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SUMMARY.

The object¡.ves of this work h,ere to assess the extent and consequences of

the accumulation of copper, lead and arsenic from sprays in the soils of

apple and pear orchards in Austral ia. ln field i nvestigatíons, the concen-

trations of copper, lead and arsenic in surface soils and their re-distribution

throughout the soil profile were studied, as well as the seasonal variation

in their uptake by pasture plants. Glasshouse pot experiments were used to

assess the effects of soil temperature, pH, waterlogging and fertilizers on

the growth and content of vegetables.

The area of Australia on which apple and pear trees are grown has declined

rapidly since 1970 and is now estimated to be less than half of the post-war

peak of approximately 50000 ha. This decline in area was caused by declining

profitability and losses of traditional markets Ìn Europe and was accelerated

by the Fruitgrowing Reconstruction Scheme (1972'6) which encouraged growers

to clear or par:tial fel I unprof îtable orchards. 0rchard soi ìs have âccumulated

residues from copper-containing and lead arsenate sprêys over many decades.

The extent of accumulation of copper, lead and arsenic in soils, and their

possible effects on agriculturaì activities folìowing tree removaì have not

been investigated in Austral ia.

A number (98) of surface soils were sampled from orchards or former orchard

areas in South Australia and Tasmania. The copper, lead and arsenic concen-

trations exceeded 300, 550 and IOO pg g-1, resPectively, which are 20 to 30

times the concentrations usually found in uncontaminated soi ls' Copper and

lead extracted by DTPA and EDTA were linearly correìated wÎth total concen-

trations'. The ratios of lead to arsenic in the surface soils, when compared

to the rati'o in lead arsenate sPray, s'uggested that losses of arsenic had

occurred, especially in the Tasmanian soils. Examination of a series of soil

I
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prof¡les from the Huonville area confirmed that substantíal ìeaching of arsenic

occurs i'n coarse textured soi'ls relati-ve to lead and copper whÎch were both

retained in the top 25 cm of the orchard soils. Data are also presented for

a representat¡ve soiì profile from the Mt. Lofty Ranges near Adeìaide which

suggested that an additional mechanism for loss - as volatile organÎc arsenic

compounds - may occur in these soils.

Pasture plants growing on former orchard soi ls ì^,ere sampled f rom near Adelaide

and Huonvi ì le and were found to have higher than normal concentrations of co-

pper, ìead and arsenic. The copper concentrations of the Plants sampled near

Adeìaide varied with species and occasion of sampling, many being in excess of

_l

30-40 Ug g ì. The lead concentrations of the plants were usuaìly less than

-15 US g 1 d.rpite high concentrations in the soil, although Actotheca caLenduLa'

which grew on a soil with a lead mineraìization, contained up to 75 us g 1'

The arsenic concentratìons of the plants were low (usually about 0'5 US S-'l),

but marked increases in concentration to about 2 ug g 1 o""urr.d in all species

at the end of the growing season. The copper, lead and arsenic concentration

of the tops of InifoLiun Tepens and LoLitm pe?enne sampled in the Huonville

area differed l¡ttle from what might be expected from plants grown on uncontam-

inated soiìs and showed no relationship with the total concentration of the

elements in the soils..

ln a pot experiment, it was shown that increasing the soil temperature of an

orchar.d soil and a mineral ized soil f rom Izo) to 22oC resulted in increases

in yield and in the concentration of copper, ìead and arsenic in the tops of

subterranean clover, si lver beet and radish" Smal I but significant increases

h/erealsoobservedincopperandleadconcentrationofradishrootsgrownin

the orchard soi l.

lf

i
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VI

The pH of eight soiìs (four orchard soils, two dosed with lead, arsenic and

copper, and two affected hy'mi'ning or mi'neral ization) was modif ied by treatment

with sulphur., gypsurn or calcium carbonate. S¡lver beet and radÌsh were grown.

The effects of the treatments on the copper and lead contents of the plants

were largely attributable to pH and it was found that the concentrations in

the plants decreased with increasing pH whereas the concentration of arsenic

in the pìants was usually much less sensÌtive to soil pH. Visual symptoms of

toxic effects usually occurred only on the most acidifíed treatments and were

more likely to be attributable to other eìements such as manganese or aìuminium

than to the elements being studied. The results suggested that DTPA extracts

for copper and lead are not suitable for use on contaminated soils in situations

where pH changes occur. An additional "prior-waterlogging" treatment resulted

in no consistent effects on plant growth or composition.

The response of silver beet grown on two orchard soils to fertilizer phosphorus,

sulphur or ni trogen was investigated in pot experiments. The effects observed

were usually small, but beneficial in decreasing the concentrations of copper'

lead and arsenic in the plants. N¡trogen applications may have a more marked

effect in decreasing the arsenic concentrat¡on of silver beet.

The most serious consequence of the accumulation of copper, lead and arsenic

appears to be the possibility of chronic copper toxicity to sheep grazing

pastures established on orchard soils. Some risk may also be presented to

horses if sufficient lead is ingested as soiì contamination of fodder. The

arsenic concentration of silver beet and radish grown on soils containing 95-

-1120 pg g-' of total arsenic may approach the current health limit for humans

and it is thi's element whîch has the ìeast margin for safety. The copper, and

possibly the lead concentrations of vegetables grown on orchard soils are

unì ikely to exceed the establ i shed heal th I imi'ts.

$
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1.O INTRODUCTION

lncreas-es. i.n the occurrence of toxic metals in the envirQnment have led to

concern for human health and for production losses due to detrímental effects

on animals, plAnts and soi ls. Contamination from industrial and urban sources

is weì I known and is' frequently reported. Agrícuìtural practices, especial ly

the spraying of crops with pesticides and fungicides' are also sources of toxic

compounds, both ofganic and inorganic, which have a high potentiaì to gain

entry into food Products.

There has been a long history of the use of fungicidal sprays containing copPer

on crops such as grapes and pome; stone and citrus fruit. Toxic effects

associated with copper ì^/ere reported f rom Florida (citrus) and Francs (grapes)

mainly between 1940 and 1960. Although the toxicities observed clearly

involved copper, the reports implicated soil acidity along w¡th high soil

copper accumulations as the principal cause'

l/idespread use of both Bordeaux mixture and lead arsenate sprays began about 90

years ago. Reports of toxic effects of lead arsenate on apple trees' although

not well documented and disputed at the time, appeared in North America after

less than 20 years of use. Many further çeports of toxic effects attributed

to lead arsenate appeared in North America between 1930 and 1950' especially

associated with difficulties in growing new crops on areas where pome fruit

orchards had recently been removed. Lead was discounted as a cause quite

early in the associated investigations'

Although reports of high concentrations of copPer, lead and arsenic in soils

resuìting from agricultural activitÎes have come from rnany countries' no estim-

ates have been rnade of the proportion of orchard or vineyard soils which may

have been detrimentally affected. This makes it difficult to gauge the fuìl

extent of the problems discussed in the I iterature' Al though residence times
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of copper, lead and arsenic in surface soils may be very ìong, earìier reports

of toxic effects. have not been sustained. This is despite continued widespread

use of sprays contaínîng copper. The use of lead arsenate decìined drastically

over the past 20 years âs a result of the use of alternative organic chemicals

(such as DDT) and more recently in Australia due to export regulations.

No Australian reports of toxicity problems related to soils or plants due to

sprays containing copper, lead or arsenic have appeared în the ìiterature.

This does not mean that detrimental effects do not or will not occur and

suggests that the situation has not been investigated in this country.

There has been a large decrease in the area devoted to orchards in Australia

over the past 15 years because many traditíonal markets for apples and pears

have been lost. Due to the subsequent restructuring of the industry, many

former orchard soils are being used for other purposes such as grazing,

vegetable growing and urban development. These soi ls are an Împortant resource

because they are usually suitable for intensive agriculture and have often

received large inputs of fertilizer. They are often ìocated close to or

within urban areas.

The aims of this work are:

(") to review the literature on the accumulation and effects of copper, lead

and arsenic in the soi I-plant systemt

(b) to estímate the area of soils in Australia which were formerly apple and

pear o¡chards and are now being put to other usest

(.) by field sampling, to investigate the accumulation of copPer, ìead and

arsenic in surface soîls and the redîstribution of these elements withÌn

orchard soi I prof i les, ond

(-d) to investigate some of the effects of the soil accumulations on the

agricul turaì activi ties which may fol low tree removal. Speci fÎcal ly
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included are:

- studies: of the uptake of the elements by pasture species in grazing

s i tuat i'ons', ond

- assess.ment, by- means of glasshouse pot experiment3, of the effects

of soÍl temperature, pH, r¡raterlogging and ferti I izers on the growth

and content of copper, lead and arsenic of two vegetable species.

With respect to these latter a.tms, some comparison is made with soils affected
oÊe

by mineral ization and mÍning activities.,^
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2.0 L ITERATURE REV I E\^J

2.1 lntroduction

ln recent y.eârs, studies of toxi'c flater¡als in the environment have received

more attention than previously because of greater recognition of their

implication in problems of human health and behaviour, and in a less emotive

context, because of economîc losses to the agricultural ïndustry. Copper'

lead and arsenic, where they occur in soils, waters and plants at higher

than normal concentrations, are considered here in relation to their entry

into food chaîns. Other modes of uptake exist, for example the breathing

of pol luted air in urban and industria'l environments.

The widespread use of organic pesticides and herbicides, some of which contain

arsenic and toxic metals, periodical ly comes into question. Population

pressure and economic necessity require that agriculture be highly productive,

which at present leaves little alternative to the continued use of some of

these substances. Potential ly undesi rable effects should be minimized since

a multitude of contributing sources may act to place an increasing burden on

the ultimate biological recipients and ¡t is unlikely that animals and plants

can adapt at rates which would be sufficient to cope.

Huisingh (1974) reviewed the implications of toxic metals in agriculture and

has made general recommendations for research in this area. These include

improved understanding of the mechanisms of mobilization of metals such as

I ead, copper and arsen i c i nto agri cul tural products, management pract Î ces for

the amel ioration of adverse effects, and the investigation of long-term

exposure and subcl inical effects on micro-organisms, plants and animals'

Since the effects of acute metal toxicity in plants and animals are usualìy

starkly evident and counter measures can be taken rapidly, the recommendations

of Huisingh (1974) have some relevance to agricultural management practices
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hrhere, for example, tox¡c metals may accumulate and equilibrate in soils over

periods of many years. Subclinical effects and interactions may be more

far-reaching in consequence and correspondingly more difficult to prove.

Koshal and Koshal (1973), for instance, constructed a statistical model based

on leveìs of air poìlution and other sociological factors for forty United

States cities which enabled estimates to be made of their contribution to

mortaìity rates. They concluded that the cost of a 50"Á reduction in air

pollution would be far outweighed by the benefits such as reduced morbidity

and mortalíty, and reduced damage to buildings. However, it seems that the

investment necessary to reduce air pollution in the United States to this

extent is unlikely to be made, at ìeast in the short term.

l./¡th the multipl icity of toxic substances to brhich we are exposed daily, the

complex interacti'ons with socio-economic and environmentál factors and the

d¡ff¡culties of definition and diagnosis of subclinical effects, it would seem

that actions leading to better definition and reductÌon of exposure would be

of benefi t.

2.2 Copper, Lead and Arseni c in the Naturaì Env i ronment

There is a considerable I iterature in geochemistry outl ining the distributions

of the elements in nature. These incìude the works of Clarke and V/ashington

(tgZ4), Gotdschmidt (tgS8), Mason (-l95S), Hawkes and VJebb (1962), and Bowen

(1966). They present periodic upgrading and revision of accumulated analytical

data. A more recent and comprehensive coverage has been provided by the

lHandbook of Geochemistry' (executive editor, K.H. \^Jedepohl, 1969-78). Much of

the geochemical information presented here is from this source and, since a

large number of references have been used in this compilation, for the most

part only the main contributing authors wil I be cited.
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2.2.1 Mineral Fo rms and Some Geochemical sociations

All three elements, but coPpe¡ and arsenic in part¡cular' are what are frequen-

tly.called chalcophiles because of their common association with sulphur în

minerals. The main mineral forms of copper are chalcopyrite (CufeSt) and' to

a lesser extent, bornite (CurFeSU). Galena (p¡S) and arsenopyrite (feRsS)

are the most common forms of lead and arsenic respectively' copper and

arsenic in particular are also associated with complex sulphosalts' These are

mi'nerals with metallic lustre occurring in about B0 known forms which are

usually suìphides or arsenÎdes of transition metals i 'e' Ag-Pb-cu-S-As-Sb

complexes (Wedepoh¡ 1974a). The complexes are possible because of simi larities

in properties of the elements. For example, the ionic radii of suìphur 1f'04ß)

and arsenic (l.l¡8) are simi lar (Baur 1978) '

There are about 200 copper minerals, 80 being sulphosalts and a further 70

containing hydroxyì with arsenate, chromate and phosphate anions (vJedepohl'

197t+a). Hydroxycarbonates of copper such as azuri te [ (Cu¡ (COr) t (OH) rl and

malachite ICurC0r(OH)11 are âlso common. About 240 m¡nerals containing lead

are known, gO being sulphides or sulphosalts and, like copper, a further 80

contain hydroxyl with sulphate, phosphate and arsenate anions (Vledepohl 
'

1g7t+b). There are about 200 arsenic contaî ni ng mineraì s, '120 being arsenates '

4O Ueing suìphides or sulphosalts, while the remainder are arsenides' arsen-

i tes, oxides or al loYs (Baur, 1978)'

Simiìartties of the three e.lements evident in the formation of suìphides and

sulphosalts extends to the oxidized minerals mentioned above, though arsenic

occurs as an anion and the others as cations. There are very few natural

arsenite containing minerals known'but there are many acidic' basic' hydrated

or anhydrous arsenates of copper, lead, manganese and zinc which, like the

sulphides and suìphosalts mentioned above, have low solubi I ity' Arsenate

minerals are i sostructufaì with those of containing phosphate and vanadate'



7

Accordingly phosphate substitution has frequently been observed in arsenate

minerals (Baur,1978). AlI three elements are found in nature in the

elemental form and arsenîc [s sometimes associated with volcanic sulphur and

hor spring waters (-onishi, 196Ð.

VJhile arsenic has only one natural isotope of significance

has two (63cu 
"nd 

65cu), lead has four naturally occurring

Three of these (206p¡ ,'o7ro "nd 
208pb), which account for

abundance of ìead, have radio-active parents (238u, '35u .nd 232th

ively) while 204pb has no long lived radioactive parents. Lead is

are used for dating some rocks and identifying mineral ores (Doe,

1E(//As) and copper

stable isotopes.

50 percent of the

, respect-

otope ratios

1972) .

2.2.2 Copper , Lead and Arsenic in Rocks and Rock-Forming Mínerals

Chalcopyrite and other sulphides are the main forms of copper in rocks and

they occur in 75 percent of basaltic and 40 percent of granitic rocks. Copper

concentration is often positively correlated with sulphur in rocks and

negatively with si I icon (Wedepohl, 1971+a). Copper is commonly associated

with biotite, often in high concentration, but this is usually due to ¡nter-

groÌ^rth of chalcopyrite. The dark minerals in basalt usual ìy contain about

100 ug g-1 of copper and plagioclase 62 ì19 g 1 (t'l.depohl, 197\a)'

Lead is common in rock-forming minerals. lt has a similar ionic radius to K+,

Sr2+ and Ba2+ and may even substitute for Ca2+ and other cations which have

smal ìer radi i. Lead is incorporated into sÎ I icate minerals, esPeciaì ly potass-

ium feldspars, where concentrations as high as 1.1% have been reported' Mean

concentrations of lead in potassium feldspars from pegmat¡tes and granites are

98 uS g-1 and 53 ug g I respectively and in mica is 21 ug g 1. Plagioclases

and amphiboles contain an average of 19.5 ug s-1 "nd 
l5 !,g s-1 respectively

while olîvine and quartz have concentrations of about 1 pg g 1 (Wedepohl, t974b):
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Arsenic is uniformly ìow in rock-forming minerals with concentrations usual ìy

ìess than 2 vg g-1 , although it has been found as high as 41 .ug s 1 
¡n

magnetite. Arsenic as Ar3* 
"nd 

As5+ can probably substitute for Si4*, Al3*,

Fe3+ and t¡4+ (onishi, 1969).

The average concentrations of copper, lead and arsenic in common,rock types

are shown in Table 2.1. These values are, for the most part, collected from

many sources although few are avai lable for arsenic in sandstones. These

values vary slightly from those of Goldschmîdt (lg¡A) for example, but are

more recent and based on a larger number of samples and perhaps on better

analytical techniques. Col lections of data specifical ly from Austral ian

sources are non-exístent (Swaine, 1979, personal communication).

2.2.3 co er Lead and Arsenic Concentratíons in Uncontaminated Soi ls

There are a number of reports contâining analytical data for copper, lead

and arsenic in soils not affected by contamination" lt Ís di'ff icult to make

comparisons of mean values because the analytical method is often described

as 'semi-quantitative¡, and different sampling and averaging procedures have

been used (Shacklette et aL",1971). There appear to be few recent reviews of

such data from systematical ly sampled soi ls. Vinogradov (f959) provides a

summary of soil anaìyses from many parts of the world. lt is stated that the

average copper, lead and arsenic concentrations in surface soils are 20, I0
-land ! pg g' respectively. Bowen (1966) gives similar values and states thêt

the usual ranges for uncontaminated soils are 2-100, 2-100 and 0.1-40 ug g-1

for the same elements respectively. Shacklette et aL. (lgll ) gave arithmetic

means (and ranges) for copper and lead of 25 (. l-3OO) and 20 (. lO-7OO) ug g 1

respectively for soils of the Un¡ted States sampled at a depth of approximately

20 cm. lt should be noted that recent estimates of averages frequently quote

earlier work. for example, Alìaway (1968) quotes Bowen (1966) as his source.
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Table 2.1 Concentrations of Cu, pb and As in Rocks

-1(averages in ug g )

cuf

9o

50-55

9

25

35

6

17

15

22

55

2 3

5Basaltic rocks

lntermediate rocks

Granitic rocks

Sands and sandstones

CIays and shales

Limestones and carbonates

Coa I

¿
Australian coal-

Gneisses and schists

Phosphate rocks
c

Upper contínental crust'

Sou rces :

Pb

3

5

23

't0

7

I

21.6

5

't0

10

19.6

12.5

As

1.

2.

1.

1i

't3

'l

6

3

+<2

2',|

1 I

1-. l^ledepohl (1974a)

2 . VJedepoh I (1 974b)

3. onish¡ (1969)

4. swa i ne (tgll)

5 . Tay lor (1 964)

t based on limited data

I

I

.l

I



Yet borh Bowen (1966)

Swaine (lgS¡).

10

and Hewkes. and \^/ebb (Jgez) quote Vinogradov (1959) and

No thorough compiìations of data on copper, Iead and arsenic have been publish-

ed for AustfalÍan soils. Table 2.2 presents some data for agricuìtural soils

from south-eastern Austral ia (Merry and Ti I ler, unpubl ished). These concent-

rations were obtained using atomic absorption spectrophotometry foì lowing

Tabìe 2.2 Copper and Lead i n Soi I s from South-Eastern Austral ia

(surface 0-5 cm, u9 9
-l

)

Number

84

85

Mean Range

3-64

5-55

Number ìess
than detect¡on

0

15

I
I

Cu

Pb

t

13.1

14.9

-1detection I imits were 2 and 5 ug g for Cu and Pb resPectivelY.

digestion of fine ground soil with nitric and perchloric acids, and the values

shown should be only marginally less than total concentrations. A small

contribution to these concentrations from fertilizers, copPer more so than

lead, is to be expected.

Table 2.3 presents data obtained in a similar manner to that in Table 2.2 but

from an area of about 500 km2 near Adelaide, south Australia. Data for soils

which showed evidence of mineralization or contamination from orchard sprays

were omitted, but the surface soils may have received smaìl contributions from

fertilizers and approximately one third of the samples may have a small access-

ion of lead from motor vehicle exhausts originating in Adelaide. The means

shown in Tables 2.2 and 2.3 are arithmetic means since this is the form which

is usually quoted by others. lt should be noted, however, that the distrib-

utions, especially in Table 2.3 are positively skewed so that the modal values

are lower than the means presented.
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Table 2.3 Copper and Lead in Soils from the Southern Mt. Lofty Ranges,

South Austrålia (rrq q
:1

Number Mean Range

)

Number I ess
than detection I

Surface (O-5 cm)

Cu

Pb

Subsoî I 
5

Cu

Pb

detect i on

the 10 cm

-1limits were 2 and ! ug g I

interval above decomposing

2-55

5-1 00

2-270 0

5-200 g

for Cu and Pb respectively.

rock or the 90-100 cm ínterval.

178

178

I6.0

20.0

0

250

250

29.8

18.3

t

5

There have been no reports of arsenic concentrations in uncontaminated Austra-

lian soi ls. ln the United States, l,ri I I iams and VJhetstone (1940) analysed 68

soîls and found that the arsenic concentrations in the surface soils ranged

from 0.1 to 38 u9 g 1 with a mean of 6.5 us s-1. About 30% of the samples

contained less than 5 ug g-1, 50% contained between 5 and 10 ug g-1, and 201Z

contained more than 10 us g-1. The 121 subsoíl samples ranged from 0.2 to

41 ug s 1 arsenic with a mean of 7.8 us s-l. A simiìar range of vaìues were

reported by Swa¡ne (1955) for uncontaminated soi 1s.

2.2,4 Copper, Lead and Arsenic in Oceans, Streams and Precipitation

Data for the concentration of the three elements in natural waters have been

discussed by Turekîan (1969). Because many of the anaiytical techniques used

were considered unrel iable, only seìected representative data were considered.

