estimated and 1 is considered to have been
lost in the estimation of k = 0.03 m™". The results are presented in Table 4. The test
statistic for lack of fit (MS, ,¢/MS;g) is not significant (P > 0.10), so the model can
be considered adequate. The coefficients of variation due to pure error and lack of
fit amount to 20.5 and 22.8 % respectively.

Table 4. Analysis of variance for the test for lack of fit.

Source of;ariation Sum of squares Degrees of freedom  Mean square F
Lack of fit 3.7065 71 0.0522 1.24
Pure error 3.1180 74 0.0421

(‘Block’) 0.0532 1 0.0532

(Remainder) 3.0647 73 0.0420

Table 5. Comparison of measured and fitted values of the zinc stock (combined data pylons 49 and 51).
A: direction-averaged values per distance. B: distance-averaged values per direction.

A
Distance (m) Number of Zinc stock (g m™2) Mean relative
directions . deviation (%)
measured fitted
2 8 69.5 67.7 + 1.4
4 8 55.6 55.7 + 0.2
6 8 46.8 45.9 + 0.1
8 8 39.1 38.7 - 1.0
10 8 33.8 329 + 2.6
15 8 25.4 25.6 - 13
20 8 19.5 21.5 - 78
40 6 15.3 15.5 + 1.7
60 6 14.5 13.5 + 7.8
100 6 12.4 12.6 - 1.6
B
Direction (°) Number of Zinc stock (g m2) Mean relative
distances - deviation (%)
measured fitted
21 10 32.1 327 + 0.4
66 10 479 43.4 + 9.9
111 10 38.4 39.3 -39
156 10 327 334 + 0.1
201 10 19.3 22.5 -10.4
246 7 39.9 38.1 + 0.7
291 7 33.0 38.7 -15.3
336 10 35.6 30.0 +14.0
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In Table 5 measured and fitted values of the zinc stock are compared. Direction-
averaged relative deviations per distance are smaller than distance-averaged devia-
tions per direction. None of the averaged deviations differs from its expected value
(zero) at P < 0.05.

Model parameters

From data presented by Hemkes et al. (1980) completed with reasonable estimates
of dry bulk density, Lexmond (1987) estimated a zinc stock value of 10.9 g m™? for
the top 60 cm of grassland on sandy soil (cover sand). The background values of the
zinc stock found in this study (Table 3) are similar. In heavy clay soils, however, the
background value may exceed this value by a factor of 10.

No data are available which can be compared with the estimates of k and S. The
estimate of k is not very accurate, since exp(—kd) and f are highly correlated. For
example, the correlation between f and exp(—0.03d) has a coefficient of 0.82 in the
sampling scheme for pylons 49 and 51. By careful selection of lines of direction and
distances some reduction is possible, but this correlation is a natural characteristic
of the sampling population. The sedimentation coefficient £ measures the decrease
in deposition rate as distance increases. It may be regarded as the fraction of the
zinc flux which is withdrawn by sedimentation during transport over a certain small
distance away from the source. The size of this fraction depends on the mean hori-
zontal velocity of the zinc containing droplets {and thus on wind speed) and on their
mean residence time in the atmosphere. Residence time depends on height of drop
and gravitational settling velocity. An increase in wind speed and residence time
causes k to decrease. Therefore k might be expressed as

k~v/(u H) )

where Vg is the mean gravitational settling velocity (m s™!), u is the average wind
speed (m s™!) and H is the average height of drop (m). Assuming that the droplet
size distribution is the same for all pylons, two factors emerge which may influence
k: average wind speed and pylon height.

Average wind speed varies with site and with direction. For the sites involved in
the investigation differences can be considered small. Frequency distributions of
hourly averaged potential wind speeds are available per 30° azimuth sectors (Wie-
ringa & Rijkoort, 1983). For the typical inland station of Eindhoven the average
potential wind speed per sector is at most ca. 25 % higher or lower than the average
over all sectors. The relevant frequency distribution, however, is unknown since no
information is available on the actual wind speed prevailing in the wake of the pylon
during zinc transport. The average potential wind speed for the lines of direction
east and west from pylons 49 and 51, referred to in Fig. 3, is 5.6 and 4.2 m s™' respec-
tively. The values of k estimated by fitting Eq. 3 are 0.044 and 0.038 m™! respective-
ly and thus do not reflect this difference. The variation in height of the pylons stud-
ied is small. Average height amounts to 54.4 m, the minimum value being 46 m
(85 %), the maximum 60 m (110 %). In view of the difficulty of estimating k accu-
rately, a possible effect of these small variations may have remained unnoticed.
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As sources of zinc, pylons are most easily characterized in regard to their poten-
tial size. The total volume of zinc incorporated equals the product of surface area
and thickness of the zinc coating. The coating, applied by hot dipping, has an aver-
age thickness of 0.10-0.12 mm and surface area ranges between 0.6 and 1.0 X 10°
m?’ for type A and between 1.3 and 1.8 X 10° m’ for type B pylons. The total volume
of zinc per pylon thus ranges between 0.06 and 0.22 m® and the total quantity be-
tween 0.43 and 1.5 Mg, assuming a density of 7.14 Mg m™ for metallic zinc. Only
part of the total quantity has been released to the environment. Data presented by
Boers & Tiemens (1984) indicate that approximately 10 um of zinc could have been
oxidized before the coating was painted over. Since an unknown part of the corro-
sion products was still attached to the surface at the time of painting, the released
fraction must have been less than 10 %. If the paint has been effective in reducing
the rate of zinc loss, this figure may also serve as an estimate of the time-integrated
source strength with regard to the soil both inside and outside the pylon basal area.
This would then imply that without measures to mitigate zinc loss, values of § can be
reached eventually that exceed the estimated values (Table 3) by a factor of 10 or
more. On soils with a high capacity to immobilize zinc, this would lead to zinc con-
tent levels close to the pylons which are comparable to those found by Jones (1983),
i.e. of the order of 10 g kg™' in the top 5 cm.

For the time being, estimates of § cannot be compared to the quantity of zinc in-
corporated in the pylons, since this would require (numerical) integration of the dis-
tribution function f exp(—kd) over the plane coordinates outside the basal area, a
task not impossible but not executed yet. The values listed in Table 3B are remark-
ably similar and do not differ significantly. A combined estimate in which each sep-
arate estimate is weighted inversely as its variance, yields a value of 140 g m™. This
value may serve as a first guess of S for comparable pylons in the inland, since the
extent of zinc corrosion is more or less similar to all pylons at the time when the first
layer of paint is put on.

Conclusions

The results of this study confirm that galvanized pylons act as sources of soil con-
tamination by zinc. The zinc stock in the top soil declines rapidly with distance from
the pylon. The influence of prevailing winds on the distribution pattern is consistent
with the assumption that dispersion is effectuated by transport through air.

The distribution of the zinc stock is adequately described by a model comprising a
background value of the zinc stock, a factor related to the time-integrated source
strength, and local variables characterizing exposure frequency and deposition
rate. The exposure frequency factor for a given location can be estimated from a
long-term directional wind frequency distribution as the sum of directional wind
frequencies over the range of azimuths over which winds move from the pylon to
this location. Deposition rate decreases as distance to the source increases. The at-
tenuation factor can be estimated from distance via an exponential decay function.

An evaluation of the damage to agriculture resulting from the zinc burden re-
quires information on the relationship between the zinc content of the soil and yield
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or quality of the crops. This relationship will be affected by soil- and crop-related
variables.
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