Turekian (lg6g) seìected O.!, 0.03 and 2.6 ¡tg t-1 of copper, lead and arsenic

respectively as typicaì concentrations in oceanic waters. Concentrations of

about 7, 3 and 2 pg L I of the same elements respectively were reported as
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being representative of stream waters. Few analyses of the elements were

avai ìable for precipi tation, .but Turekian (1969) quoted Sugawara (1967,

personal communicatïon) as finding 0.8 and 1.6 ug L-] of copper and arsenic

respectively ¡n rainwater from Japan.

2.3 Sources of Coppe r. Lead and Arsenic Contamination in the Environment

2.3.1 Contamination from Mininq and Smelting

Both copper and lead are metals of great economic importance. As a consequence

of the cìose association of arsenic with these metals in ore minerals, pollut-

ion of air, soils, sediments, groundwaters, and streams by one or all of these

elements is possible due to spillage, waste dumping, and losses of airborne

particles during mining, ore treatment and smelting operations. There have

been many recent reports of such occurrences; for example, Goodman and Roberts

(1g11 Buchauer (lglÐ, Kobayashi et aL. (lglÐ, Beav¡ngton (lgll), Porter and

Peterson (tglÐ, Temp le et aL- (lgll) and cartwright et aL' (lgll) '

Because of the composition of and processes occurring in soils and sediments,

they become the most important sinks for poìluting metals released into the

environment. Factors such as wind speed and direction, and rainfall, control

the deposition of airborne pollutants onto the soiì surface. Both Little and

Martin (1972,1974) ar Avonmourh (Un¡ted Kingdom) and Cartwright et aL. (lgll)

at port Pirie (South Australia) showed that smelter fallout followed the patt-

ern of prevailing winds and rainfall. The former showed that the rate of depo-

sition increased with ìowered windspeeds found downwind from windbreaks, and

that in wooded areas there were increased concentrations in the soil due to

ìeaf surface accumulations with eventual incroporation into I itter' Cartwright

et aL. (lgll) found that concentrations of lead and other metals were increased

measurably for distances up to 40 and 65 km from the smelter source' The

distribution patterns of polluting elements in the surface soils were reflected

by increased concentrations i'n pastuie plants (Merry and Tiller,1978) and
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wheat (fierry et aL., 1981). Stubbs (-l'glZ) noted that ore nining and smelting

are generally subject to pollution regulatîons, and have been for some time,

but other activities such as the burning of urban uraste, coal, lead alkylated

petrol, and cigarettes'are either not controlled or have only recentìy (¡.u. ín

1972) become subject to regulation. Production of volati ìe metals, thei r oxides

and halides is common from high temperature processes. The fact remains that,

despite current and possible future regulations, large areas of soil and the

waters that drain them have been or may become contaminated and present a

continuing problem. For instance, Davies and Lewi n (1974) described al luvial

soi I chronosequences resulting from mining activities which took place upstream.

ln this case, mining began l.ong ago, reached peak production in 1850 and ceased
rg. r^

in 1900. Recent al luvium (.lglZ) stil I contained anomalously high copper,
A

lead, cadmium and zinc"

2.3.2 Contamination from 0ther lndustrial and Urban Sources

Elements which are toxic to humans are continuing causes for concern in urban

envi ronments, part¡cularly when the urban areas have concentrations of i ndust-

rial activity (V/arren et aL.,1971). An often quoted source of metal pollut-

ants in urban areas is the burning of coal, a practíce which is likely to incr-

ease in the future. Although the concentration of arsenic in coal is usually

low (Swaine,1977), Goldschmidt (f958) stated that coal ash can conta¡n up to
-18000 pg g 'of the element. Other sources of toxic elements include plating

and plumbing works.

City street dusts have been the subject of many studies" Residential and comm-

ercial street dusts averaged 1636 and Z4l3 vS g 1 of ìead respectively in 77

clties in the United States (National Research Council, 1972) and !/arren et aL.

(lgll) quote values up to 6.8% of ìead for some Canadian street dusts" Solomon

and Hartford (,1976) made an intensive study of lead in and around homes and

made comparisons wîth non-residential sites. Lead concentrations in house

il
ri
i

I
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dusts and the soils adjacent to houses and roads were of the order of hundreds

to thousands of ¡nicrograms per gram. Although much of the ìead in and near

houses is attributable to the use of lead-containing paint, whÎch may contain

up to 27% Iead by weight, the most significant source was emíssÌons from the

exhausts of motor vehicles.

purves (lglZ) compared the concentrat¡ons of toxic elements in urban and non-

urban soils and ín vegetables. He expressed concern that the general contam-

ination of urban soil (which is largely irreversible), when coupled with

increased usage of home gardens for vegetãble production, may detrimentally

alter the yields and chemical composition of the vegetables. Le Riche (1968)

and purves (tglZ) found that the use of sewerage sludge leads to higher concen-

trations of toxic metals in soils and plants. More recently, de Vries and

Tiller (1978) reported that increases in metal uptake by vegetabìes grown în

soils with dry sevúerage sludge în the glasshouse could not be reproduced on

the same neutral to alkaline soils in the fîeld in South Australia. Although

this was true for the short term, the field soils were stÎll contaminated by

the high concentrations of toxic elements contained in the sludge. This prob-

lem of soiì contamination would be largely overcome if househoìd and industrial

wastes could be separated.

Concentrations of 10 to 70 Ug S 
1 of arsenic in common household detergents

were reported by Angino et aL. (lgZO). These may have been a source of arsen-

ic pollution in the Kansas River which received water following sewerage

treatment by a Process that did not effectiveìy remove arsenic' 0ther sources

of metal contamination in urban areas include lead and coPPer from the pipes

of reticulated water supplies, especially inrsoftrwater areas (Moore,1973).

The accumulation of lead în roadside soÎìs and vegetation has long been known

and there is a considerable literature on the subject (for 
"t"rnple, 

Warren and

Delavault (1960), Cannon and Bowles'(1962), Motto et aL. (1gZO), Page et aL'

il
t,i;

J

t
I

!
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(lglt) , \^I"rd et a,L. (tgl\), Nol ler and Smythe (lgl4) and Solomon and Hartford

(1976)). lage et aL. (1971) comprehensively investigated lead alkyì compounds

from motor vehicle exhausts in the air, soils, and 27 crop species in southern

California. Traffic volumes-of less than 5000 vehícles per day were considered

insignificant whereas volumes greater than 35000 per day substantial ly affect-

ed the lead content of croPs grown ciose to roads"

Although it is evident that industrial and urban areas, roadside soils and the

environs of smelters are usually heavily contaminated with toxic elements, there

is also evidence that low concentrations may be dispersed over much wider areas.

For example, Cartwright et a.L. (lgll) found that there were measurable increa-

ses in lead concentration in surface soils at distances of 40 to 65 km from a

smelter and Murozumi et aL. (1969) associated increased lead in the Greenland

icecap dating from the 1930's with the increased usage of lead alkyls in pet-

rol. Davies (197Ð showed that the sediments of the continental shelf off

New South l,/ales were contaminated wïth arsenic to the extent of 50 to 100 pg

-1 L --r r :-1..-¡..t^t ^-^^^ c:--^ +hg tn ctose proximity to urban and industrial areas. S¡nce the arsenic was

not related to phosphorus in the sediments, and rocks in the adjacent drainage

basins were low in arsenic, he concluded that urban and/or industrial pollut-

ion was responsi ble.

2.3.3 co ntamination Due to Aqricultural Activities

lncreased accumulations of copper, lead and arsenic in soils and plants may

result from several practices which are commonly used in agriculture. The most

important of these, certaÎnly in the past, has been the use of a wide range of

organic and inorganic chemicals in pesticide, fungicîde and herbicide sprays.

The copper-contêining sprays, for which there are many formulations, have been

in use since about i885 (yaìker,1957). ln 1882 Professor MíIlardet, working

in Bordeaux, notîced that there h,as â check Ìn the development of downy mildew

when the local vignerons sprayed a mixture of CuSQ and CaCO, on graPes to
43

'I
lt{
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i
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discourage thieves. Al though cus04 had been used on vines

and the effect of I ime in reduc¡ng toxicity \^'as also known,

I885 when Bordeaux mîxture ,(-approximatel y ICa (OH) 
21r. CuSOt) was formuì ated that

its use on downy mildew of grapes and numerous other fungal diseases became

widespread (Walker, 1957). Bordeaux mixture' coPper oxychloride (approximately

Cu(OH)r.CuClr) and other similar mixtures are sti I I widely used in vineyards'

pome fruit, stone fruit, almond, citrus and berry fruit plantings as well as on

vegetables such. as celery, lettuce and potatoes'

Lead arsenate (eUHnsOU) is the only lead-containing compound used as an insect-

icide. lt was first used as a classic stomach poison in 1892 and has been used

to control apple maggots, codling moth, plum cuculÎo beetles, fruit flies and

other chewing insects, According to Lagerwerff (1972), the use of lead arsen-

ate ¡n the United States decreased from l6 x 106 tS in 1950 to 1'5 x lO6 in

1968, the decline being due to the introduction of DDT. Usage of lead arsen-

ate în the United States was thought by Lagerwerff to be increasing again in

reaction to increased au,areness of the possible adverse effects of using DDT

and other organic compounds. However; commercial use of lead arsenate in Aust-

ralia declÌned in the early 1970's and has ceased completely for export croPs

in response to the requirements of Europeân importers. lt is not used

commercial ìy in South Austral ia at the present time'

Apart ffom lead arsenate, â wide range of arsenical compounds are' or have been

used as desiccant herbicides, soi I steri lants and insecticides. Paris green

(copper aceto-arsenite) and calcium arsenate have been used as pesticides in

North America (Walsh and Keeney, 1975; Frank et aL" 1976) ' Arsenites' which

are considereci more toxic than arsenates, have been used in excessive amounts

as desiccant herbicides (steevens et aL,, 1g7z; Rosenfels and crafts, 1939)'

The use of sodium arsenite for these purposes has now been banned in the United

States (walsh and Keeney, 197Ð. 0rganic arsenic compounds such as rnethanear-

sonates have found increasing use as selective herbicides in recent years'

16
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their rates of application us,ually being much lower than those of the inorgan-

ic arsenicals (Sachs and Michael, 1971; Hitbold, 1975)'

There have been many reports'of toxicity problems resulting from the

accumulation of lead arsenate and other arsenic-containing compounds in soi ls'

\,Jalsh et aL. (J977) reported ranges of arsenic concentrations in soils which

were frequentìy of the order of hundreds of pg S-1 "nd 
a value as high as

2550 vg n-1 "", reported for an orchard soil from vJash¡ngton state in the

United States. This implies a very high concentration of lead since the

ratio of lead to arsenic in lead arsenate is about 2.77 : 1. Frank et aL'

(lg16) found that ìead and arsenic had accumulated up to about 800 and 120

ug g 1 respectiveìy in the top l5 cm of Canadian orchard soils. Mochikuzi

et aL. (lgl\) reported up to 750 and Z5O uS g-1 of lead and arsenic respect-

ively in Japanese orchard soíls. There'have been no reports in the literature

of the concentrations of these elements in Austraìian orchard soils'

As early as 1909, Headden claimed that collar rct and death of apple trees in

Colorado was due to arsenic poisoning" This conclusion was contested by

Ball et aL. (lgtO) who suggested alternative causes. The total soil arsenic

concentrations of up to 69 Ug g I und water soluble arsenic of O'7 US S 
1

reported by Headden (t9lO), insofar as they are correct' do not seem particuì-

arly high compared to more recent reports.

Reports of arsenic toxicity whi,ch were better substantiated appeared later

(Cooper et aL.,1931) from South Carolina where calcÎum arsenate was used to

counter the cotton boll weevil. The problems arose when the cotton crops were

folìowed by rice and the soils were waterlogged for up to three months' Reed

and Sturgis (,lg16) investigated a similar probìem in Louisiana and suggested

that reducing conditions may have encouraged the formation of more toxic

a rsen i tes .

I
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After apple tree plantings reached a peak in t^lash¡ngton State in 1919, a

dec.line began in the 1930s and tree removals accelerated after 1934

(Vincent, 1944). Snyder (lgSS) reported crop fai lures on recently pul led

orchard areas. Vandecaveye et aL. (lg16) noted poor germination of lucerne

and poor growth of barley in the field, which they reproduced in pots. They

concluded that the problem was due to arseníc and not to lead. Keaton (lgll)

made a similar observation. Although the soils used by Vandecaveye et aL.

(1936) did not have part!cularly high concentrations of arsenic (extracted

using concentrated nitric acid), the rreadi ly soluble' (ammonium acetate

extractable) arsenic was greater than 4.5 ug g-1 rhu.. toxicities were noted.

Vïncent (1944) and Jones and Hatch (1945) found that shalìow rooted vegetables

were more susceptable to arsenic injury than deeper rooted varieties, and

survival improved when surface soiìs were treated or mixed with subsoil to

lower the effective arsenic coneentration. Further problems arose when peach

and apricot trees were planted on arsenic-treated soi ls. The symptoms were

initially attributed to viruses. but Reeves and Hutchins (lgt+O) and later,

Lindner (1943) and Thompson and Batjer (tgfO) confirmed that the cause was

arsenic injury. Symptoms, including marginal discolourations, were usuaì ly

evident on older leaves which eventually deve.loped a 'shothoìer apPearance.

Smalì fruit and stunting appeared on the more affected trees. The trees

usually recovered after a period of years, presumably as deeper root systems

developed. Apparently peach and apricot show some sensÌtívity to arsenic

and symptoms appeared when concentrations of arsenic in the leaves exceeded

-12 vg g' (Lindner, 1943).

Trappe et aL. (lgll) suggested that mycorrhizal development may be adversely

affected by high soi I arsenic concentratÍons. This interaction may be

responsible for the poor growth of apples, peaches and other species which

appear to require mycorrhizal root infection for adequate nutrition and growth
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There have been a number of reports. of the accumuìation of high concentrations

of copper in soils due to fungicides (oelas,1963). Some examples are shown

in Table 2.\. Hî rst et aL. Ogel) found up to 2500 ug g-1 of copper in the

Tabìe 2.4 High Concentration of Copper in Some Horticultural Soi ls

Resu I t i ng From the Use of Fung i c i des

-1ug9

845

1 280

522

250

\59

110

700

Cu Use

Vineyard, France

Vi neyard, Germany

Hop fieìd, Germany

C i trus orchard, Florida

C i trus orchard, South Afri ca

Appìe orchard, 0ntario

Apple orchard, Japan

Reference

Delas et aL. (tgeO)

Gärtet (1957).

Rieder and Schwertmann (lglz)

Reuther and Smith (lgl4)

DuP I ess i s and Burger (lglZ)

Frank et aL" (lg16)

Mochizuki et aL. (lglS)

surface mat of some apple orchard soils in the United Kingdom. They suggested

that thïs high concentration may have detrimental ly affected the crumb

structure and Iowered the worm population of the soi ì.

As is the case with arsenic toxicity in the field, there are few well

documented reports of the occurrence of copper toxicity. Delas et aL. (1959)

reported three successive crop failures with maize, potato and vetch in a

former vineyard soil which had a pH of 4.3 and 170 uS S-1 of exchangeable

copper (ammonium acetate, pH 7) in the surface 25 cn. This report followed

that of Drouineau and Mazoyer (lgS¡) who noted that copper toxicity in spinach

and gladiolus (_on former peach orchard soi ls) increased where sulphur had

been used as a fungicide. This caused the soil pH to decrease to below 5.

Symptoms of iron deficiency were produced although no difference was found

in rexchangeable' copper between healthy and toxic soi ls. Plant analyses were

apparently typical of the classical copper toxicity produced in solution and

pot culture, but no concentratîons were quoted. Depardon and Buron (lg¡e)
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suggested that the failure of cereal crops on former vineyard soils was more

likeìy to have heen due to the lowered organic matter, nitrogen and pH rather

than copper toxicity.

Hirst et aL. (:,1961) reported that despite f inding 2500 ug g-1 of copper in

surface organic mats in some orchard soils, there was no apparent effect on

the trees, although some apple varíeties known to be susceptible were avoided

when the orchard was replanted. The rePort by Gibson (lg¡8) of copper

toxicïty related to a special case where pine seed beds were treated with a

large amount of CurO to prevent fungal disease, ln this case too, effects

were evident only at pH values lower than about 5.0.

Reuther and Smith (1953) and others (reviewed by Reuther and Labanauskas,

1966).have reported the effects of excess copper on citrus trees in Florida

which also manifested as iron deficiency. These occurrences ì^rere on very

sandy soils with low pH and cation exchange capacities. They \^,ere evident at

lower soil copper concentrations than those reported from France.

There are reports of toxicity due to lead arsenate or copPer whích may be

criti cîzed for incompleteness or lack of reìevance to the field situation.

Details on which field observations were based are often consPicuously absent,

particularly in the early reports of arsenic toxicity and the copper toxicity

reports from France. Many workers have, on the basis of high soiì concent-

rations, set up gìasshouse experiments to match field concentrations by appìy-

ing soluble salts in a single dose to smalì volumes of soil. There was often

no account taken of the long equilibration times, the wetting and drying cycles

found in the field or the possible build up of pathogenic organisms in orchard

soiìs. There have been no reports in the literature of attempts to monitor the

population of plant pathogens (for example, as attempted by SÎtepu and Wallace,



1974) as well as arsen¡c, lead or copper at

when problems are most evident"
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the tìme of tree or vine removal,

Judging by the high concentrations of copper, lead and arsenic r:eported in

some soils after only 50 to 70 years of spray usage, it would appear that

excessive use may have occurred in the early years. Hirst et aL. Ug6t)

reported that one orchard had received in excess of 70 kg ha-1 in on. r.",

and the Washington State orchard soil containing 2500 ¡rg g-1 of arsenic

(Walsh et aL.,1977) must be considered unusual. Most other cases of toxicity

arising from agriculture, such as that reported by Gibson (tg¡g) are accidental,

or as in the case of Rosenfels and Crafts (lg¡g) result from deliberate

attempts to sterilize the soi I 
"

Apart from the cases outlined above, there have been no substantial recent

reports of copper, lead or arsenic toxicity to plants due to the effects of

sprays. ln fact, li/alsh and Keeney ¡975), when discussing arsenic phyto-

toxicity, place more emphasis on the frequently observed stimuìation at low

levels of applied arsenic" The large decrease in the use of arsenic compounds

to sterilize soi is'and the increased avai labi I ity of aïternative sprays

probably contributed to the decreased occurrence of toxici ty.

The possible effects of copper, lead and arsenic accumulations in Australian

orchards, many of which have been removed recently, and the consequences of

subsequent management have not been reported"

Copper, lead and arsenic rnay also be introduced into the agricultural envíron-

ment w¡th fertilizer applications, though the levels are low compared to sprays.

Swaine FgeZ) summarized the available data on all three eìements in fertilizers

and fertil¡zer materials. Lisk (1971) al.so reported values for lead and arsenic.

Superphosphate usually contains from 2 to 1200 ilg g 1 of ars.nic, and ìess than
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about 9O ug g-1 of lead. Senesi et aL. (197Ð reported from 2 to 321 ,g g-1

of arsenic in a comprehens'ive range of fertilizers.. David et aL. (lgZg)

anaìysed Australian superphosphates and found mean concentrations (and ranges)

of about 28(lo-zol) ug s-1 und 19Q-71) us g-1 for copper and lead

respectively, w¡th values for other ferti I izers in approx¡mately the same

range.

Other agricultural practíces which may lead to accumulations-of these elements

in soils înclude supplements to pig and poultry feeds. The feeds may be

supplemented with copper in concentrations up to 250 ug g 1. Manure containing
-1

750 ug g 'of copper has been reported and its use as a fertilizer could raise

the copper concentration of the surface soil by up to 3 ug g 1 per application

(gaker, 1974). Al laway (tgeg) and Calvert (lglS) reported that arsani I ic acid

and other organic arsenic compounds are added to pig and poultry feed.

Sewerage sludge, as'mentioned above, may also be a significant source of lead

and copper in soils if contaminated sludge is us:ed as a fertilîzer.

The foregoing examination of the literature within the chosen reseêrch area

indicates that there are deficiencies in knowledge, especial ly in connection

with Austral ian soi ls and agricul ture.

Specifical ly,

(a) there are inadequate data on the normaì ranges of copper, lead and

arsenic in Australian soils,

(b) there have been no assessflents of the accumuìation of the elements in

soi ls from agricultural spraysT

(c) the effects of these accumuìations on agricultural produce are unknown,

(d) the results of changing management practices on soi ls with accumulations

have not been investigated.
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2.4 Fo rms and Reactions of CoPPer, Lead and Arsenic in Soils

There have been a number of reviews of trace metals and their chemistry

inctudins those of Hodgson (lg6l), Mitchel I (tg64) and Bowen (1966). More

recentìy, tr/oolson ÍglÐ edited a review of arsenical Pesticîdes in soils

and Rickard and Nriagu (lgZ8) reviewed the aqueous chemistry of lead. Sinqe

there is an extensîve literature on the behavÎour of the elements in soils,

the present review will concentrate on aspects relevant to situations where

they are accumuìating ìn surface soils and highlight some of the important

reactions determining their solubility and mobility'

2.4.1 The Soil Solutíon

The merits of various techniques for obtaining soil solution have been

discussed by Adams (lglÐ. He suggested that suction and displacernent

techn i ques were more rel i abl e than others. Data on copper, I ead and a rsen i c

in the soil solution are meagre and measurements using modern analytical

techniques are needed.

Perhaps the most rel Îable i nformatîon currently avai lable is that of

Hodgson et aL. (1965) and Hodgson et aL. (1g66) who used a displacement method

to study copper in soil solution. Concentrations varied from about 3 to 40

ug L 1 in " range of acid and calcareous soils. Bradford et aL. ('tgll) used

a suction technique and found from less than 10 to 200 us L-1 of copper and

from less than l0 to 300 ug L-l of lead in solutions from 68 Californian soils.

However, aìthough they could detect copper in 67 of the soil solutions, they

could derect lead in only 19. Davis (197Ð reported values of 200 to 480

ug L I fo,. copper in soils with a history of sewerage sìudge applicatîons'

Jackson and Levin (1979) studied arsenic transport through undÎsturbed soi ì

cores and field plots. Leachates contained about ZO US L-l of arsenic but

this value coincided with thei r analytical detection I imi t. Appl ications of

arsenic to the surface of field plots increased the arsenic in leachates to
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-1 -1about 1 000 ug L but concentrations returned to about 20 lg L w¡th¡n two

months. There appears to be little information as to whether or not surface

soils with accumulations of copper, lead or arsenic also contain elevated

concentrations in the soil solution. Davis (1979), who used a centrifuge

technique, found a significant I inear Tncrease of copper concentration in

the soil solution with total soil copper in soils amended with seurerage

sludge and soÌl:sludge mixtures containing up to 7\% sludge (whÎch seems'

unreal istical ìy high).

2.4.2 0rganic Complexes and Forms in the Soi I Sol ution

Beckwith (lgSS) supported an earlier suggestion (Hasler, 1943) that the metals

of the first transition series are held largely as organic complexes in

organic soils, but they are not necessarily rendered unavailable to plants.

Hasler (lg4:) found, as did lrving and þ'/il I iams (1948) , that copper and Iead

form organic complexes' which are very stable. Schnitzer (J969) found that

copper and lead had the highest stability of a range of elements'with fulvic

acid and that deviations occur from the so-called lrving-VJilliams series of

binding strengths of metals in organic complexes

Dawson and Nair (lg4O) found that s'ulphhydryl groups were effecti've in

complexing copper in peat. More recently, Ramamoorthy and Manning (197\)

suggested that mixed-ligand complexes such as PbF,AHPOU (where FÁ is fulvic

acid) may form. These complexes are very stable (stabil ity constant = iO1.l '3)

and may be Împortant at low concentrations.

Hodgson et aL" (1965) and Hodgson et aL. (1966) partitîoned copPer into

orgênical ly complexed and uncomplexed components in the soi I solution. Although

some suppositions \^,ere made that were expected to lead to an underestimate of

complexed copper, i t was f ound that the copper r^/as overwhelmingly 06-992)

in organic complex form. Complexation bras found to account for 98-992 of the
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copper in the soil solution in calcareous soils. Compìexing was thought to

enhance copper nobility in soils and especially movement to the plant root.

Mercer and Richmond (quoted by Russell, 1966, p.651) investígated copper in

soils in s'outhern England and concluded that copper in compounds with a

molecular weight of less than 1000 were avaiìable to plants,. but those with

a molecular weisht greater than 5000 were much ìess availabìe.

Geering and Hodgson (.1969) attempted to further characterize the Iigands

responsibìe for the complexing of copper in soil soìution following separation

into dialyzable and non-dialyzable fractions of which the latter formed more

stable complexes. Stabi I ity constants of the dialyzable fraction were found

to be higher than that of acetic acid which was the main constituent of an

ether extract. ln the pH range 2.0 - 4.5, a single hydrogen ion was displaced

from the acid ligand for every metal îon complexed and little displacement

occurred above pH 5. Bloomfield et aL. (tglø) studied the effect of

decomposing plant material on copper and lead oxides. Copper and ìead were

mobilized by colloidal humic substances and as complexes which had some

anionic character. They showed that the diaìyzable copper complex was not

sorbed by clay mineral col loids nor precipitated under alkal ine conditÎons.

Stephenson (lgZ6) noted that the stabilities of copper and lead complexes

were of the same order as those reported for metaì complexes with biochemical

compounds and that ciifferences between humic acids were slight. Stephenson

supported earl ier proposaìs by Broadbent and Bradford (lgSZ), Schnitzer

(tg6S), van Dijk (lgll) and others that the active sites of complexation

involved adjacent -COOH groups or -C00H and phenolÎc -0H grouPs. The cause

of proton release observed during complexation u/as expìained as being due to
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displacement of a proton from the l.Ígand at low pH and the lesser rate of

release at higher pH, due to the protons, dissociated from hydration h,ater

of the metal in for,ming a hyd¡oxo complex. Stephenson (1976) also observed

that the amino acids and hydroxycarboxyìic acíds secreted by plants into

the rhizosphere should compete favourably with humic acîds for metals.

Bloom and McBride (1979) used electron spin resonance studies to investigate

the binding of metal ions to peat. Although they agreed that metal ions

were associated with carboxylate sítes, they maintained that there is no

direct evidence for chelation and preferred to regard natural soÎl organic

matter as a solid phase ion exchanger. They also noted that most divalent

metal ions are bound as hydrated ions but that coPPer is ïnvolved in the

exchange of one or two aquo ìigands with carboxylate oxygen atoms'

It seems, in summary, that copper and lead may behave similarly ín soil

solution and in their relation to organic matter, though most of the liter-

ature relates to coPPer.

Two further processes may influence the forms and behaviour of lead and coPper

remainíng i'n solution which is not associated wïth organic complexes. These

are hydrolysis and inorganic complex formation. The solubi I ity products (log

Kro, see Table 2.Ð and hydrolysis constants (log '',K.,) of the two elements are

similar although there is some variation in the values reported. At ìow conc-

entrations of lead in solution, as might be expected in soils, Pb2+ w¡ll incr-

ease at acid pH values. As the pH approaches neutrality, PbOH+

imporranr. The equilibrium constant, (K.l = tto9l*l 
=, ) 

¡s to
' IPb'-] IoH-l

becomes more

-6.3 (smith and

Martelì, 1976). Similar behaviour can be expected from copper which has a

similar equi'i ibrium constant. Bingham el; aL. (1964) explained apparent excess

retention of copper in a clay system by the precipitation of Cu(OH)2, but

the importance of hydroxide precipitation at the much lower concentratîons
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of copper and lead in soils has yet to be demonstrated.

The formation of inorganic complexes, especially of lead, is possible in

soi ls. Hahne and Kroontje (lglÐ calculated thêt PbCl+ and PbCl, are

likely to appear at solution concentrations of chloride above 35 and 350 Ug

g-l respectîvely. Concentrations of chloride greater than 350 Un n-t are

common in the soil solution. The complexes PbcO; and Pb(COr)l- "r" "lro
thought to exist in solution (Rickard and Nriagu, 1978) -

There appear to be no references in the literature to forms of arsenic in

the soi I solution. This is not altogether unexpected considering the general

lack of data on the composition of soil solution. However some work has been

publ ished (\,/aslenchuk and VJi'ndom, 1978; \^/aslenchuk, 1978) concerning arsenic

in rivers in the southeast United States" The river waters were found to

average 0.15 - 0.45 ug l--l of arsenic, and arsenate, the only species found,

was aSsociated with low molecular weight, dissolved organic carbon.

Arsenate can be readily methylated by common soil microorganisms, at least

in the laboratory (Wooìson, 1977). These alkylated arsenic compounds are

also commonly used weedicides (such as cacodylic acid), which are known to

be water-solubìe and are readily degraded in soils but natural ìevels of

organoarsenicaìs in soi ls have not been reported (Vioolson , 1977). Arsenite

may also be present ín reduced soil environments (Reed and Sturgis, 1936).

Deuel and Swoboda (1972) however, attributed the observed increase in

arsenic solubility in reduced environments to the reduction of iron resulting

in the release of greater Ãlounts Qf arsenate, but did not rule out the

possibi I ity of arsenite formation.

2.\.3

Cation

Adsorpt i on Processes

and anion adsorption rather than precipÎtation are probably the more
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important processes control I ing the association of copper, ìead and arsenic

v,,¡th the sol ¡d phase of soils. Although copper and lead are predominantly

organical ly- complexed in soi I solutions, adsorption probably controls the

equilibrium of the two elements, and also of arsenic, between solid and

solut[on phases. Some adsorptÎon Processes occur very quickly ln soi ls'

especial ly the rcation exchange' reaction Ìnvolving weak electrostatic bonding,

but much slower reacti'ons are f requently observed (-Delas, 1963; Barrow' 197\a)'

The constituents of soils which are responsible for adsorption include organic

matter, clay minerals and the metal oxide-hydroxides of iron, aluminÎum,

manganese and titanium. Clay.mÍnerals of different types behave differentìy

as adsorbents (filler and Hodgson, 1962) and the behaviour may be further

influenced in soils by small oxide particles (Fordham and Norrish, 1979) or

organic matter adhering to the surface of larger particles' with the variable

nature of soils, the importance in adsorPtion of the different types of

soi I const i tuents wi I I al so vary-.

Early work on the adsorption of trace elements onto soils'has been reviewed

by Hodgson (1963) and more recentìy discussed by Schwertmann and Taylor (1971),

Harmsen (lglù and Bruggenu,ert and Kamphorst (lglg) ' The latter authors

suggested the fol ìowing princtpal interactions between cations and soi ì

const i tuents:

(") reversible cati'on exchange, which is largely PH independent and results

from normal coulombic forces due to isomorphous substitutiont

(b) highly selective or specific adsorption involving the displacement of

equivalent amounts of other cations (including hydrogen i'ons) ' SometÎmes

the adsorption i s only partly reversi bl e ronà

(c) adsorption bordering on chemical bonding which results in modification

of surface charge of the adsorbent'
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Bruggenwert and Kamphorst (lglÐ also recognised that transitions between

these feactlons may occur and that all probably contribute to some extent.

It i's recognised that chemisorption or specific adsorption is the most

important mechan|sm for the adsorption of heavy metals such as copper and

lead and also for anions such as arsenate and phosphate (qu¡rt< and Posner,

1975; Schwertmann and Taylor, 1977). Sites resPonsible for specific

adsorption occur in organic matter, on the edges of and at other defects

in cìay plates and on the surfaces of oxides of metals such as iron and

manganese.AnexchangeofOHand/or0H,ligandsoccurswhichresuìtsin

covalent bonding of the adsorbed ions to the structural cation resulting

in the release of hydrogen ions. Formation of brídging ì igands

(padmanabham, quoted by Quirk and Posner, 1975) and the presence of siìicic

acid in solution (Tiller, 1968) may result in growth or surface extension

which could help explain the lack of revers¡bil¡ty of some adsorption

react i ons.

A number of equations, such as the frequently used Freundlich and Langmuir

adsorption isotherms and modeìs such as those of James and Healy (lglZ)

and Bowden et aL. (1973) have been used to describe and explain adsorption

processes. Forbes et aL. (lg16) used ion exchange, electrochemical and

hydroìysis models to evaluate the specific adsorPt¡on of divaìent copper'

lead and other metals on goethite in relat¡on to pH dependence.

Most authors recognise that hydrolysis plays an important role in cation

adsorption (Hodgson et aL. 196\; Grimme, 1968; James and Healy, 1972t

Kinniburgh et aL., 1976). Adsorption increases markedly with pH. The

ab¡lity of a cation to become adsorbed is thought to be related to its

hydrolysis constant, even though, on the basis of calculati'ons made using

stability constants, Cu0H+ and Pb0H+ species are Present i-n increasingly small

amounts as the pH enters the acid range. Explanations have been proposed for
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the apparent involvement of hydrolysed species in the acid pH range. Since

a singìe hydrogen is dîsplaced for each metal ion adsorbed, Quirk and Posner

(1g7Ð proposed that rhere i's'either a strong affinlty of the adsorbing

surface for the hydrolysed ion causing equi I ibrium d isplacement or hydrolysis

may be promoted by the surface itself.

Much of the soil chemistry of arsenic has been pursued on the basis of the

cìose paral lels between arsenate and phosphate. !,Jork on arsenate and i ts

relationship with hydrated ferric oxides and soils took place as early as

1904 (see Scholìenberger, 1g\7) and exchangeabil ity of phosphate and arsenate

was noted by Antoniani (192il. Dean and Rubins (.1947) found that phosphate

adsorption by soils was double that of arsenate and that arsenate could not

dispìace all of the adsorbed phosphate. However phosphate could displace

alì of the adsorbed arsenate. [n field soils with a history of phosphate

appl ications, arsenate was able to replace most of the 'exchangeabìe'

phosphate (i.e. that exchangeable with fluoride or hydroxide) but when the

soils were saturated with phosphate in the laboratory, only about half of

the adsorbed phosphate could be displaced by arsenate. Schol lenberger

(1947) obtained simi lar results and also found that arsenate dispìaceable

phosphate increased with increasing pH. Si'nce strength of adsorption

decreases with increasing coverage of the adsorption 3urface (see below),

desorption of a proportion of the phosphate by arsenate would be expected

under the circumstances of these experiments"

Hingston et aL. (fg68) studied'the specific adsorption of anions into goethite'

Adsorption maxima were piotted against pH and the'adsorption envelopes'so

obtained showed distinct breaks in slope, the pH values of which were highìy

correlated the pK" values of the acid forms of the corresponding anions" The

arsenate and phosphate anions behaved very simi larly and adsorption conformed

to a Langmuir isotherm, These authors suggested that in cases of competition
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for adsorption between specifical ìy adsorbed anions, desorption of an aníon

by.surface hydrolysis takes place when a competing anion can occupy sÎtes

in addition to those of the anion being displaced and is able to increase

the surface negative charge.

Barrow (lgZ4a) obtained results similar to those

and Hingston et aL. (.l968) and in addition noted

phosphate took pìace even in the Presence of 0.5

emphasize the fact that phosphate will always be

to arsenate i n orchard soi I s where large amounts

are ðppl ied.

of Dean and Rubins (1947)

that slow adsorption of

M arsenate. These results

adsorbed preferent ia I ly

of fert i I izer phosPhate

Adsorption isotherms are often used to estimate bonding strengths and give

some indication of the adsorption mechanism. Bondïng energy of anions on

oxide surfaces i's considered to alter with surface charge, whÌch changes

with both pH and adsorption, so that bonding strengths decrease with increasing

surface coverage. As pointed out by Tiìler et aL. (1g69) it is lÎkeìy that

most soils do not present the uniform adsorbing surfaces common to many of

the isotherm studies r-eported in the I iterature and it is probable that many

adsorbing sites with different, but not aPPreciablY So, bondÎng energies are

i nvo I ved.

Aìthough some simplification of the soil system and its components is

necessary for experimental reasons, the isotherm studÎes'mentioned above help

to explain the behaviour of ions in soils. Nevertheless, some of the resuìtant

differences between the system studied and the natural soil may adverseìy

affect the relevance of the studies. ln many investigations of adsorption

isotherms of soí ls and soil components, abnormally high solution concentrations

of the adsorbing ion are used. ln addltion, the common cations and anions

present in the soil solution may not be taken into account" Cation concen-

trations in soii soìutions at field capacity are usually about 0'01 N and
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about 0.1 N at wilting point (-golt and Bruggenwert , 1976). The ratios of

solution to adsorbing material commQnly used are also usually much higher

than normal in soils. \^/hile this is unavoidable for pract¡cal reasons'

it should be kept in mind that, under normal circumstances in soils, films

of water on particles are very thin and may affect the formation of the

diffuse double layer (Harmsen, 1979) and reìated adsorption reactions,

though this is certainly not the case in pores"

2 4.4 The Formation of Spa rinqly Soluble lnorqanic Compounds

The formation and dissolution of sparingly soluble inorganic compounds have

a role in the control of amounts-of elements in the soil solution, but their

importance is dÎfficult to assess. fteports in the I iterature are often

theoretical ly based and the values of solubi ì ity products, formation constants

and hydrolysis constants chosen may vary considerably. Rarely are the more

important competing reactions with soil organic constituents or adsorption

processes considered. Some aspects of inorganic chemistry which are relevant

to contami nated soi I s are d i scussed here'

Some values of solubilîty products (log Kro) are shown Ín Table 2'5' No

solubility product is quoted for PbHAso4 which is the form of modern lead

arsenate sprays, but, by analogy with phosphate, ¡t is probably much morê

solubìe rhan eUr(nsOU)r. Although the sulphides of copper, lead and arsenic

2+
Solubilit Products ( I K of Some Com nds of Cu and Pb

- 2- ? ')- ?-
oH- ,03'- Po4'- HPo4' Aso4'

-19 - 9,6 -36.9 - -35.1

-1g.5 -13.1 -\2"1 -9.9 -35.\

Source: Siìlén and Martelì (1964)

are very insoluble, they are stable only in the presence of sulphide because

they are susceptible to oxidation. Basic salts of lead and coPper' for

example hydroxycarbonates such as azúr¡te (log Kro -45.6) and pyromorphite

2+
Table 2.5

Anion

^2+LU

P b2+

s2-

i6
-28

7-
so4-

-7.8
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insoluble (sil lán and |4artel l,

',t
[T
il;

( eou ( eou )roH. log Kso -76.8) êre also very

196\; Nriagu, 197\)-. The fungicidal sprays, Bor eaux mixture and copper

oxychloride, which are basic salts, also have low solubi I ity.

Rickard and Nriagu (tgZ8) have provided a review of the chemistry of lead

in aqueous environments. Santillan-Medrano and Jurinak (tglÐ concluded

that the inorganic lead in the solution of calcareous soils h/as controlled

by the solubility of PbC0, and in non-calcareous soíls was governed by

pb(0H)2, pb3(P04)2, p5s(P04), and Pb5(Po,.,)JoH dependins on pH. Nriasu (tgl\)

suggested that soluble lead compounds accumulating at the soil surface react

with phosphate ro form Pb3(-P04)2, plumbogummite IPbAlr(nOU)r(OH;5.H20] and

pyromorphites and that i ron and manganese oxyhydroxides may assist thei r

formation by becoming adsorbents which concentrate both lead and phosphate.

Harter (197Ð noted a significant correlation betrveen the capacity of the

soiìs to adsorb ìead and the amount of phosphate extracted by hydrochloric

acid, and, at least in soils low in adsorption capacity, there was a suggest-

ion of the presence of stoichiometric PbHP04. The above-mentioned reports of

compounds containing lead and phosphate are largely based on theoretical

grounds. Although minerals containing both ìead and phosphate do occur in

soiìs as a result of weathering Processes (Norrish, 1975), widespread occurr-

ence in contaminated soils is yet to be established. An electron microprobe

study of an orchard soil (Norrish and Merry, unpublished) failed to show any

evidence of specific lead compounds, but suggested instead that the lead was

associated wi th organi c matter.

Hess.and Blanchar (lg16) concluded from work on two orchard soils that, at pH

values above \.75, either lead or manganese arsenate are stable and should

control the ìevel of a¡-senic in solution" Below this pH, manganese arsenête

is more stable than the arsenates of iron, aìuminium, lead or calcium' ln this

study howeverr no account was taken of the elevated phosphate concentratioirs

or other elements such as copper usually found in these soils' Lead phosphate
!

I,
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is much less soluble than lead arsenate (see Table 2.5) or rnanganese

arsenate.

2.\.5 Characterization of Copper, Lead and Arsenic in Soíls

Two common approaches have been adopted in attempts to characterize the

main fractions of these elements in soils. These are firstly the use of

reagents to extract supposedly discrete chemical forms, and secondly the

use of regression analyses to relate soil components wÎth either the total

content of the elements Ìn the soìì or to adsorptÎon maxima calculated

from Langmui r isotherms.

McLaren and Crawford (lglla) undertook a comprehensive fractionation of

soi I copper using chemical extractants on 24 representative British soi ls

containing 4.4 to 63.5 ppm copper. I'Solution plus exchangeableil and

'rweakly specifÌcally-bound" copper together accounted for less than 2 percent,

"organicaì ìy bound'r accounted for 13 to 4/ percent, "oxide occluded"

accounted for O to 36 percent of total copper with a residue of 38 t-o 77

percent. Al though the extractions ì¡Jere not mutual ly exclusive, the various

fractions generally correlated wel I with respective soil comPcnents and the

"residual" copper correlated wi th clay content. Simi lar ïnformation about

some of these fractions may be found elsewhere in the literature e.g.

Le Riche and !,/eir (1963), Gupta and Mackay (1965), Taylor and McKenzie (lgg0) -

and Du Plessis and Burger (tgZt). McLaren and Crawford (lgllø) also invest-

igated the specific adsorption of copper using Langmuir constants and multiple

regression analyses w¡th the same set of soils as mentioned above. Specific

adsorption maxima at pH 5.5 ranged from 340 to 5780 ug S 
1 with organic matter

and free manganese oxides being the main soil components involved. Further

work (¡,lctaren and Crawford, 197\) showed the between 2 and 21% of the total

copper was isotopicaìly exchangeabìe (0.19 - 12.4 uS g-1). Equilibrium was

reached within 24 hours although a secondary, slow equilibrium was associated

{j

t
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hrith iron oxides and montmorillonite. Delas et aL. (1960) had also noted

this sìow equiì Ìbrium. lsotopic exchange studies with copper arg 
.l imited by

the short haIf Iife of its isotope (tt = 12'g h)' Mcla'un "ní crawford

(lgl\) concluded that

¡) copper in soi I soìution is in equi I ibrium with specifical ly adsorbed

forms, and

¡i) equilïbrium between forms of copper, which is s'pecif ical ly adsorbed,

complexed or as hydrated ions i'n solution, must be readi ly attained.

Considerably less is known of the forms of lead in soils than is known of

copper. Soldatini et aL. (,1976) s:tudi'ed lead adsorption in 12 ltal îan soils.

Adsorption maxima based on Langmuir isotherms were correlated with organic

mêtter and clay, and little was attributed to i'ron and manganese oxides though

the contents of all of these components were themselves correlated to some

extent. The same authors (R¡ttaldi et aL.,1976) found essentiaily the same

resuìts for specific adsorption. Petruzelli et aL. (lgZ8) investigated

experimental ly the effect of organic matter on copper adsorpti'on. Removaì of

orgênic matter decreased adsorption and cation exchange cðPacity but Ît was

not clear whether the process used to remove organic matter was likely to

affect other adsorb i ng su rfaces .

Le Riche and V/ei'r (1963) extracted 'f ree' iron and manganese oxides f rom soi ls

and in doing so removed about 60 percent of soil lead. Norrish (lglS) revÎewed

some of the earlier work (e.g. Taylor and McKenzie 1966) suggesting reìation-

ships between lead and manganese oxídes in soils. He also Presented analyses

of i ron and manganese oxides from three Austral ian surface soi ls. Manganese-

rich nodules s-howed marked accumulations of lead (but not copper)' Lead was

also reported to be found in gorceixite and hinsdaìite míneraìs associated

with laterites. This agrees \^,ith the suggestion of Nriagu (lgZ4) that lead

phosphate minerals may control the immobilization of solubìe ìead in surface

:J
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soi ls, at least in envi ronments with high lead concentrations.

The similarities of arsenate and phosphate chemistry has prompted the use

of modified Chang and Jackson (.1957) procedures for partÎtioning soi l

arsenic into trwater-soluble", t'i ron-boundt', aluminium-bound" and I'calcium-

bound'r arsenate. Jacobs et aL. (¡gZO) used this approach with modÎfications

to overcome re-adsorption. Arsenic was sorbed by soils whÍch were then

extracted using this procedure. The amounts of arsenic extracted were

well correlated with free iron oxides in the soils studied, and chemical

removal of amorphous iron and aluminium oxides greatly decreased or

eliminated the ability of the soils to adsorb arsenate. 0rganic matter

was thought to be contributing very l¡ttle to arsenic retention in the

soils studied. \^Joolson et aL, (lgllb) used a sÍmilar approach to Jacobs

et aL. (fgZO) on soils (average 165 ug g-1 arsenic) w¡th a history of

arsenic appl ications. rr\¡/ater soluble" arsenic was rarely detected and

most arsenic was associated with the I'iron-boundr' (0.1 N Na0H extractable)

component. I'Aluminium-" and "calcium-bound" arsenic appeared only in soi ls

low ín iron.

ln a follow-up study in the laboratory, VJoolson et aL. (lgll) found that

the equilibrium between applied arsenic and the various soil forms took 4

to 6 weeks to attain depending on the concentration of arsenic applied.

V/¡th increasing appl ications, water soluble arsenic also increased,

especially in the sandier of the two soils studied. The proportion of

arsenic associated with i ron decreased wi th increasing appì ication whi le

the proport ion associated with aluminium remained more or ìess constant.

However, the latter decreased after 4 to 8 weeks and the former increased

over a period of 36 ureeks. Stmilar f indings suggesting that iron is more

important in arsenic fixation, were reported by Fassbender (lglS).

t
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VJauchope (lglS) found that the sorption of arsenate and organic arsenicals

uras correlated with clay and iron oxide contents. Some correlation was also

noted with calcium"

Fordham and Norrish (:gl\,1979) made direct measurements of soil components

in the clay fraction responsible for arsenic fixation using autoradiography,

eìectron microscopy and electron probe microanalysîs" lron oxides and

titanium oxides (the latter to a sma'ller degree) were the main components

responsible for adsorptÌon of arsenate, with gibbsite being important onìy

where it made up the majority of the clay fraction. Ver:y finely divided

oxide particles coating the surface of other clay minerals were responsible

for the adsorption rather than the clay minerals themselves.

ln summary the forms of lead in soils are less welì known than those of

copper and arsenic. Although there has been at least one study of arsenate

(Uoolson et aL.,1971b) in soils wîth a long history of appìications, there

do not appear to be studies of the fractionation type available on soiìs

with a long history of lead and copper applications. Most studies have used

uncontaminated soi ls dosed or otherwise treated, often with soìuble chemicals,

in a manner that bears little resemblance to the field applications and the

long periods of time involved in, for example, the accumuìatÎon of orchard

sPrays.

2.4 .6 Leach i ns of Copper, Lead and Arsenic

ln general, it 'is possible to predict from the chemistry of these elements

that leaching is unlikely in most natural situations except perhaps in

soils with low adsorption cêPacities. In many leaching experiments such

as rhose reported 6y Timdahl and Hassett (197il, and Jackson and Lev in (t979) ,

ìarge amounts of the elements being studied and high intensities of leaching

water were appì ied" ln the natural situation, patterns of rainfaì I and

wetting and drying of soil prof iìes'are usuaìly very different' lt is also
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usual, at least in agriculture, for surface accumulatÎons of contaminating

substances tQ be a slow process takïng place over mêny years' Few attempts

êppear to have been made to di.scrinlinate leaching in solutions from trans-

location associated h,ith the downward movement of fine particles'

Zimdahl and Hassett (lgll) reported studies which showed that soils could hold

metals in amounts equivalent to 40 to 72 percent of theîr cation exchange

capacîty before leaching occurred. The proposition that most surface soi ìs

have sufficient caPacity to adsorb metals is s-trengthened by numerous reports

in the ì'Íterature showing prof ile distributions (e"g. Cartwright et aL', 1977)

with pronounced surface accumulations of elements of atmospheric origin"

Some mixing or reinforcement of surface concentration can be expected due to

bÌoìogical acrion. Tso (1970) showed that limÌted amounts of 210Pb t.,.'

ìeached from soil by water, but the rates Íncreased with agitation suggesting

that physical movement of coìloids w¡th adsorbed ions may be a more probable

mechanism of loss from surface soils'

Jones and Beìling (1g67) studied the movement of copper down soÌì profiles

under the influence of fertilizers: C0t-saturated \^'ater and a lucerne extract'

So!ls with high contents of organic matter or calcium carbonate (or possibly

free iron oxides) and with moderate ion exchange capacity showed no movement

of copper down profiles after the equivalent of several years' rainfalì'

However, in deep sandy soiìs movements of 1 to 3 centimetres or more occurred

with both COr-saturated water and lucerne extracts'

The leaching rates of heavy metal ions in organic forest soils under the

influence of rainfall of varying acidity was reported by Tyìer (lgz8) '

Copper, chromium and lead were most resistant to leaching and the time required

to reduce totaì concentrations of both copper and lead by 10 percent was of

the order of hundreds of years with rainfall at a pH of 4'2' These times
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r^/ere shortened dramatical ly to ìess than 20 years for rainfal I at a pH of

2.8.

The leaching of arsenic (mainly applied as organoarsenicals) has been

dîscussed by Hi'tbold (lglS). 0rganoarsenical herbicides are readily

converted to arsenate, whîch is the usual form of arsenic in soil (b/oolson,

1977). H¡ tbold (1975) reported that under normal ci rcumstances, arseni c

accumuìates in the surface,of soils and is leached to ìower horizons very

slowly, if at all, except in coarse textured soils with low sorption

capacities. Tammes and de Lînt (1969) calculated that it took about 6 to 7

years to leach half of the added arsenic from the surface oi a light loam

soil to which sodium arsenate had been added at rates in excess of 250 kgha-l

of arsenic. Qver a period of 10 years, considerable amounts of arsenic were

leached to below 40 cm.

2.\.7 rhe Effects of Oxidation and Reduction. and lnteractions tr/ith Micro-

o rgan I sms

Oæidntion and Reduction

Changes in oxidation state, which are usual ly biological ly mediated, ffiêY

significantìy alter the adsorbing surfaces in soi ls. Hem (1972) has discussed

the effects of redox potential and pH on i'ron and manganese in aqueous systems

Both eiements have Iow solubilîty at pH levels near neutral in oxidTzing syst-

ems, but small decreases in pH or reducing potential may markedly increase

their solubility. These effects are reversed by a return to oxidizing condit-

ions. As has been discussed previously, iron oxides adsorb copper, lead and

arsenate ions, and manganese oxides are particularly efficient in adsorbing

lead. Reducing conditions, by altering the surfaces of ì ron and manganese

oxides in soils, may profoundly affect the soìubility of copper, lead and

a rsen i c.
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Reddy and patrick (lgll) found that copper chelated by DTPA and EDTA became

less stable under reducing conditions. This was attributed to chemícal

fixation of the copper rather then to physical adsorption or microbial

decomposition of the metal-chelate complex. The processes involved seem

somewhat unclear and the subject requÎres further învestigation since

similar effects may occur with lead and coPper which âre complexed with

organic substances in the soil solution.

ln addition to the effects of reducing conditions on adsorbing surfaces,

oxidizing and reduction conditions greatly affect the forms of arsenic

in the soil environment. This subject has been revíewed by Woolson (lgll)'

possibly the mos-t important effect of reducing conditions ís the production

of arsenite anions from arsenate, which is the usual form of arsenic in

oxidized soi ls. Arsenite is also considered more toxic than arsenate, but

is readi ly re-oxidized to arsenate.

Keaton and Kardos (lg4O) investigated the arsenate-arsenite system in soi ls.

They found that arsenate was adsorbed 4 to 10 times more strongly than arsen-

ite. They also found that the addition of ferric oxides to soils was effective

in increasing the oxidizing potentÎal of the soil. This had the ameliorative

action of oxidizing arsenite to arsenate. Reed and Sturgis (1936) investigated

the toxicity symptoms which appeared in rice when soils on which cotton had

been grown were flooded. The previous cotton crops had been sprayed with

insecticides containing arsenate. They suggested that, since the Eh of the

flooded soils decreased from 670 mV to 190 mV during submergence' reduction

of arsenate to the more toxic arsen¡te had occurred. More recently' Deuel

and Swoboda (lglZ) were able to attribute increases in water-soluble arsenic

with reducing conditions to the reduction of ferric iron and the subsequent

release of arsenate rather than the formation of arsenite, though the poss-

ibility of formation of arsenite in flooded soils was not discounted'
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Bohn (lgl0) considered that afsenate is unlikely to be reduced to elemental

arsenic or arsine (RsHr) in soils. Deuel and Swoboda figlZ) were unable to

detect any gaseous arsenic compounds în their reduced soils" However, it has

been known for a considerable period (since about 1900) that arsenate can be

reduced and methylated by f ungi, bacteria and animal s (Cox, 1975; l'/oolson,

1977) and dimethylarsine and trimethylarsine gases have been detected in

the atmosphere (Johnson and Braman, 1975\.

Microorganisms may contribute significantly to detoxification and dispersal

of arsenic în contaminated soils. Various organisms are able to reduce and

metabol ize arsenite, arsenate, monosodium methanearsonate and cacodyl ic

acid from insecticides and herbicides forming voìati le arsenic compounds

(Cox, 1975; \nJoolson, 1977). The products of microbial action are most likely

to be di- and trimethylarsine. The dissolution products, trimethylarsine

oxide and cacodyl ic ac'id are readily interconverted to methanarsonic acid

and arsenic acid which is sorbed by the soil colloids. Cacodylic acid

herbicide is readily metabolized in soils to arsenate (lloolson and Kearney,

1g7r. \^loolson (1977) summarized the fate of various arsenicals and estímate

losses in the range of 0"02 to 0.15% per day though the conditions required

for such losses are poorly defined and it was not Possible to.distinguish

accurately the losses due to volatilization from those due to leaching or

particulate removal.

The microbial alkylation of lead in soils producíng volatile compounds may be

possible since it is well known for arsenic and mercury. The process has not

been reported for lead, but if it exists, it may be a mechanism for the

dispersal of lead from contaminated soi ls.

Effects of Copper, Lead and Av'senie on Mict'oorgartisms

The presence of toxic eìements may'have important effects on the balance
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between the bacteria, fungi and algae in soils. Selective effects on path-

ogens may be beneficial and r¡ay be partly responsible fqr beneficial resPonses

of plants- to arsenic (Walstr and KeeneY, 1975) and to lead (Keaton, 1937). The

basis of the action of copper-contaíning fungicides is believed to be due to

the fact that fungal spores are able to concentrate coPper to many times

that of the surrounding envïronment (Corbett, 197\).

Greaves (1916) reported that nitrogen fixing organisms were s-timulated by

arsenic. Qui rashi and Cornfield (lgll, 1973) reported a stimulation of

nitrification and nitrogen mineral ization in Incubation studies when high

concentrations of copper were Present. Tyler (lgl4) reported that the activîty

of urease and acid phosphatase enzymes in the soil, as well as respirat¡on

rates, in an organic forest soil in Sweden decreased with very high (up to

-140,000 ug g-t) copper and zinc concentrations. The mechanisms' of these

effects are unknown in detail and ¡t is doubtfuì whether the effects are

significant at lower soil concentrations of toxic elements such as are found

i n orcha rds .

2.5 The Up take, Dîstribution and Effects of Copper, Lead and Arsenic in

P I ants

The general subject of the movement of nutrients (and other elements) to the

vicinity of plant roots and their uptake, distribution and function within

the plant has been the subject of many books and reviews (..g. 0lsen and

Kemper, 1968; Epstein, 1972; Moore, 1972; Tif f in, 1972; \^/i lk¡nson, 1972;

Hodges, 1973; Loneragan, 1975; Nambiar, 1975; Nye and Tinker, 1977). Detailed

discussion of these topics will not be êttempted here'

However, most reyiews have been concerned largely with plants grow¡ng ¡n

'normaì' or nutrient deficient situations. Copper, for instance, is best known

as an essential trace element. The present discussion will be directed more

towards the toxic situation though material will be drawn from'normalr situa-

tions where relevant,
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One further aspect will be mentioned briefly because it is concerned with

the abil ity. of pìants to cope w'ith an exces's of tox¡c metäìs. This is the

deveìopment of genetic toìerance by plants, a subject which was extensively

reviewed by Antonovics et aL. (lgZl). The situat¡ons where genetical ly

controlled tolerance by plant communities have been studied are usually on

reclaimed mine dumps or mineral anomal ies. Although twenty-one possible

mechanisms are listed by Antonovics et aL. (1971), l¡ttle aPPears to be known

of specifically how the tolerant plants manage to withstand concentrations of

toxic metals which are of a very much higher order than is usual for pìants

growing on contaminated soi ls. For instance, Barry and Clark (lgZ8) reported

concentrations of 2500 Ug g-1 of lead in the tops of grass growing in metall-

iferous wêste and Porter and Peterson ÍglÐ reported arsenic concentrations

in excess of 6000 Ug g t on Olants growing on mine waste. These situations

appear to be somewhat unusual and the development of genetic toìerance with

associated high concentration of elements in plants has not aPparently been

reported for contaminated soi ls from orchards'

2.5.1 Copper

Critical concentrations of copper in soil above which Pìants may be detrimen-

tally affected are difficult to ascertain because of the profusion of extract-

ing media which have been used, couPled with variations of fertilizer use'

soils and plant genotypes (Delas,1963). For example, factors such as poor

dra inage (¡,t¡ tcnel I et aL. , 1957) and i ncreas ing temperature may ì ead to enhan-

ced uptake of copper" Smith (lg7l) Ìnvestigated the copper concentration of

lucerne at flowering in uncontaminated soiìs and found an increase of about 11oC

in day and night temperatur"r."ised copper concentrations from 9 to 15 Ug S 
1"

Demolon (-lg¡6) and Struckmeyer et aL. (1969) observed toxicity of copper on

plants grown in soìution cultures at concentrations of about 0.,l to 0.2 yg n1-1

Forster (1953) showed that there was a considerabìe decìine in pìant yields,
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w¡th marked species differences, when copper applied to soils in pots exceeded

160 ug g-1. fteuther and Smith (lg¡¡)- found that total concentrations of

copper greater than 50 to 200 US g 1 in soils resulted in toxicity to citrus

plants. The appearance of toxicity varied with cation exchange capacity Ín

sandy soils so that !O to 100 pg g-1 t"r. toxic at exchange caPacities of

1.5 to 2 meq (tOO g)-1 and 1 25 to 2OO ug g-1 were toxic at 4 to 6 meq

(tOO g¡-1. Reuther and Labanauskas (.¡g66) reviewed data on copPer in soils'

Toxicity symptoms were often observed when total soíl copper was in the range

100 to l5O uS g-1 and soil pH was less than 5'0"

A number of workers have applied copper salts to soils in the field and found

correlations between plant response and the amounts of copper extracted from

the soils by various reagents. For example \'/alsh e't aL' (1972) appl ied up to

-1486 kg ha-lof copper sulphate to soils on which beans were grown' This rate

of application was intended to be equivalent to 27 years of fungícidal

applications. Good linear correlations of increase in extractable copper and

concentration in Ieaves with reductions in yield were obtained. since the

copper concentration in the leaves was still declining after two years' it is

probable that the copper applied to the soil, at least at the high rates' had

not reached equi librium with adsorption and complexing mechanisms' comparison

of these results with what may occur with annual applÎcations over 27 Years

is probabìY not justified'

Reuther and Labananskas (1966) have I isted plant concentrations for deficient'

normal, h¡gh and toxic ranges of copper in various parts and experimental con-

ditions. citrus leaves with greater than 20 to 25 ug g 1 entered the toxicity

range, but roots with up to 600 -,,g g 1 were not regarded as high' No other

concentrations in plants which were reìated to tox¡c symptoms were reported'

Deìas (1963) e.xplained that criticaì toxic concentrations within pìants require

carefuì interpretation since, În many cases, the most drastic effect is on the
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root system and toxic¡ty is not always accompanied by increased transport of

the toxic elerDent to tops. Fo.rster (: gSt+I noted that morta I ity of plants

and variation in concentration (possibly the resuìt of root damage) increased

wi th copper appl ication rate to oats in pots.

Copper toxicity symptoms and effects vary with species. The more common

symproms, summarized from Smith and Specht (lg¡¡) and Delas (1963) are:

a) yield reductions and general stunt¡ng,

b) poor root growth, often with brown discolouration,

.) absence of root apical meristems,

d) strong chlorosis symptoms resembl ing i ron deficÎency, and

e) suppression of ti ì lering in cereals.

Similar symptoms of stunting and celìular collapse were reported for tobacco

by Struckmeyer et aL. (1969) at copper concentration greater than 0.32 ug ml-l

in solution culture. Fewer chloropìasts were observed in the cells of leaves.

Brown et aL. (lg>Ð noted that those plants which were prone to iron deficiency,

such as citrus, were also prone to copper toxicity. Symptoms are rare in many

species with ìarge, deep root svstems when copper is concentrated in the sur-

face soil, but the establishment of young, shallow-rooted plants may be d¡ff-

icult. This has also been noted for arsenÌc and can be overcome by deep

ploughing or pìanting in smal I amounts of îrnported' uncontaminated soi l '

Goodman and Lînehan (lglÐ confirmed earlier suggestions that copper was likeìy

to be present in plants as 1:2 copper-amino acid complexes. Tiffin (lglZ)

showed that copper Îs translocated in the xylem of peanuts in anionic form

probably as amino acid complexes. Goodman and Linehan (lgZg) also suggested

that the appearance of the cornplex depends on the structural integrity of the

roots and that uptake i's'metabolically mediated' a conclusion oPPosite from

that of, for example, Cathala and Salsac (1975) who used excised roots'
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The mode of action of toxic copPer remains largely unknown' The lack of

i'nformation on specific effects may resuìt from considerable between and w¡th¡n

species differences, the large number of possible sites of action within the

plant ffom roots to leaves and an apParent host of interacting elements, ê'9'

manganese, i ron, molybdenum, nickel, cobalt, caìcium and phosphorus (Forster,

1954). Doubt exists as to whether some antagonisms take place inside or outsîde

the pìant and, since many have been demonstrated only in solution or pot

culture, whether they are imPortant under fÌeld conditions.

The symptoms of chlorosis attributed to copper toxicity in citrus, which are

often evident when other elements are toxic, have been variously attributed

to immobilization of iron either in the soil, root or leaves (u.S. fj"ttr, 195\;

Struckmeyer et aL.,1969 and others). The consensus is probably that although

copper concentration increases in leaves showing chlorosis, the iron concent-

ration remains about the same, suggesting some biochemical blocking action in

the leaf. Hewitt (1948) found that iron chelates alleviated chlorosis symptoms

!n sugar beet, but had no effect on the root damage symptoms. A 500-fold

increase in soil copper concentration resulted in only a fourfold increase in

copper concentration in the root and no difference in concentration in the

shoot despite yields being halved. Higher concentrations of ammonium ion

appeared to increase copper translocation to tops of the plants' ln the tops

of these plants, iron concentrations decreased so that Hewitt concluded that

the site of action was in the roots. Smith and Specht OgSl), working with

citrus in soìution cuìture, obtained results simiìar to those of Hewitt (1g48)

and found that the toxic effects of copper, zinc and manganese were not

additive. Nitrogen and calcium had no effect, but lowering the pH of the

growing medium markedly increased toxicity. Although different mechanisms may

be operating on different pìant species, it is evident that excess copper

primarily damages roots and visual symptoms of chlorosis are dependent on the

concentration of other elements in the plants'
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The biochemical action of copper is known through its roìe in the functioning

of enzymes, electron transport and presence in some cQpper proteins ("'S'

tyrosinase, polyphenoloxidase, cytochrome C oxidase and plastocyanin;

piesach et aL., 1966) and through its function as a pesticicie (corbett' 197\)'

copper at high concentrat¡ons is known to denature most enzymes' The

postuìated action through thiol or carboxyl groups is sometimes reversed by

treatment with cyanide or EDTA. Cedeno-Maldonado et aL' .1rglZ) investigated

copper excess and the photosynthetic electron transfer system in isolated

chloroplasts and found a number of effects:

(a)ìightofasufficientintensitywasrequiredforinhibition,

(U) copper binds di rectly to chloroplasts t

(c) concentrations greater than 1 micromolar (63'5 UgL-1 ) were toxic,

(d) components of the oxidising side of the photosynthesïs pathway r^'ere

sensitive ond

(.) the electron donating properties of Mn2+ were inhibited.

Specific biochemical information related to toxic copper and interactions with

iron, manganese, molybdenum and zinc appears to be lacking'

2.5 .2 Lead

There have been reports of yieìd increases in plants resuiting from applicat-

ions of ìead to soi'ls (Keaton, 1937; Lagerwerff' 1971)' These may have been

due to ions associated w¡th the appìied lead, such as nitrate (Keaton' 1937;

Zimdahl and Foster, 1976) carbonate (Keaton ' 1937) oF' as was proposed by

Lagerwerf f U9l1), due to the treatment rendering other elements' such as zinc'

more avai lable in a deficient situation'

Reports of toxicity in plants whÎch were attr¡buted to lead have been recorded

for a considerable time. Forster (fgl4) quoted such a report by Glanviì in

England in 1668. More recent reports on lead' though not often present in

toxic amounts, resuìted from investigations of mine-affected soi ls in Wales'
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accumulation of lead arsenate sPraysr sltlêlter emissions, fnotor vehicle exhaust

emissions End sewage sludge appl ications' Early work relating to lead in

plants has been brîef ly d'rscussed by Keaton (,lglil and Brewer (1g66) ' Uptake

by plants, with a bias to atmospheric sources, has been reviewed bv zimdahl

and Koeppe (,lgll).

Much of the work on lead uptake by plants has employed sand or solution culture

and frequently soils amended with large amounts of relatívely soluble salts"

Aìthough the reìevance of many of the experiments to the field situation may

be crit¡cized on these grounds, they do serve to show that very efficient

barriers to lead uptake occur in plantsn and that lead is strongly bound in

the soil. lllustrative of this point are the experiments of Keaton (1937) w¡ro

applied approximately 5 t ha-l of lead carbonate to soils on which barley was

grown. lt was found that the high rates of application, which resuìted in an

increase in concentrations in washed roots from 5 to 730 ug g 1, but in the

tops only increased from below detection fconcentration not stated) to 3 Ug g-1

No reliable critical concentrations of lead in soils, above which toxicity may

be expected, are available În the literature. Thïs is probably a result of

the scarcity of reports on toxicity in plants which can be attrïbuted to ìead

alone. Those that have appeared commonly present results of deliberate ìead

applications. Baurnhardt and Welch (lglZ) found that the addìtion of 1000 ug

g-1 of lead (as acetate) had no effect on maize grown in soil apart from

increased concentrations of lead in the plants, but growth was retarded in

sand culture when concentrations were as low as Z4O uS g-1 (m¡ller and Koeppe'

1971). S¡gnificant ìinear correlations have been reported between ìead

removedfromthesoilbyvariousextt.êctantsandleadconcentrationsinplants

(".g. John, 1972; Merry and Ti I ìer, 1978) ' Symptoms of lead toxÎcity are

aPParently of a non-specif 
.ic kind since no detaiìed description, apart f rom

yield reductions, have appeared ìn the I iterature'
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A number of interactions of lead with other elements have been reported. ln

sonle cases. it ls not clear w.hether these ef fects are due to mechanisms

taking place in the soil, at the root surface or within the plant. Mclean

et aL. 0969) and John and van Laerhoven (lglt) found that lead concentrations

in plants.decreased with appìication of lime to the soil. Mclean et aL. (lg6g)

reported that phosphate applîcations decreased the uptake of lead by plants.

McKenzie (tgZS) found that, when manganese oxides were apPlied to pots conta¡n-

ing soil with high lead concentrations (Ìncluding an orchard soil), the

concentration of DTPA-extractable lead concentration decreased in the soiì and

also the uptake of lead by subterranean clover decreased. lnteractions between

lead and sulphur were investigated by both Jones et aL. f973) and Karamanos

et aL. (tgl6). The former found marked increases in the lead concentration

in the tops of sulphur deficient ryegrass although there were no differences

in totaì uptake when yield was taken Înto account. Karamanos et aL. (1976)

obtained significant yield increases with appl îed sulphur, but lead concent-

rations in the tops of lucerne and ryegrass dïd not alter significantly' A

number of experiments using treated soils have resulted in the observation of

interactions of lead with cadmium in various plant species (Hassett et aL.,

t976; Koeppe, lg77; Mîl ler et aL., 1977 Carlson and Bazzaz, 1977). Synergisms,

some of which were beneficial, were evident when the two metaìs were applied

together. Whether or not beneficial effects could be expected from other

metals, such as iron and zinc, has not been demonstrated.

Lead may accumulate on the surfaces of leaves from sprays' motor vehicle

exhaust emi ssions or other atmospheric sources. According to Brewer (1966) 
'

lead suìphate sprayed onto plants had no effects until eventually the stomates

became clogged. Evidence provided by Lagerwerff (971), Little (lgll) and

Arvik and Zimdahl ('1974a) suggested that fol iar absorption of ìead by plants

is either insignificant or non-existant because of the effective barrier

provided by the waxy cutîcìe of leaves"
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The distribution of lead within plants is guite well known. Jones and Hatch

(1g45) compared the lead concentrations. of a range of vegetabìe and forage

plants. They.were gro\^/n on orchard s'oils which had accumulated lead arsenate

equivalent to 375 vS S'1 of lead and the lead concentrations compared with

plants grou,n on adjacent soils with no ìead arsenate. The average increase

in lead concentration of the tops of the plants was fron 12.1 to 15.1 Þ9 I 1,

of washed roots was from 4.0 to tZ.3 Vg g-1 and of edible parts was from 0.9

-1to 1.4 ug g-'. Jones and Hatch (1g45) differ from the majority of more recent

literature (u.g. Karamanos et aL', 1976; Baumhardt anci I^/elch ' 1972) in f inding

ìower concentrations of lead in the roots than were found in tops' Although

species differences are to be expected, this raises the question of the

possibility of atmospherÎc contarnination, but it was also true that many of

the roots in the study of Jones and Hatch (1945) were edible and may naturaìly

have lower lead concentrations. These roots are aìso much more easily cleaned'

It is usual to fÎnd the highest lead concentrations in, or on, the roots of

plants. Precipitation of lead phosphate on root surfaces or in the root free

space was proposed by McLean et aL. (1969) and Miller and Koeppe (lgZl)'

Broyer et aL. (tglZ) found that lead i'n excised barley roots was readily

removed by extractants and reached similar conclusions about the site of

residence of lead, but observed no reìationship to phosphate or any other

element. The same authors also studied effects of temPerature on the uptake

of ìead. lnit¡al uptakes were independent of temperatures and described as

passive but thereafter markedly different rates were noted and ascribed to

metabolically controlled processes. ln contrast, Arvik and Zî'mdahl (1974b)

interpreted results which they obtained as being due to completely non-

metabolic processes. As noted above for copper, care should be taken in

interpreting results of experiments in which the integrity of the plant Îs

not maintaÎned (EPstein, 1972).
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The locaìization of.lead in plants has been studied by a number of people'

Glater and Hernandez (lglZ) found that lead was concentrated around the xylem

of contaminated plants. Tanton and Crowdy (1971), by converting ìead in

plants to the sulphide, demonstrated movement of lead in chelated form in

solution into the root via the apoplast, through the cytoPlasm of endodermal

cells and into the xylem. ln maize, Malone et aL' (tgZ4) showed' using light

and electron microscopy, that lead absorbed from solution culture precipitated

on the Ì-oot surface (but not when an EDTA chelate was the source) and sìowly

accumulated in crystal form on cell walls. The ìead actuaìly taken up by

cells was eoncentrated in dictyosome vesicles which then fused to encase the

lead deposit. After being surrounded by a membrane, the encased deposit fused

with the plasmalemma and eventuaìly with the cell wall' Simiìar deposits

were evident in stems and leaves. They found no association of lead with

mitochondria in maize despïte the reports of Miller and Koeppe (tgzl)' lt

must be noted that many of the above effects were observed ín experiments

using very high concentrations of lead in soiution which are unìikeìy to be

encountered in soils.

Foster (CStnO Division of Soils' personal communicatïon) has studied lead in

the roots of pine seedìings grown in orcha¡çl 5eils" Like the majority of crop

plants, these roots were infected wÌth mycorrhizal fungi and, in these

circumstances, ìead was found to be deposited within the fungal cells with

no obvious accumulation within the host plant ceì ls'

Biochemically, lead could be expected to denature enzymes and other proteins'

but unìess some local ized concentration increase or genetic intolerance to

high concentration occurs, Ît is unìikely that many of the effects mentioned

above wilì occur. Miller and Koeppe Ogll) reported effects of lead on

mitochondria, succinate oxidation and NADH but it would appear from the

evidence that most of the lead in pìants is extracellular.
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Changes in the concentration and distribution of lead in plants with the

physiological changes occurring with seasons have been observed' Mitchel I

and Rei.th (f960) reported that lead was apparently mobilized in senescent

pasture plants and the concentratÎon in the tops increased during winter'

They did not consider the possibiìity that freezing conditions may have

damaged the roots of the plants. These plants u,ere perenníals and their

conclusions differed from those of Rains (lgll) who used wild oats (Auena

fatun). He concluded that, following an initial dilution due to plant growth'

the continuing accumulation of lead observed through summer and the following

winter were due initially to dry mass losses and later to strongly bound

surface lead from atmospheric sources, ïn this case, a smeìter' Karamanos

et aL. (1976) grew ìucerne and brome grass, both Perennials, and simulated

autumn conditions in a growth chamber. by decreasing temperature and photo-

period. This had an effect of increasing lead concentrations only in pots

receiving 100 ppm lead. The small increase observed could be accounted for by

diminished dry matter production and paral leled simi lar effects noted for

phosphorus and Potassium.

2.5.3 Arsen i c

Although the toxicity of arsenic to animals has been known for a considerable

time, it is only since agt'icultural usage of arsenic-containíng compounds

became widespread over the last century or so that tox¡c effects to plants

have become evident. The more recent ìiterature on arsenic in soils and

plants has been reviewed by LiebÎg (1966), VJoolson Íglil and National Research

counci I Canada (1 978) .

It has been suggested (ruiel sen et aL., 1975\ that arsenic may be essential in

the diet of rats, but its essentiality to plants has yet to be established'

Liebi g et aL. (1959) and others have noted a st¡mulation of root growth by ars-

enic in solution cultures. other workers, such as \,Joolson et aL- (lgzla) have

Ï
t:
tj
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reported groì^rth stimulation f rom arsenic contaminated soils compared to control

soils. No certain expìanation has been put forward, but it is possible that

interactions of arsenate with phosphate in soils and plants or even stimuìation

of a'hormonaì' kind at low concentration may partly exPìaÎn these results

(Wool son et aL. 1971a).

Critical concentrations of sol.l arsenic above which toxic effects may be

encountered cannot be stated absolutely because of variation in the soÍl factors

responsible for fixation and because of differences'ln response by dÌfferent

planr species. Bishop and Chis:holm (1962) found 50 to 120 pg 9-1 of total

arsen¡c to be detrimental to plants in gìasshouse trials. McPhee et aL, (tg0O)

observed decreased yields of peas and beans grown on a sandy loam soil to

which arsenic had been added over five years to attain a soiì concentration
' -1of 120 to 150 Þg g l. Many of the soil extractants used for 'available'

phosphorus have also been used for arsenic (Walsh et aL,,1977). Vandecavaye

et aL. (1936) extracted arsenic with a range of reagents [including distilled

water and concentrated HNO3) and found no correlation with the appearance of

toxic effects. \'lool son et aL. (l97ta and 197lb) found logarithmÌc relationships

between growth reductions in four week oìd maize and various extractants

commonly used for phosphorus. Growth reductÏons began when total soi I arsenic

reached 50 to 100 yg g-1 and 50% reductions occurred at about Z5O US S-1'

(Few of the soi ls had arsenic concentrations higher than this). Simi larly,

growth reductions appeared when bicarbonate extractabìe arsenic exceeded about

-l10 ug S-l and 5O% growth reductions occurred at 30 to 40 ug g '- As discussed

by VJoolson et aL. (l97lU), arsen'tc soluble in water has been used f requentìy

to define toxic concentrations for pìants with varying success and often

conflicting results. ln summary, it would seem that problems related to high

arsenic concentrations in soÎls appear when total concentrations exceed 50 to

' 
-1100 ug g-1, but may occuÉ at lower concentrations in sandy soiìs and in

'dosed' soiìs with sensitive crops. ln soils whi'ch are able to adsorb arsenÎc

¡
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strongly, toxicity may not occur until much higher concentrations are reached.

LiebiS (g66) has summarized reports from many sources-indicating the range

of arsenic found in plants and plant parts. The vast majorÎty'of plants

grown in field conditions contain arsenic at concentrations less [and usually

very much less) than 1 ug s 1. H¡gher concentrations were found in roots

(up to about 3O uS g-1) and also in plants grown in solution culture. Although

much data b/ere summarized, only four cases of injury and one of plants showing

toxicity symptoms were reported. Vincent (1944), Liebig (.1g66) and other

authors provide lists of plants considered to have low, moderate or h¡gh

tolerance to arsenic. For example, legumes are cons'idered to have low

tolerance and potatoes, tomatoes and rye to have high tolerance.

The variation in arsenic concentration in plants usually foìlows the pattern

found for many other eìements (tiebig, 1966) i.e.

roots > stems > ìeaves' > reproductÎve parts

Ed¡ble parts of plants usually have low concentrations'. The peel ing of beet

roots lowered their average arsenic concentration from 20 to 1 lg g 1 (Jon.,

and Hatch , 19\5).

Critical concentrations of arsenic in pìants are rarely quoted, probably

because of the non-specif ic nature of toxici ty symPtoms. Most appear to

manifest as growth reductions, though more specific symptoms of marginal and

interveinal discolourations on peach leaves, which later become interveinal

and necrotic, have been reported (Bat¡er and Benson, 1958). Arsenic toxicity

symptoms of root plasmolysis and discolouration with leaf wilting and necrosis

of margins and tips were descfibed by Machlis (1941). These symptoms suggested

Iimitations to_ the efficient uptake of water by pìants" Different forms of

arsenic have different toxici ties to pìants. Clements and Munson (,lg\7 ) showed

'l
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in solution culture that triValent arsenic was up to ten times more toxic than

the pentayalent form which predo¡inates in s,oiìs under flost circumstances.

Little appears to be known of the chemical forms of arsenic in plants' though

¡t is possible that i'norganÌc arsenic may form arsenylated compounds in plants

(Nationai Research Counci I Canada, 1978).

Hurd-Karrer (tg¡6) and Clements and Munson (1947) observed that increased

phosphate in solut!cn cultures had the effect of preventing arsenic injury.

Jacobs and Keeney (1970) found no interact¡on of arsenic with phosphorus in

maize grown in pots except that phosphorus added to a sandy soil enhanced

arsenic uptake and toxicity. Some confl ict arises in results obtained when

investigating arsenic and phosphorus interaction. VJhen plants are grown in

soil, the interactions are often interpreted in relation to what might be

expected from soil chemistry, but the solution culture work mentioned above

also suggests that there may be some further interaction within the plant.

lf phosphorus is able to modify the effects of arsenic injury in plants, ¡t

is possible that other, similar, anions such as sulphate and molybdate may

also be effective, though the possibility does not aPPear to have been

explored. lt was suggested by Walsh et aL. (lgll) that high arsenic concen-

tratïons in some fruit trees induces zinc deficiency which is then overcome

by the use of zinc-containing sprays" However, evidence was not provided

to show that the zinc deficiency was actually induced by aisenic'

The biochemical function of arsenic in producing toxicÎty is not clear. Perhaps

most important is the action of arsenate in the uncoupling of oxidative phos-

phorylation (mafrler and Cordes, 1966). ln the presence of some enzymes it may

cause rapid hydrolysis of both sucrose and glucose-1-phosphate. lnterference

to reactions of energy transfer to ATP has been suggested as ên explanation of

r
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ìoss of turgor in plants, injury and death (Oixon and Webb, 1964). Trivalent

arsenic reacts readily and reversibly with. sulphhydryl and irreversibly

with dithiol groups" The herbicidal action of organoarsenical herbicides

is beyond the scope of this review, but has been welì covered by VJoolson

(1976) .

2.6 Copper. Lead and Arseníc in Relati on to An imal and Human Health

There has been little published until comparatively recently on the effects of

accumulation of copper, lead and arsenic on the macrofauna that inhabit

orchard areas. H¡ rst et aL. (lgel) noted that earthworm populations appeared

to be adversely affected by high concentrations of copper' Mochizuki et aL'

{197Ð also reported detrimental effects on earthworms and insect larvae of

residual copper, lead and arsenic in orchard soiìs, especialìy when accompanied

by ìow soil pH and exchangeable calcium. Elfving et aL- (lglg) studied the

body burden of arsenic În rodents inhabiting the surface of orchard soils'

A correlation between body burden and soil concentration was obtained, but

pathological effects, if any, were unknown, as h,ere the possible effects on

predatory animals.

Specific pathological effects resulting from the chronic exposure of domestic

animals to pasture and soils contAminated by copper, lead, or arsenic from

sprays do not appear to have been reported although situations where stock

have grazed freshly sprayed orchards or raccidentalr poisonings of an acute

nature have occurred. The effects of copPer on domestic animals and humans has

been extensively reviewed by Underwood (1971). Deficiency and toxicity effects

depend not only on copPer Întake, but also on the întake of zinc, iron' calcium

and cadmium (Underwood, 1971; MÎlìs and Dalgarno, 1972) which are generaìly

antagonistic to copper. Ruminant animais such as sheep and cattle may be

protected to some extent from excess copper provided that the molybdenum and

sulphur status is adequate. Excess copper is accumulated in the liver of most

I
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anlmals and, since the ability tg store copper varies, there are considerable

species differences in tolerEnce. Haemolytic jaundice as a result of I iver

failure due to excess-coÞper has not been recorded for rats, rabbits or birds

but has been reported for sheeP.

The diets of pigs are frequently supplemented with copper to increase rates

of weight gain and feed efficiency (Baker,1974). Supplementation is as high

-las 250 Ug g ' in the feed, at which leveì the effects of toxícity may be

evident. H¡gher amounts can be tolerated with zinc or i ron addit¡ons. Sheep

and cattle are more sensitive to copper, and diets containing copper concent-

rations as low as 8O ug S-1 may result in toxicîty. Losses of animals have

been reported as a result of the grazing in orchards and vineyards. 0n sub-

terranean clover based pastures in Australia, chronic copper toxÎcity in

sheep has been observed when the plants contained as l¡ttle as 10 to 15 ug g-1

copper, but only 0.1 to 0.2 ug g-1 molybdenum (Oict< and Bull, 1g4Ð. Moly-

bdenum supplements can effectively redress this situation.

ln humans, copper toxicity is uncommon except in cases of V/Îlson's disease

which results from a genetic disorder of the metabolism. Other cases relate

to deliberate ingestion of coPper salts or accidental poisoning' one of the

main effects of which is to induce vomiting (H¡ I I 1977).

Lead poisoning, on the other hand, has been known in humans for some

considerable time. The common sources of lead of fifty to one hundred years

â9o, such as water pipes, food containers, Paint and insecticides have been

suppìanted by others which incìude cigarette smoking, cosmetics and motor

vehicle exhaust emissions (Underwood 1971). Apart from accidental poisoning

due to the consumption of paint or insecticide, the main cause of poisoning

in anîmals has probably been due to contamination of pastures by smelter

emissions (Hammond and Aronson, 1964; Rains, 1971) and more recently there
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have been reports of poisoning of animals grazing pastures contaminated by

motor vehicle exhaust emissions (Graham and Kalman, 1974). Horses are more

sensitive to lead than cattle, with poisonings occurring on the former at

forage concentrations of 80 Ug g-1 and in the latter at 200 to 300 ug g 
'1"

ln these cases, the lead had been deposited directly onto leaf surfaces'

Poisonings are unlikely where the source of lead in forage is solely by root

uptake, although the potentìal exists for toxicity to occur due to the ingestion

of highly contaminated soil in areas with ìow rainfal I where growi.ng seasons

are short and droughts frequent (Merry and Ti I ler, 1978)'

A more emotive and contentious issue is the subclinical effects of lead exposure

on children (Bryce-Smith et aL.,1g7B\ and adults (wal¿ron and stöffen,1974)'

The effects of lead on humans have been reviewed many times recently (Underwood,

1971; tJaldron and Stöffen, 1974; Goyer and Mushak, 1977; Mehaf fey' '1977 and

others).

Arsenic is perhaps best known in its role as a poison, although ¡t has had use

in medicine as a tonic, and it has fecently been shown that ¡t is possibly

essential in the diet of rats (niel sen et aL., 197Ð. The poisoning of animaìs

is usually acute and related to contamination of food supplies with herbicides

or insecticides (.SetUy et aL., 1977). 0ccurrences êre aPparently related to

the fact that some animals such as young dogs and calves often seek out and

eat unusual materials so that Poisonings for this reason afe rare in older

animals. chronic effects'are rare and poorly documented.

The situation wlth humans is similar in that chronic toxicity is unusual

(fowler , 1g77). Acute toxici ties commonly are the resul t of industrial

exposure in smelters or from arsenical sPrays. A number of epidemiologicaì

studies (see Sunderman, 1977) have shown that increased exposure to arsenic'

either taken oral ly or by' the respïratory tract, is corre'l ated with increased
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incidence of cancer of the skin and lungs, but there has not been much

supporting evidence for afsenicals causing cancers Ín laboratory animals'

The toxic effects of copper, lead and arsenic in both animals and humans have

been extensively studied. Despite this, many asPects'are still the subject

of debate. Further discussion of the topic is beyond the scope of the

present review.
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3.0 EXP ERIMENTAL METHODS

3.1 Es t irlat i on of Area of Ap ì e and Pea r Orchards in Austral ia

EstimatesoftheareaunderêpPleandpeartreesweremadebytheAustralian

Bureau of Statistics untiì 1971 when their system of reporting was changed'

prior to 1971, tree census information was provided by individual farmers

and estimates for both the number of bearing trees and total trees were

establïshed, as well as the average number of trees per unit area for

each statisticaì subdivision. 0n this basis the area producing apples and

pears h,as calculated. Vlith recent changes in orchard management, such as

the more common use of close planting and espalier culture, calculations of

area became inappropriate and, since 1971, only estimates of tree numbers

have been provided. using the average number of apple and pear trees Per

hectare (269 and 261 per hectare, resPectively) an estimate of the maximum

area for 1971 onwards was calculated'

3.2 Fi eld Samp linq of Soiìs

? 2.1 Su r face Bulk SamPles

Surface soil samples were collected from orchards and sites which were formerly

orchards in South Australia and Tasmania for chemicaì analysis to investigate

the extent of accumulation of coPPer' lead and arsenic' The samples were

colìected on a number of occasions between 
,l97\ and 1g7g from the Adelaide

region and the adjacent hills in south Australia. They were also collected

from fruit growing areas around Huonviìle, the Derwent, Tamar and Mersey

valleys, and Tasman Peninsula in February 1975, December 1971 and November

1978. A further small number of samples were obtained from other sÎtuations

such as vineyafds, almond and citrus orchards' hopfields and currant plant-

ations where sprays containing coPPer were known to have been used'
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These samples were taken from the 0-10 cm interval except for a few instances

where O-5 cm samples were coìlected. The 0-5 cm sample u,las used only when a

5-10 cm sampìe gave similar values for coPper, lead and arsenic analyses'

This is frequently the case in so¡ls which are regularly cultivated' ln

former orchard soils, now in Pasture, 10 cylindrical cores of 5 cm diameter

were taken at random from an area of about Z5 ^2 
based on the sampling

experience of Ti 11er et aL. (lglÐ. ln existing orchards, a different pattern

was used to take account of possible variations in drip patterns from the

fol iage of the trees (t,tiles t968; Frank et aL., 1976) ' In this case' 10 cores

were taken at approximately equal intervals in a straight line covering two

inter-tree spaces,L.e. between the trunks of three trees. ln some orchards,

part¡cularly in southern Tasmania, a depression of 30'l+5 cm had developed

between ro'ws of trees because of repeated cultivation which was restricted

to one direction. ln some cases topsoii had been deliberately thrown up

along the I ine of the rows of trees. where cultivation effects ì^'ere evident'

soils were always sampled between trees along the line which appeared to have

a minimum of disturbance.

3 .2.2 Soil Profiles

Soiì profiles were sampled in South Australia and Tasman¡a to investigate the

distribution of copper, lead and arsenic within the profile and obtain evidence'

if any, for transìocation of the elements'

The south Australian soils were sampìed from the upper Torrens River catchment

near Adelaide. soils used for apple and pear growing in this area are

predominantly of the yellow and red podzolic types and have loamy surface

textures. They were col lecte{ as 5 cm diameter cores to a depth of about 'l

metre in the manner described by Bi I I ing (197il. The cores were divided into

.l 0 cm sections, or lesser intervals if horizon changes l/\tere evident'
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tn Tasmania, soil profiles were sampled only in or close to the Huonvilìe

area surveyed by Taylor and Stephens (lglS). 0f the profiles described in

some detall i.n section 4.2.4, four were sampled as close as possible to

profiles sampled by Tayìor and Stephens (1935). Profiles ("), (o), (d) and

(") correspond to Profiles 187, 208, 170 and 211 respectively of Taylor and

Stephens (,19j5¡. These soi ls are described, wÍth some analytical data, by

Stephens (193Ð and are typical of most of the apple and pear growing soils

in Tasmania. The soÍls sampled in detail were either yellow podzolic soils or

podzols and they possess a number of features which distinguishecj them from

those sampled in South Austraìia. They frequently possessed very sandy and/or

very organic surface horizons and often had impenetrable si I iceous hardpans,

up to 40 cm thick, developed at the bottom of the A, horizon. The Tasmanian

profiles were sampled by horizon from a hand-dug pit or with the aid of a

hand auger.

3.3 Field Sampl ing of Pìants

3.3.1 Seasona I Variation in the CopÞer, Lead and Arsenic Concentration of

Pasture Plants

After removal of orchard trees, many areas in both South Australia and Tasmania

h/ere maintained as pastures. Pasture pìants were sampled at ! locatíons to the

northeast and east of Adelaide to assess seasonal varíations in the concent-

rations of copper, lead and arsenic arid thus their possible contribution to

the diet of grazi ng animals.

Three sites, EH 12, E \60 and E 462, were formerly orchards. The remaining

two sites were not orchard sites. Site EH 13 was adjacent to the abandoned

Preamimma coppef mine, the ore from which had a considerable arsenic content'

Soil at the site was contaminated by both copPer and arsenic v¿ithout obvious

accession of ore or taiì i'ng matef iaìs. S¡te EH 24 was a grazed pasture in a

mineralized area whi'ch had resuìted in íncreased concentrations of lead and

arseni'c in the soi'l. These f ive sites were selected for the range of copper'
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lead and arsenic concentrations in the soil which they provided (faUle 3'1)

and also to allow some comParison of orchard with mineralized and mine-affected

soils. ln the present study, site numbers are used interchangeably with soîl

numbers since the selection and subsequent use of a site depended initially

on a soil samPle.

Table 3.1 Cu Pb and As concentrat i ons
Ì of surface soi ì s 0-1 0 cm at

sites samPled for pa sture plant sPecies

Site No.

E 460

E \62

EH 12

EH 13

EH 24

Cu

15\

47

\3

t89

9

Pb

\zz

167

180

21

780

As

80

20

\5

260

115

t ugg -1 total concentration (aqua regia digest)

The plant species collected at each site are listed in Table 3'2' A uniform

set of species could not be sampled although it was known that both TtifoLiznn

subterraneum and Aretotheca caLenduLa grew at most of the sites' The species

actually collected reflect the poor quaiity and weediness of Pastures on

former orchard soi ls. Qnly four of the species coì lected were perennials''

These were HoLcus Lanatus, LoLiuon peTenne' PLantago Lan'ceoLata and PhaLav'is

aqu.a.tica.

Because of beìord average rainfal I and resulting high grazing pressure' growth

at three sites (fH 12, EH 13 and EH 24) was meagre' There was insufficient

plant materiaì to sample at EH 12 on one occasion and EH 13 on tb/o occasions'

The irregularity of rain resulted in the germination and growth of TTifoLiwn

subterna,eum being very erratic. lt failed to grow at EH 24, and could be

sampled onlY once at s¡æ E 462



6\

lant species sampled at ive sites for seasonal .variation in
PTable 3.2

Si te No.

E 460

E 462

EH 12

EH 13

EH Z\

Cu, P b and As concentration

SÞèc i es

Ir,ìfoLíun subteY'raneum L.

HoLcus Lanatus L.

PLantago LmtceoLata L-

LoLôun penenne L.

Aretotheca eaLenduLa (.L.) Levyns

T. subteYryaneum

Bv,omus moLLis L.

A. caLenduLa

øròdùun botz'ys (cav" ) Bertol .

L. pez'ewte L.

Echiwn pLantigineum L.

T. subtercaneum

T. subterY'anewn

Ey,odiwn moschatum (L-) Ait.

A. caLenduLa

PhaLaris aquatíea L-

Common Name

Subterranean clovert
Yorkshi re fog grass

Pl anta i n, ri bgrass

Perenniaì ryegrass

Capeweed

subc I over

Subterranean clover, subclover

Soft brome grass

as above

\^lild geranium

as above

Salvation Jane

as above

as above

ì,,1 i ld geranium

as above

Phalaris
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Mean annual rainfall at the sites ranges between 675 an¿ 850 mm except for

EH 13 where it is estinated to be near 400 mn. The mean district rainfall

and departu!-es from average recorded for the area as a whole are shown in

Table 3.3.

I
Table 3.3 RaÍnfal I i n the Mt. Lofty Ra nqes D ls tr i ct Durinq 1975

Month

Mean district rainfall (mm)

Departure f rom longterm
mean ("Á)

April

36

May

126

June

33

July

117

Oct.

128

Nov.

z4

Aug. S"p

82 68

-38 +41 -68 +1 5 -15 -13 +l 1 0 -40

t Sour"", Bureau of Meterology Monthìy l'/eather Reviews, South Australia,

1975.

Bulk samples of each species were collected on up to 4 occasions from June

until November 1975. The pìant material was obtained by cutt¡ng close to

ground level. The samples were thoroughly rinsed with d¡st¡ I led Ì¡'ater to

remove possible contamination by soil and dried at 70oC. They were then

ground in a stainless steel mi ll prÎor to analysis'

3. 3.2 Concentrations of Cop Þer. Lead and Arsenic in Soi ls and Pasture Plants

In order to assess possible relationships of soil concentrations of copper,

lead and arsenic with that taken up by plants, plant and soil samples were

collected from 13 sites in the Huonville area. The weedy and variable nature

of pastures on old orchard soils near Adelaide made collection in that area

d¡fficuìt. The smal ler Huonvi I le district however provided uniform pastures

on a range of soils with different coPper, lead and arsenic concentrations'

A total of l9 pasture plant sampìes were colìected, dried and ground as descr-

ibed in section 3 "3-1. The plants were either LoLiumperenne L' or TrLfoLiun
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they were rnêki n9. good g.rowth despite late f rosts '
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Glasshouse Pot Experiments

Pot Experime nt 1: The Effects of Soi I Temperature on CopPer, Lead

3.\

3 . t+.1

and Ar senic Uptake bv Three Plant Species

The aim of this experiment was to investigate the effects of dïfferent soil

temperatures on the growth and copper, lead and arsenic uptake of three

species, a pasture plant, a leafy vegetable and a root vegetable.

A split plot design was used with 48 plots made up of four replications of

two temperatures (main plots), two soils and three species.

The three species used were:

(a) TrifoLiwn subteryaneum L. eÐ" Mt. Barker - subterranean clover,

(U) Beta UuLgayLs L. eu. Fordhook Giant - silver beet qnd

(c) Raphanus satiuus L, cu. Long Scarlet - radish'

Subterranean clover iS a pasture plant frequently gro'ln on former orchard

soils in South Australia. The silver beet and radish are easily grown

vegetables commonly found in home gardens.

The two soiìs used were E 505, from an orchard, and EH 24, a mineralized soil'

Further details of the soils and their chemical analysis are shown in Tables

1.4 and 3.5. The 0-10 cm surface soil was used in the pot exPeriments'



Table 3.4 Soils Used in Glasshouse Pot ExP er iments

t

Dr 2 .11

Ug 5.16

Uc 2.21

Um 1 .43

Dr 2.12

Great Soi I

Non-calcic
soil

G roup

brown

Non-calcic brown
soil

B I ack Ea rth

Podzo I

L i thosol

Non-calci c brown
soi I

Locat i on

Coromandel Val leY

Ve rdu n

Gumeracha

Reynel la

Mt. Crawford

Mona rto

Mt. Torrens

Soi I Name

Eden Hills Association

lnglewood Association

Unmapped, Yel low duPìex

Cudlee Ck. Association

Claremont ClaY Loam

Unmapped, al luvial sand

Monarto Uni t, Skeletal Phase

Bi rdwood Association

Reference

Ward (1g66)

Jackson (1957)

Jackson (1957)

l¡,ard (1966)

chi tt leborough et aL. (g16)

Jackson (1957)

g

Soil Number P P.F

EH 12 Dr 2.22

E 460 Dr 3.41 Red podzol i c soi ì Paracombe

EH 21

E 505

EHl

EH 23

EH 13

EH 24

t Principal Profile Form, Northcote (lgZl)

o\
\l

5 Great Soi I Group, Stace et aL' (1g68)
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Table 3.5 Ana I sîs of Soils Used in Gl as,s house Pot Exper i men ts

-1
-1

1]g9
cul Pbl As I

26

120

P2 Mn3

o/
.o

Fe3 clay4 o.
\^JH

meq (1 oo g)

cEcT6x
c5

pH6Soil

EH 12

E 460

EH 21

E 505

\3

155

180

455

3B

120

800

2't5

70

355

2.8
8.3

13

12

36

34

15

17

6.0

6.\

8.3

5.7

295

195

30

340

290

85

95

250

140

17

19

22

5.6

6.2

1Z

1.2 9

3.5 17

35

36

6.7

6.3

I 20

J

23

5.5

16

2

260

140

67

o,
720

10

200

125

1.5

0.2

32

2t
EH1

f
EH 23 1.1

EH 13

EH 24

190

8.5

21

780

21

44

3

6

1

I

3

13

20

z6

6.7

5.6

t soils ro which 250, 350 and 125 vg g

arsen i c resPect i velY were added

-1 of copper, lead and

1 Dut"rmined from anàlysis of an aqua regia digest'

2 Extracted with 0.5M NaHCO, by the method of Colwell (lg6l)'

3 Determined from analysis of a nitric acïd and perchloric acÎd digest'

4 Derermined by the method of Smith and Tiller (1977)'

5 Water holding capacity at a suction of ru l0 kPa by the method of

Pi per (l glo) .
6

Determinedonal:5soiltowatersusPenslon.
7

Cation exchange caPacity by the method of Tucker (1971+) '
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Two soil temperâtures urere obtained by:

(") rrlaintaining pots (the sides of which were shaded) at about ambient

glasshouse temperature. The ai r temperatures were maíntained at near

ZgoC by thermostat¡calìy controlled heaters and evaporative coolers.

(b) piacing pots in an insuìated, water-fi lled tank in which refrigerated

hrater u/as ci rcuìated under thermostatic control at about lOoC'

Soiì temperatures were monitored initially by thermometers placed at 7'5 cm

depth at the centre of all pots. Temperatures were found to be uniform within

each temperature treatment during the first week of the experiment and there-

after only two pots in each treatment h,ere monìtored" The air and soil

temperatures were maintained at or neêr the set level for most of each 24

hour period, but the temperature controls on both the glasshouse and the tank

were unable to cope fully with temperature increases on warm to hot days' Air

temperatures usually reached a maximum at about 1500 hours on warm days and

soil temperatures at about 1600 hours.

Measured soiì and air temperatures are shown in Table 3.6. For the purposes

of this experiment, the iow and high temperature soil treatments will be

ref eri'ed to as the l2oC and ZToC treatments '

Table 3.6 Mean Dai lv Temperatures in Low and Hiqh Soil Temperature Pots, and

I
Ci rculatinq Ai r in the Glasshoqse

Pots

mean mi nimum

mean maximum

Low Temperature

11.9 t 0.7

14.8 J 1.4

High Temperature

22.3 ! 0.5

26.0 ! 2.5

Air

19.2 ! 0.7

29.5 ! 4.0

f oc + Standard Deviation

For comparison, mean daily soil and air temperatures at Glen Osmond' South

Austral i a, are shown i n Table 3-7 "
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Table 3.7 Mean Dai I v Temoeratures (oc) at c len 0smond. South Austral ia

Soi I Temperatures

2.5 cn 15,2 cm

Max. M i n.

Ai r Temperatures

Max. Min.
Depth

Janua ry

Feb rua ry

Ma rch

Apri I

May

June

July

Augus t

September

0ctober

November

December

Yea r

MFx. .Min.

4¡. t 1 8.1

4l .9 18.0

38.0 16.3

28.5 1 3. o

21 .2 10.1

17.6 8.2

16.5 7 .5

18.6 8.0

23.3 9.7

29.1 12.2

35.2 1\.7

40.1 16.9

29.9

29.5

26.8

21 .1

16.2

13.3

12.3

13.6

16.8

20. 8

25.O

28.1

22.1

22,O

20.2

16-2

12.8

10.5

9.5

10.3

12.3

15.1

18.0

zo.6

27.8

27 .5

25.6

21.\

17.8

15.1

1\.2

15.1

17 .6

20.2

23.3

25.7

16.3

16.4

15.4

12.9

10.6

8.6

7.8

8.0

9.3

10. g

12"6

14. 6

29.4 12.7 . 21 .1 1 5. I 20.9 1't .9

source: Biennial Report of the vJaite Agricultural Research

I nsri rute 1 976_77.
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Pv,oceduv'e

plastic pots measuring 165 mnl i.n diameter and 150 mm deep with a polythene

ìiner were used in this experiment. Each pot contained 2.5 ks of air-dried

and sieved (< 6 mm) soil. Basal fertilizers were applied as outlined in

Appendix 1. Pots were watered with distiì led, deionized water to 60"Á of the

water holding capacity of the soil as determined by the Keen-Raczkowski method

describedbyPiper(rgso).ThisdeterminatîonhasbeenshownbyFergusand

Stirk (lg6l) to correspond to a water potential of about -10 kPa' The pots

Were Watered every 2-J days during early growth, and daily a5 Water demand

i ncreased.

Seeds, sÎeved for uniformity of síze (although this was difficult for silver

beet which has an irregular biconvex shaped seed) were sown on 30th July' 197\'

No RhizobLun inoculum was aþpiied to Pots growing subterranean clover as the

soi ls had previousìy grown ciover which was well nodulated' Subsequent exam-

ination of the plants in the pot experiment showed that they were effectively

nodulated. Most plants emerged within 3-4 days. At this stage, a mulch of

white poìythene beads was apPìied to the surface of the soil în each pot'

Acid extraction of the beads revealed no detectable copper or lead' The plants

h/ere thinned to 6 per Pot within 14 days excePt for siìver beet growing at

ìow soil temperature on soil EH 24 which were thïnned a few days later' The

second application of basaì nutrients was made after 40 days' 0n lBth gctober'

the pìants were photographed, harvested and soi ì samples taken' After harvest'

weights of the fresh plant tops and also radish roots were determined' The

tops of the plants were rinsed with distiìled water' The roots of radish

were first washed with tap water to remove adhering soil' then with d¡stilìed

water to a state suitable for human consumption. These plant samples were

then dried at 70o¿, weighed and then ground in a stainless steel mill prior

to chemicaì analysis for copper' lead' arsenic and' where suffïcient materiaì

was avai lable, for manganese' zinc and iron'
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fect of Varyinq Soil pH and Prïor l^/ater-

ll

I oqq i'nq on Two Plant Species Grown on Eight So¡ ls

The aim of this experiment h/as to simuìate in pots some effects which may

result from întensive agrîculture or home garden usage of former orchard

soils. Such effects could include pH changes brought about by liming the
ocrd r€y,n3

soil, or acid¡fication due to the addÍtion of large amounts of¡fertilizer.

These effects were investigated, aìong with the effect of waterlogging which

frequently occurs naturalìy in many of the soils in the Adelaide region for

short periods i n wînter or may resul t from over-i rrigation.

The experiment was set up in a randomîzed block design with 3 repìications

fone replicate per block), B soils and 2 plant species. The specÎes were

radish [a root vegetable) and silver beet (a leafy vegetable). For radish, the

soils were subjected to 4 treatments and for silver beet, there were 5 treat-

ments. This resulted in a total of 216 pots. The pots u/ere re-randomized with-

in each of the 3 blocks every fortnight in an effort to reduce withïn block

variation which may have resulted from the large size of the experiment'

The 8 soils chosen for this experiment included two former orchard soils (EH lZ

and E 460), two soils from exísting orchards (Ett Zt and E 505), two soils of

contrasting texture, pH and organic matter contents (gH I and EH 23) but with

low copper, lead and arsenic contents, and two soils (fH l3 and EH 24) affected

by mining or mineralization. The two soils low in copper, lead and arsenic

(eH I and EH 23) were treated with copper sulphate and commercial lead arsenate

(9BZ eUHnsOU) at rates equivalent to 250, 350 and lZ5 VS g 1 of copper, lead

and arsenic respectivelY.

Information on the I soils is provided in Table 3.4 with some chemical

physical data in Table 3.5. Additional information on soils EH l3 and

is provided in Section 3.3.1. The soil EH 2l+ was the same soil as the

Torrens, soî I i nvesri gated by Norri sh (.lgls\. Norri sh (l gzs) reported

and

EH 2\

' Mt.

the
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presence of the ìead mineral hinsdalite and that it also contained a higher

than normal concentration of arsenic. Two soils, EH 24 (mt. Torrens) and

E 505 (Gumeracha) wet:e also used by McKenzie (tgZ8) in experiments with the

appì ication of manganese oxides to soi Is with high lead contents.

ln Table 3.5, ¡t should be noted that soil EH 13 has a low lead concentration

and soil EH 2l+ has a low copper concentration. The contrast in pH, clay

content and cation exchange caPacity of soils EH 23 and EH 1 is also shown'

The treatments used to alter the pH of the soils are summarized in Table 3'8'

Apart from the untreated control, each soil was treated with sulphur to ìower

the pH, and with calcium carbonate to raise pH. The exception was soil EH 1

which, because of its natural ly high pH' ì^ras instead treated with suìphur at

two rates. A treatment of gypsum was applied to provide an additional, acidic

adjustment of pH and a different source of sulphate which could assist in

i nterpret i ng the sul phur treatment.

The method used to lower the pH of the soiì wês to add finely powdered sulphur

to each pot and mix it thoroughly through the soil in a rotating paint mixer'

Each pot was then inoculated with 100 mì of a solution prepared in the following

manner. One gram of sulphur v\,as added to 100 g of each soil and was moistened

to a water Potent¡al of about -10 kPa. The pH of these mixtures were then

observed to decrease as the natural soil population of sulphur oxidizing

microorganisms began to produce acÎd. After about three weeks, distil led water

was added to the cultures until there was sufficient inoculant to use 100 ml

per pot. Soil EH 1 received a substantially greater amount of sulphur because

of ¡ts high pH and CaCO, content (,5Ð. Theoretical ly 12 g of sulphur' if

completely converted to HrSOu, is required to neutralize the natural cacO, in'

each pot containing this soi l.

'I
r[i
ì,,i

I

I
I

i

!
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Table 3.8

Treatment:

50t I

EH 12

E 460

EH 21

E 505

Treatments Used to Alter Soil in Pot Ex riment 2

Sulphur Sulphur Control Calcium Carbonate Gypsum

0

0

2

2

5.0

2.5

r o.8 (z) 5

10.8 (2)

'r o. I (2)

10.8 (2)

t+l ( 16)

5.4 (1 )

5.\ (r)
10.8 (2)

3.75

3.75

16

2.5

r02.5
2 0 3.75

+' f¡gures indicate application rate in g Per pot

6

' f¡gures in brackets indicate sulphur equivalent of the

gypsum treatment

2

2

0

0

0

0

EHl

EH 23

8

EH 13

EH 24

TJ

',[

l

I

The gypsum treatment was applied as a fine powder which was mixed through the

soil in the same way as the sulphur. The amount aPplied matched the sulphur-

treated soils in sulphur content and was only applíed to Pots in which silver

beet was g rown.

The 'prior waterlogging' treatment simply involved flooding the soi ls with

distilled water for a period of 3l days. At the end of this period, the soiìs

were allowed to dry. The treatment had some obvious effects. There was

conspicuous growth of algae on the surface of the waterlogged soils and the

growth of fungal hyphae b/as evident on soils EH 'l , E 460 and E 505 as they

dried out. Mobilized iron oxides were deposited on the pìastic pot liners

of all soils except EH 1.

I

r
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The soîls in all pots, except for'prior Waterloggingrwere maintaÎned at a

\^/ater potential of about -10 kPa for one month to equil ibrate. Af ter eleven

days, subsamples were taken for pH determination on the moist sample to ensure

that changes i'n pH u,ere occurrîng. The soi ls were then al lowed to dry, and

removed from the pots" The soil from each treatment was bulked, thoroughly

mixed and repotted.' They were resampìed prior to sowing the seeds and again

at harvest.

The procedures for sowing, aPPlying basal nutrient and watering in this exper-

iment \^,ere as f or Pot Experiment 1. Si lver beet and radish v''ere sob'n on the

llth of September 1g7\. Most pots were thinned to 5 siìver beet plants and

6 radish plants within 14 days. By this time however, it was obvious that

some plants were not going to survive, particuìarìy those growing on so¡l

EH 23. Selected pots were photographed at this tine" Tops of the plants

were harvested on 22nd November, 1975 and roots three days later" The roots

were sampled from only one block of silver beet. The remaining two blocks

were used to obtain soil samples for pH determinatíons (noist and dry) and

the analysis of moist sampìes for copper and lead extractable with DTPA and

arseni c extractable wi th 0.5 M NaHC0r.

3.\.3 Pot Ex riment The Effects of Ferti lizer ì ications on the U take

I
I

of Copp êFr Lead and Arsenic bY S ilver Beet Gro\^/n on Orchard Sojl:

The aim of this experiment was to assess the effects of the major nutrients'

phosphorus, sulphur and nitrogen, on the uptake of copper, lead and arsenic by

s i lver beet.

Appl ications of fert ilizers containing nitrogen, phosphorus, potassium and sulph

ur at rates up to 1000 kg ha-1 are not lunusual in horticulture and frequently

r
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this amount is exceeded in vegetable growing. Fruit trees and vines in South

Australia received an average of nearly 700 kg ha 1 of fertilizer in 1977

(South Austraìian Year Book, 1979) and fruit trees in Tasmania received an

average of 930 kg ha 1 (T"rt"nian Year Book, 1g7Ð. There have also been

reports in the literature (e.g. Zimdahl and Foster,1976) that phosphate

lowers the uptake of lead by maize. Both phosphate (".g.Hurd-Karrer,1936;

Jacobs and Keeney, 1970; \^/oolson et aL., 1973) and sulphate may, because of

their anionic form, be expected to have some effect on arsenate uPtake' The

results of Thompson and Batjer (fglO) with peach trees suggested that nitrogen

appìîcations may have some effect on arsenic uptake. John and van Laerhoven

(1912) obtained confl icting results when they investigated the effects of

nitrogen applications on the uptake of ìead by lettuce and oats. The response

depended on whether the lead was freshly aPPlied and íf so, what form of lead'

Potassium was expected to have little or no effect on the uptake of any of the

elements.

The experiment had three parts. The maín part of the experiment (Pot gxperiment

3a) was to assess the effects of P and S. ln addÎtion. a commercial mixed

ferti lizer (containing N, P, K and S) was compared with the equivalent appìied

as laboratory chemicals (Pot Experiment 3b), and in one soil only several rates

of nitrogen were appl ied (Pot Experiment 3c).

Pot Ex eriment 3a: The Effects of Phos hate and Sul hate on Si ìver Beet Grown

in 0rchard Soi ls

This experiment had a randomized block design, and three replÎcations'

treêtments, which were arranged in a factorial combination, comprised

and 4 rates of phosphorus and 3 rates of sulphur application.

The

two soi I s,

T

The two soils used were E 460, a former orchard

an existing orchard. (See also Tables 3.4 and 3

and E 505 which was from

The rates and form of

soil,

*

.5.)
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phosphorus and sulphur as well as basal nitrogen and Potassium are shown

in Table 3.g. These rates were equivalent to those supplied by 1000 kg ha-1

of a mixed fertilizer which is commonly used in South Australia' The elements

were applied in a manner similar to that described for the previous experiments'

A basal fertilizer application of nitrogen and'potassium was added to all pots

in two equal appìications, one before sowing and the second four weeks later'

Pot Experiment 3a: Rates of PhosPhorus, Suìphur and Basal

Nutrients I Íed to the Pots

Table 3.9

P

s

N

K

o; 17 .5; 35

o; 85 ; 170

I

80, as two
cat i ons
4o tcg I'

f

f
52.5 kg ha

kg ha

kg ha

as NaH

as CaS04

as NH4N0

âs KN03

.2H.0
L

-1

-1

-1

2P04. 
H20

hakg

appl i -
of

a-l

, KNo

I

f nutrients at the rate equivalent

mixed ferti lizer

3 3

to 10Oo kg ha-1 of " commercial

80

Pot Ex r i ment b: A C ar i son of Commerci a I Fer tilizer with the E uivalent

in Pure Chemicals

This experiment compared the effects of equivalent rates of pure (enalytical

grade) chemical forms of nitrogen, phosphorus, potassium and sulphur with a

commercial mixed ferti lizer aPPlied at 1000 kg h"-1' There were 3 replications

of each treatment (i.e. chemicals and commercial fertilizer) applied to two

soils (E 460 and E 505) making a total of 12 pots. The experiment was run

concurrently with Experiment la, and 6 pots b'ere common to both experiments'

Pot Ex er i ment The Effects of Nit en on Si lver Beet Grown on an 0rcha rd
c

50rl

This experiment consisted of three replicates

(equivaìent to 0, 80 and 160 kg ft"-1) appl ied

of three nitrogen treatments

in two equal aPPl ications to
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so¡l E 460. Three pots were corDmon to Experiment 3a. A basal fertilizer

application equir¡alent to 35 kg ha-1 phosphorus, 170 kg ha-l sulphur and

-180 kg ha-'potassium (equal in phosphorus, sulphur and potassîum content to

1OO0 kg ha-1 of commercial fertilizer) was âpplied to all Pots. Ferti lizer

was applied as in Table 3.9, except that potassium was added to the control

(no nitrogen) pots as KCl. The additiona,l nitrogen added to the high

nîtrogen treatment bras suPpl ied as NH4N03 in solution.

Silver beet was sown in all pots of Experiments la, 3b and 3c on 1Oth October'

1975. After 14 days all pots had been thinned to 5 plants. 0n day 2i, the

second appl ication of nitrogen and/or potassium was made. The plants were

harvested on day 53 and both tops and roots were retained for weighing, drying,

determination of dry weight and grinding. These procedures, along with water-

ing the plants during growth, were as described for previous experiments.

3.5 Analytical Techniques

3.5.1 soil Di estïons Extractions and 0ther l'leasurements

The fol lowing methods were used:-

Aqua regia digest: the method of Merry and Zarcinas (lg8O) but without the

addition of hydroxylamine hydrochloride.

EDTA extraction: the method of Clayton and Tiller (lglg). Soils EH 24 and

E 505 were included in their studY

DTpA extracrion: the method of Lindsay and Norvell (1978).

NaHC0^ extractable P: the method of Colwell (1965). Arsenate was found not
j

to interfere with this method.

NaHC0^ extractable As: the method was as for NaHC0" extractable P except that"-"""3 t
a 1:ZO ratio of soil to solution was used instead of 1:100. ArsenÎc was

measured spectrophotometrical ly on the acidified extract using the

method described by Merry and Zarcinas (1980)'

pH: was fleasured i n 1:5 soi I to water suspensions'

Standard soils samples and blanks were carried through all batches of anaìyses'
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3.5.2 P lant Di qestion Procedures

Two digestion prgcedures were used for plant materials' This was necessary

for two reasons. Lead cannot be determined satisfactori ly in digest¡on

procedures using sulphuric acid. For arsenic however, nitric and perchìoric

acids are unsuitable because residual oxidizing acÎds i'nterfere in the

reducing step of the arsenic determination (Duncan and Parker, 1970 and

confirmed by our own exPerience).

Nitric and perchloric acid digests were used for analysis of both lead and

copper following the method of de Vries et aL. (1975). Arsenic, coPper,

manganese, zinc and iron were determined on perchloric, nÎtric and suìphuric

acid d¡gests following the procedure described by Merry et aL' (.l980)'

Considerable experience in the use of both of these procedures has been gained

in the laboratories of the Division of Soils, CslR0, Glen Qsmond, South Aust-

ralia. The procedures have been found to perform well when analysing

standard reference mater¡als (see below for arsenic) and in international

ì nter- ì aboratorY compari sons.

3 .5.3 Methods of Dete rmination of the Elements

All of the elements except arsenic.were determined by atomic absorption

spectroscopy using Varian Techtron Model 12OO and Perkin-Elmer Model 400

instruments. Direct flaming was used in all cases except where lead concent-

rations were below about t5 US S-1 in the plant material. ln this case a

soìvent extraction of the ammonium pyrrolidine dithiocarbamate complex into

methyl isobutyl ketone was used following the method of de Vries et aL' (lgZl)'

Ai r/acetylene fìames were used except for i ron, when Nro/acetylene was

emp I oyed.

Considerable difficulties were exPerienced in obtaining a suitable method for

the determînation of arsenic. A modified spectrophotometric procedure based

originally on that of Vasak and Sedivec (gSZ) was eventually adopted' The



80

modified procedure is presented in detail by Merry and Zarcinas (lg8O) and

has been incìuded as Appendix 6. The method invoìyes the use of sodium

tetrahydroborate ( tt t) to generate AsHr. \^/îth silver diethyldÌ thiocarbamate

in pyridine" the AsH, forms a red complex which can be measured spectrophoto-

metrical ly at 540 nm.

Systematic check_ing of the method for arsenic showed that none of the other

elements pertinent to this study interfered with either the AsHr Seneration

or colour development. However, antimony and tin interfere. Antimony was

not present in measurable quantities in the samples studîed, but tïn was

present sporadically in soil EH 13 which came from the close vicinity of a

copper mine.

As reported by Merry and Zarcinas (1980), the digestion procedures and method

for arsenic produced resuìts which agreed welì with anaìyses of Standard

Reference Material 1571 (orchard ìeaves) of the U.S. National Bureau of

Standards. Al iquots of digested orchard leaves, other reference samPìes and,

in some cases, standard add¡tions were used to check the method at

concentrations below 1 ug S-1. The method was also compared with analyses

by x-ray fluorescence spectrophotometry (XRF) of .12 soil sampìes. The

reìationship of XRF analyses wi th spectrophotometry (fol lowing digestions wi th

aqua regia) was as fol lows:-

At(Xnr) = t'05 At(spEcr) - 3'5 ¡ = 0'99' n = 12

The concentration of arsenic in the '12 soi I sampìes ranged

-1pg g I . Thi s range, coupled wi th the poorer preci s ion of

accounts for the value of the intercept.

fron 25 to 370

the XRF method,
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4.0 R ESULTS AND DISCUSSION

\.1 Brief History of the APP le and Pear Growing !ndustry in Austral ia

Estimates of the area or number of apple and pear trees in Australia give

some idea of the history of the industry. lt probably reached its peak during

the 1 )ZOts and 1930's. Tasmania, for instance reached a peak of 3'B x 106

apple rrees in 1925 (Stephens, 1935) compared with 1.24 x 106 in 1978'

Stephens (193Ð estimated that some orchards were 60 years old in 1935. The

estimated totaì area of land planted to apples and Pears in Austraìia at various

times are shown in Table 4.1. The methods of calculation of area are discussed

in Section 3.1.

After reäqhing an initial peak, ¡t is evident that the industry declined

generally between 1939 and 1949. After this period it rose to a new peak at

about 1965 then remained stable until about 1970 (raUle 4'1). ln 1971, a rapid

decline began when traditional markets in the United Kingdom and Europe were

no longer available because of the entry of the united Kingdom into the

European Economic Communi tY"

The indicated decrease in area of about 25000 ha is certainly an under-

estimate for two reasons:

(u) closer planting of trees in recent years has led to the area being

overestimated because the estimate of the number of trees per hectare is

too low (see Section 3.1).

(b) not aìl new pìantings have been made on former orchard areas' Because

of this, new orchard land continually replaces a Proportion of land

taken out of production. No accounting of this is possible from the

statistics which are avai lable. At any time, however, aPproximately

20% of total trees are non-bearïng. This percentage gives some idea of

the repìacement trees and new trees being planted at any particuìar time'
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Estimated Total Area of Apple and P ear 0rchards in AustraliaTable 4.1

App I es

Pea rs

Tota I

40947

857\

49521

30\59

7862

38321

38392

1055\

48946

1970

37081

10315

4llge

197 5

2191\

768\

29598

t97B-

1 8863

5808

24771

( nec tares)

1934-39 19\5-50 1965

Source: Austral ian Bureau of Statist¡cs

Crop and Frui t Stati sti cs Publ i cations

It is apparent that the area formerly devoted to apples and pears and now

used for other PurPoses cannot be estimated accurateìy but can be conservativ-

ely placed in the vicinity of 27500 to 30000 ha. This area is approximately

"ou'ålent 
to the total area used for apple and pear orchards in 1978'

The total number of Austraìian apple and pear trees in 1978 was 68% of the

number in 1973. A similar deqline (62%) occurred in the stone fruit industry

(apricots, peach and cherry). 0n the other hand, the citrus inciustry maintain-

ed its size over the same period and the area growing grapevines increased by

16000 ha to 73000 ha in the ten years to 1978' The stone fruit industry in

particular but aìso the citrus and grape industries, frequently use copPer-

contai ning sprays. Lead arsenate i s occasional ly used on some varieties of

g rape.

The estimated 27500 to 30000 ha decrease in land used for growing apples and

pears represents the minimum area of soils affected by copper, lead and arsenic

from sprays. \|¡rith¡n this area, the soiìs will have varying levels of spray

contami nation.

Severaì important land use câtegories are no\^t associated with former orchard

areas, but a detailed assessment of current land use is not possible in this

study. The main uses are:
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a) Pastuye pz,oduction and. smaLL 'hobbyt farTns" This is probably the main

actiyity and i.s pror¡inent in the hills adjacent to Adelaide (South

Australia) and in the Huon, Ta¡ar and Derwent River Valìeys (Tasmania)'

b) 'Uyban d.exeLopment. This i s evident in the area east of Melbourne (V¡ct-

orÌa), around Hobart (Tasmania) , 0range (New South l'/ales) and Ìn the hil ls

to the east of AdeIaide (South AustraI ia) '

c) VegetabLe pz.oduction. This occurs in the hilìs to the east of Adelaide

and also at Huonville (Tasmania)'

4.2 Coppe Lead and Arsenic in 0rchard Soi lsr.

4 .2.1 Copper, Lea d and Arsenic in Surface Soi ls

Frequency Distz,ibutions of Coppez,, Lead. and Arsenic (ín AppLe and Pear

Orchard SoiLs)

The frequency distributions of copper, lead and arsenic concentrations in the

surface (O-tO cm) of 98 apple and pear orchard soils and former orchard soils

from south Austral ia and Tasmania--are shown in Figure 4.1. These concentrations

were obtained by the analysis of aqua regia dÌgests and should closely match

the total concentrations of the elements in the soils'

As shown earìier in Table 2.2, the mean copper and lead concentrations of un-

contaminated surface soils from southeastern Australia are about 13 and 15

-1
US g respecrrveiy. Mean concentrations for arsenic in Austral ian soi ls are

not available, but 15 soils (O-tO cm) from South Australia and 6 from Tasmania

which are unlikely to have been affected by lead arsenate were found to have

mean (t standard deviation) arsenic concentrations of 3'93 e 2'OZ) and 0'60
re5goclrVetY 

1

-1(t 0.55) Ug g l. A mean arsenic concentration of 5 US S ' has been suggested

for unconteminated soiìs (Section 2 .2.Ð." The concentrations presented in Fig-

ure 4.-l for orchard soils show that coPPer, ìead and arsenic are Present in

surfacesoiìsinamountswhichare,respectively'uptoabout25.35and25

times the mean concentrations for uncontami nated soi I s'
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South Australia

Tasmania

t g g-1 c.-^

0 40 E0 12O 160 200 24O 280 32O 360 in surface soils

a) Copper in surface soils

0 50 100 150 2ao 250 300 350 400 450 500 550 600
Fs s-1 Pb
in surface

soils

/¡g g -1 
As

0 10 20 30 40 50 60 70 80 90 100 110 12O in surface
soils

c) Arsenic in surface soils

F.i gure 4: 1 Total copper, Lead and Arseni c i n Qrchard so'i I s .

n

nio

n

20

b) Lead in surface soils
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coppez:, Lead and ATsenic ín v[neyards anã. qther )rc?nrd soiLs

The copper, lead and arsenic concentrations of a further:15 horticultural

soils are shown in Table 4.2. Many of these soils have received copper from

agricultural sprays but apparently very I ¡ttle iead or arsenic. Further invest-

igation of copper in soils growi.ng peach, alrnond and citrus trees is probably

desirable since copper sprays are still frequently used' nlthou{copper sprays

are periodically used in vineyards, the amounts appear to be quite small'

severaì of the vineyard s-oils sampled were old by Austral ian standards (estab-

lished about 1840) but the copper concentrations of the soíTs are low compared,

-'t " tel (1957)'for example, to the concentration of 850 ug g ' reported by Gar

-1
Table 4.2 Total Copper. Lead and Arsenic (uq q in Some Florticultural Soils)

From South Austral ia and Tasmania (o-l o cm)

Crop and Location

Grapevines (s.4.)f

Almonds (s.n.)

C i rrus (S.4. )

Peach (s.n. )

Currant (fas. )

Hops (Tas. )

29
53

26
16

20.1

22
66

40

212

24
30
19

5

g

Cu

(9. g)

Pb

20.9 1ro. i)

15
19

23

24

As

4.e5 (1.37)

<0. 5

<0. 5

4.0
4.8

0.5
<0.5

5.5
0.7
2.3

3\
28
lg

t Thu vaiue for grapevines is the mean (S.0.) of 6 sites.
other values reported are for individual sites'

E Formerìy apple orchards"

The

ReLationships Beü,teen IotaL Copper, Lead and Az'senie

Linear regressions between totaì copper, lead and arsenic concentrations

apple and pear orchard soils with concentrations extractable by EDTA and

ìn the

DTPA
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are shown in Table 4.3. The south Australi'an and Tasmanian data have been

separated to al lqw comParison.

Table 4.3 Correlati ons Between the Total a nd Extractable CoPPer, Lead

and Arseni c Concentrations in the Su rface Soi I s of South

Austra I i an and Tasmanian 0ichards f

2
Reg ress i on

South Austral ia

At? = 0.21\ PbT

Pbf = 0.9\7 CuT

Cu? = 1.73 At?

Pbgnr¿ = 0.840 Pbr

CunnrA = 0.835 cur

Pborp¿. = 0.2\7 Pbr

CupfpA = 0.J68 Cu,

Tasman i a

nR

+ 13.2

+ 68.4

+ 44.9

- 3.39
_ 8.37

- 9.96

- 7.76

.75s

.41

.40

.94

.90

.77

.92

.31

.65

.31

oq

.95

.73

.87

37

37

37

25

25

27

27

As

Pb

Cu

T

T

T

Pbsnr¿.

cugnrA

Pbnrp¿.

cunrpA

= 0.095

= 1.\5
= 1.80

= 0.830

= 0.845

= 0.600

= 0.373

Pb? +

cu, +

As, +

Pbr -
cu? -

Pbr -
cur -

6.02

36,.9

57.\

0. 1l

1.94

44. 9

9.96

60

59

60

1g

1g

2\
2\

The subscripts T, EDTA and DTPA refer to Total, EDTA and DTPA

extractable concentrations, resPectively'

Al I R2 v"lues are significant at P < O'OO1 '

Although the detai led history of supPly of lead arsenate 'rn Austraì ia appears

to be unknown, commercial lead arsenate (98% eUHnsOU) has been supplied from a

s.ingle soufce for some decades [f.n. Blair, personal communication) ' lf the

I

c
3
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ma¡n contribution of ìead and arsenic to these soils is from lead arsenate,

and neither element is lost from the soil, the slopes of the regression lines

between lead and arsenic could be expected to approach 0'36 since this is

the mass ratio of lead to arsenic in lead arsenate (eUHRsOU)' lt can be seen

from Table 4.3 that the slopes of the regressions of total arsenic concent-

ration with total lead concentration are lower than O'36 and that the sìope

of the regression for the Tasmanian data is much lower than that of the south

Australian data. lnspection of the data in Figure 4.1 shows that there is

a disproportionately large number oi Tasmanian soils with low arsenic

concentrat¡ons (less than 1O Ug S-1). This suggests that arsenic has been

lost, reìative to lead, from many of the surface soils'

The regressions of total lead concentrations with total copper concentrat¡ons

for the two regions were also different (raule 4.3). Th¡s may merely reflect

the difference between Tasmania and South Australia in disease and pest

incidence and therefore spray usage. As witl be shown later, it is unlikely

that the differences between the regressions of totaì lead with total copper

are due to soi I factors or processes such as leaching.

ReLationships of EDTA and DTPA ExtraetabLe coppeT and Lead tLth rotaL concent-

Tations

copper and lead extracted by EDTA were hi-qhly correìated with their respective

total concentrat i ons (faUl e 4.3) . The regress ion equati ons for copper and

lead are almcst identícal and there !s also Iittìe difference between the

regressionsfortheSouthAustralianandTasmaniandata.

Regressions of copper and lead extractable by DTPA with respective totaì conc-

entratîons of the soils are also shown in Table 4.3' The regression equation

for copper extracted from the South Australian soils is similar to that for
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the Tasmanian soils. The regressions with lead however are different and

they also differ frqn the copper regression equations. lnspection of the data

(presented in Appendix 2) s-hows that above about 3OO US S 
1 of total soil

lead, the proportion of ìead extracted by DTPA becomes higher and very

variable. The reason for this was not investigated but was probably associat-

ed with the lower affinity of lead at high concentration in some sandy soils'

The much greater extraction of copper and lead achieved by EDTA compared to

DTPA is probably a result of the concentrations used (o.t M and 0'005 M

respect ively) .

4.2.2 Critical Concentration sofC oDDer. Leaci and Arsen ic in 0rchard Soils

As discussed in section 2.J, there are no generally accepted 'critical

concentratîons, of copper, lead or arsenic above which toxicity problems might

be expected to occur in plants. However, the concentrations which have been

found by Various workers to be harmful can, with some caution, be compared

with the data in Section 4.2.1. This may indicate how many of the orchard

soils could present problems to the pìants growing on them'

l,/i th respect to coPper, Reuther and Smith (f gt¡) observed that toxic ef f ects

appeared in citrus at total soil concentrat¡ons greater than 1 25 to 200 Ug g-1

at cation exchange capacities of 4 to 6 meq (loo g)-1 soil. The majority of

the Tasmanian (Stephens, 1935) and of the South Australian orchard soiis have

cation exchange capacities greater than 10 meq (tOO g;-1' lf 2OO Ug g 1 of

total copper is regarded as a reasonable critical value, about 10% of the

orchard soils exceed this value. Walsh et aL. (lglZ) found in field experime-

nts with beans that significant yield reductions occurred when DTPA extract-

able copper exceeded 40 ug S 
1. Based on the equations in Table \'3' this

yalue ts equivalent to apprcximately 140 Ug g 1 of tot"l copper and 100 Ug g-1

of copper extractable by EDTA. Approximately 307" of the orchard soils shown in
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Iigure 4.1 have total copper concentrations exceeding 140 Ug g-1. However,

it should be pointed out that the results of ìy'/.alsh et aL. U972) were obtained

from trials where large amounts of copper were freshly apPl ied. Concentrations

in the plants continued to decline over the two years for which their results

were obtained. It was likely, as stated by the authors, that equilibrium

of applied copper with the soil had not been reached, even after two years'

Hence, the critical soil concentrations of ì¡Jalst't et aL. (1972) may be inappr-

opriate for orchard soils where equilibration times for elements added as

sprays are much longer.

A commercial soil testing service in Australia has advised clients that soils

containing in excess of 20 ïg g 1 of .opper extracted by DTPA are likely to be

toxic (e.¡1. Harris, Grove, Tasmania, personal communication) although the

basis for the advice was not discìosed. lt is likely that this value is too

low. ln fact, none of the pastures now growing on former orchard soils showed

any visual symptoms of toxic effects and had a normal legume component even

though the totaì concentrations of copper in the soil frequently exceeded

-1 ir ic nnq could be affected without150 ug g '. However, it is possible that yïeld

visual symPtoms being evident.

No critical concentrations for soil ìead have been suggested (as discussed in

Secti on 2.5"2) so that it is not possible to estimate the proportion of orch-

ard soils which may have accumulated lead to an extent where plant growth

could be decreased. Pastures growing on soils containing in excess of 400 Ug

g-1 total lead do not appeêr to be adverseìy affected"

Criticaì concentrations for total arsenic ín soils are more clearly defined for

A range of soils and crops (see Sect ion 2.5.Ð. Growth reductions have been

observed when concentrations of arsenic i'n orchard soils exceeded 50 to 'l 00

Ug g-l o, higher depending on the ability of the soiì to bind arsenic strongly
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and on the susceptibility of the plant to toxicity. Growth of maîze was

the -l
reduced 6y 50% when,.concentration of afsenic in the soil reached 250 vg g'

(Vlool son et aL. , 1971a). Approximatel y 20% of the soiìs shown in Figure 4.1

had arsenic concentrations greater than 50 uS S-1 but only one exceeded 100

-1pg g l. The coarse textured orchard soils from Tasmania, where the effects

of excess arsenic are ìikeìy to be more severe, in fact have low arsenic

concentrations because the element is easily lost from the surface layers of

such soi ls.

\.2.3 Ac cumulation of Copper, Lead and Arsenic with Time

It was not possible to correlate the age of orchards with the accumulation

of elements in the surface soils. Usually the current owner did not know the

age of the orchard, but apProximate and, in a few cases' accurate ages were

obtained for 23 orchards, w¡th minimum ages for a further 10' The extreme

variation in management practices is illustrated by the finding that soils

under orchards older than 100 years, all of whÏch were in southern Tasmania,

varied in lead concentration from 50 to 3ZO ug g-1.

It was possible however to estimate that lead has accumulated in the soiì at

a mean annual rate of about 5 Ug g-1, copper at about 4 Ug g-1 and arsenic at

about l.Z5 ug S-1 in the ten orchards showing the highest rêtes of accumulation.

-1
This compares with annual accumuìation rates of approxïmately 11 Ug g'and

-10.7 ug g-l for lead and copper respectìvely, reported by Frank et aL- (lg16)

in Canada. The use of lead arsenate in Australia has declined since about 1950,

when it was to some extent supplanted by DDT and other organic chemicals, and

ceased in the earìy 1970's. lt is probable that the annual accumulation rates

during the period prior to 1950 were higher than those reported above for

Austral ian orchard soi ls.
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An approximation of the amounts of copper, lead and arsenic accumulating in

the top 10 cm of orchard soils with each spray application can be calculated

using currently recommended rates. This assumes that the composition of the

different sprays have been uniform. Lead arsenate would add approximately

'1.7 and 0.6 ug g-1 of lead and arsenic respectívely, and copper oxychloride

approximately 1.5 ug S 
1 of 

"opper 
per spray application. Bordeaux mixture

may add up to double this amount of copper, dependÌng on formulation. These

figures suggest that orchards which have accumulated copper, iead and arsenic

at the fastest rate may have received on average up to three applications of

lead arsenate or copper-containing spray each year.

4.2.4 Element Di'stributions in Soil Prof iles

The distributions of copper, ìead and arsenic in six soil profiles are presented

in Figure 4"2. Photographs of three of the profiles (profiles b, c and d) and of

a soil similar to Prof ile (e) are shown in Figure 4.3" lrr the descriptions of

the soils provided below, Munsell colours are for the moist soil except where

indicated. Principal profile-forms (p.f.f.) and Great Soil Groups (C.S.C.) are

afrer Northcore (lgZt) and Stace et aL. (i968) respectiveiy. Soiì names are

after Stephens (1935) except for Profile (f) which follows Jackson (1957).

Location:

P.P.F.:

Depth (.t)

0-22

22-33

33-\7+

Ranelagh,

Um 1 .43

Descniption of Profile (a)

Tasmania Soi I Name;

G.5.G.:

Al ìuvial

Al luvial Soil

very dark brown (10 YR 2/2) silt ìoam; friabìe at surface:

transitional to:

dark yellowish brown (10 YR 3/4) sandy clay loam with clayey sand

in patches; friable structure
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The clay content of this soil was uniformìy about 22% to at least 6! cm with

no evidence of horizon development (f"ylor and Stephens, 1935). Iigure

t+.2(a) shows that there has been yery little novement of copper, lead or

arsenic in Profile (") below 25 cn. Furthermore, the arsenic distribution in

the profile corresponds closely to that of lead and is in a proportion which

closely resembles that of commercial ìead arsenate. The As:Pb ratio ín the

soil is 0.10 compared to 0.36 ¡n commercial lead arsenate (eUHnsOU) which has

been in use for several decades. The detailed composition of early lead

arsenate sprays is not known.

Loca t i on:

P.P.F.:

Depth (.r)

0-28

28-30

30-\5

45-

Description of ProfiLe (b)

Raneiagh, Tasmania Soi I Name

Dy 4.81 G.s.G.:

Huon Sand

Yel low Podzol i c Soi I

dark yel lowish brown fiO Vn t+/Z; 1O YR 6/2 when dry) sand with some

organic accumulation near the surface; sharp, even boundary to:

I ight brownish grer¡ (10 YR 6/2) sand with smal I amounts of sil iceous

gravel; conspicuously bleached; sharp, even boundary to:

greyîsh brown (lO YR 5/2) sand, with smaìl amounts of graveì and

some mottìing (2.¡ vn 5/6); sharp, blavy boundary to:

yellowish brown (lO Vn S/4) medium clay; massive structure.

The clay content of this soil rises from about B% in the surface 20 cm to abo-

ut 60% in rhe B horizon (Taylor and Stephens, -l935). Figure 4.2(U) shows that

there has been no accumulation of copper, lead or arsenic (or of phosphorus

extracted bV NaHCOr) Uelow 25 cm. The proportion of arsenic io lead increases

with depth in the sandy surface horizons with the As:Pb ratio rising from 0.'13

iln the top 5 cm to 0.30 at 2J-28 cn" Furthermore, when the relative amounts

of these th,o elements i'n the top 2l cm are considered, it i.s apparent that a

considerable amount of arsenic has been lost from the upper part of the profiìe'

I
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At least some of this arsenic may have been leached downslope across the top

of the clayey B horizon. There uras no accumulation of any of the elements

at the surface of the B horizon.

Locat i on:

P.P.F.:

Depth (.*)

0-20

20-35

35-\0

40-

Rane I agh ,

Dv 3.3t

Desoription of ProfiLe (e)

Tasmania Soil Name:

G.S.G.:

Huon Sandy Loam

Yel low Podzol ic Soi I

:*
rll

t
il

very dark grey (to Vn Z/t; 10 YR 4/1 when dry) organic sandy loam,

very organic at surface; sharp, irregular boundary to:

dark grey (lo vn 4/t; 10 YR 6/1 when dry) sandy loam to loamy sand;

some síìiceous gravel (.5 mm) at 30 to 35 cm; sharp irregular

boundary to:

grey (10 YR 5/1; 10 YR 6/1 when dry) sandy clay loam; sporadically

bl eached, sharp i rreguì ar boundary to:

greyish brown (lo yn 5/z) medium clay with mottles (10 YR 5/8)

increasing with depth; large peds in upper part with conspicuous

organic (¡ vn ¡/4) surface coating.

'i

The surface horizons of this profile have a considerable accumuìation of

organic matter which is typical of the Huon Sandy Loam (figure 4.3c). The A'

and B horizons of this soíì have '12'157. and 35-45% of cìay, respectively

(Taylor and Stephens, 1935). The distributions of copper and lead in this

profile are similar (figure 4.2c) w¡th high concentrations ìn the surface and

very low concentrations below 25 cm. lt appears that significant amounts of

arsenic have moved from the surface horizons (the Rs:Pb ratio in the top 10 cm

is less than 0.03) and some has accumuìated at the top of the B horizon. A

recently established orchard on a similar soil nearby which had received very

few spray applications had onìy 3 ug g 1 of "rsenic in the B and C horizons.

I

I
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Figure 4.3 Photoqraphs of Some of the Soiì Profiles Described in

Section 4.2.4. (The tape is marked in 1O cm íntervals).

Profi le (b) Huon Sand

Profi le (c) Huon Sandy Loam
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Profile (d) Grove Sand

Profi le (e) The Lucaston Sand
photographed in a road cutting approx.
3 km from Profi le (e). This is one of
the few pìaces where the si I iceous
hardpan (60 cm thick) has been penetrated.
There has been some disturbance of the
surface 20 cm of this profi le.



Desez,iption of ProfíLe (d)

Grove, Tasmania Soil Name;

Uc 2.36 G. S. G. :

98

Grove Sand

Humus Podzol

Location:

P.P.F.:

Depth (cm)

o-3 o

30-55

55-60

60-65

65-

black (lo YR 5/l; 1o YR 4/1 when dry) loose organic sand; sharp

even boundary to:

I ight grey (10 Y.R 612; 10 YR 7/1 when dry) loose s-and; grading

(50-55 cm) ro:

dark greyish brown (10 YR 4/2) sand; more cohesive than above; sharp,

even boundary to:

strong brown (l.S ,t* S/B) cemented sand, d¡fficult to penerrate;

grading to:

yellowish brown (10 YR 5/6) loose sand.

This profile (f¡Sure 4.3d) is sandy throughout with nor more than /% clay in

any horizon (Taylor and Stephens, 1935). The horizon at 55-60 cm was stained

with brown organic matter and some iron oxidês. The 60-63 cn horizon was

strongiy cemented with iron oxides. Copper and Iead have accumulated at the

top of the organic-rich surface horizon but there is no evidence of any

accumulations in lower horizons (figure 4.2¿1. Arsenic has largely disappeared

from the surface horizons, where the As:Pb ratio is no higher than 0.04, but

has accumulated to a small extent at 55-60 cm, i.e. just above the strongly

cemented horizon. Phosphorus extracted bV NaHCO, has accumulated to a very

marked extent in the same horizon. Neither phosphorus nor arsenic have

accumulated in the cemented horizon (60-65 cm). lt is unlikely that either

element could penetrate below this iron-oxide cemented hardpan without being

adsorbed. Despite this, a considerable amount of arsenic appears to have

been removed from this profi le.



Descriptíon of, lrofiLe (e)

Ranelagh, Tasn¡ania Soil Name;

99

Lucaston SandLoca t i on:

P.P.F

Depth

0-22

22-45

\5-48

48- 53

53-

.: uc2.3\t G.s.G.: Podzolt

(t appl ies to profi le above the si I iceous hardpan)

(cm)

very dark grey (lo vn 3/l; 10 YR 5.6/1 when dry) loose organic

sand; clear even boundary to:

light grey (to vR 4/t; 10 YR 6/1 when dry) loose sand; grading to:

light brownish grey (lO Vp,6/2; 10 YR 7/2 when dry) loose sand with

small ðmounts of siliceous gravel (. 1O mm):

as above but with some organic colourîng and a thin (< 1 cm) layer

of organic matter (S Vn llt+) just above:

cemented s i I i ceous hardpan (not penetrated) .

Above the siìiceous hardpan this profîìe ii; also sandy throughout and contains

no more than 5% clay (raylor and Stephens, 1935). lt was not possible to

penetrate the siliceous hardpan which is known from a few road cuttings and

other excavations to be 20 to 60 cm thick and is certainly impervious to roots.

A photograph of a similar profile of the Lucaston Sand from a road cutting is

shown in Figure 4.3(e). There has been some disturbance of the top 20 cm of

this profile" The copper, lead and arsenic distribution in the Lucaston Sand

profile described above is shown in Figure 4.2(e). As in the previously

described profiles, copper and lead have accumulated in the surface 20 to 30 cm.

The arsenic.distribution again differs from that of lead (As:Pb ratio of the

surface 1O cm is 0.04) and much of the arsenîc appears to have gone from the

profi le. The distribution of phosphorus extracted by NaHC0, in this profile is

unusual and possibly indicates that some leaching is taking place with an

accumulati'on occurrinS just above the si I îceous hardpan. Totaì arsenic,
tr

althougnat a rnuch lower concentration than phosphorus has a very similar

profi le distrîbution.



Descr+ption of Pt ofi.7.e ( f )

South Austral ia Soi I Name:

G.S.G.:

100

lnglewood Association

Red Podzol ic Soî I

Location:

P.P.F.:

Depth (.r)

0-20

20-50

5 0-60

6o-70

70-90

90-r 00

Pa racombe,

Dr 3.41

dark brown (7.5 Y* 3¡3, dry) loam; massive; grading ro:

brown to dark brown (7.5 VA \/3, dry) fine sandy clay loam to sandy

clay loam, medium blocky structure; gradient to:

brown (7.5 vA 5/4, dry) sandy clay ìoam; sharp boundary to:

dark red (2.¡ yn 3.5/6, dry) sandy clay; large blocky peds; grading

to:

dark red (10 R 3/6, dry) morrted (mainly 10 yR 4i3) sandy clay;

large blocky structure; grading to:

red (2.5 V* 4/6, dry) mortled (maÌnty 10 yR 4/3) sandy clay with

mass i ve structure.

The clay content of this soil is about 12% at the surface rising to 30% at

30 cm and about \0% at 60 cm. The surface 10 cm has a high iron content. The

profile was sampled adjacent to the site E 460 where a bulk soiì sample was

taken for pot experiments.

The distribution of copper, lead, arsenic and phosphorus in this profile is

shown În Figure 4.2(f). Because the soil is likely to have a high affinity for

all of these elements, it was expected that the distributions of the elements

in the profile wouìd resemble those in Profile (a). Copper, lead and phosphorus

were distributed as expected, but arsenic dîffered considerably, at least in

the top l0 cm. ln the l0-30 cm interval, arsenic was present in proportion

to Tead and in amounts which wouid be expecteci if PbÍ{4s04 was the main source

and no losses occurred (As:Pb ratio was 0.31 to 0.35). However, in the 0-10 cm

only about half of the expected arsenic was present (As:Pb ratio was 0"16).
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This feature occurred in four of the five soils sampled in this area of the

Mt. Lofty Ranges. Leaching losses from the surface of this soil (Profile f)

are unìikely because of the hÍgh clay and organic matter content of the

soil and there is no evidence of accumulation of either arsenic or phosphorus

lower in the profile. The ìow arsenic concentration of the surface soil

relative to ìead and phosphorus cannot be accounted for by removal in hay or

by mixing due to cultivation. Losses of surface materials by wind or h,ater

could not be expected to remove arsenic selectively.

The profiles (a) to (f) show a number of similarities with respect to their

copper and lead di stri butions. The highest concentrations occur at the

surface, diminish wíth depth and show no evidence of accumulation below 25 to

30 cm. The distribution of the elements may have been affected by cultivation,

but this is now an infrequent practice in most orchards. Profile (¿) however

ì^/as cultivated on the day before ït was sampled and the effects are evident

in the distribution of the elements in the surface soi l.

It is possible that both lead and copper may be translocated within the soil

profile a<jsorbed on colìoidal materiaì. lf this does happen, the elements

must be compìetely removed laterally from the profile since there has been no

accumulation in the soils lower than about 25 cm. lt se.tìls that the soiìs

have sufficient complexing abi I ity in the organic accumulations near the

surface and/or adsorbing capacity by clay minerals and iron oxides that little

leaching of copper or lead is likely, These findings are consistent with the

conclusions of Tyler (lgZg) that both of these elements are resistant to

leachinq and have extremely long residence times in soi ls'

Although the cornposition of ìead arsenate used in Australian orchards over the

last B0 yeêrs is not known, the ratio of arsenic to lead in many soils where

both elements appear to have been retained (..g" Profï'le a) approaches 0'36

101
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which is the ratio of the elements in the lead arsenate used over the past

few decades, l'f no loss of ars.enic reìative to lead has occurred in orchard

soi ls, profi le distributions of the elements should resemble Profi le (").

However this is clearly not the case and considerable amounts of arsenic

have moved relat¡ve to lead. ln some sites (profiles c and d) there is evid-

ence of leaching and retention lower down the profile, though these accumul-

ations do not account for all of the arsenic lost from above.

Some of the profiles which have lost arsenic appear to have lost phosphorus

(as suggested by the NaHCO, extracts) in the same way. The probable mechanisms

are by leaching in solution or translocation on colloîds in suspension. Both

mechanisms may result in accumulation lower ïn the profile or in loss from

the profile by sídeways movement across ìess permeable subsurface horizons

(e.S.Profiles, b,d and e). The evidence presented for leaching in the light-

textured Tasmanian soils is supported by the findings of Tammes anci de Lint

(1969). These authors appì ied considerable amounts of arsenic to sandy soi ls

in the field and calculated that it was possible to lose about haìf of the

applied arsenic f ¡-om the surface soil in 6.5',uears.

The practice of applying ìarge quantities of phosphatic fertilizers (up to

-140-80 kg ha " pno annum of phosphorus) to orchard soils could result ín en-

hanced leaching of arsenic. The work of Dean and Rubins (1947), Barrow (lgZ4a)

and others has shown that phosphate is adsorbed in preference to arsenête in

soils. This may contribute to displacement of arsenic to sites of lower

affinity and thus to increased mobility of arsenate if phosphate is competing

for the same adsorpt i on s i tes.

The data of Profile (f) suggests that other mechanisms of loss of arsenîc from

soiìs are also possible" ln this prof Ie, total copper and lead, and phosphor-

us extracted bV NaHCo, all have sirnilar profïle trends. There is no clear
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evidence that either phosphorus or arsenic have been translocated down the

profile. Yet arsenic appears to have been lost from the top 10 cm of this

soil, and, as explained above was lost ín a similar manner from several other

similar prof iles in the s'ame region. This suggests a mechanism for the loss

of arsenÎc which is unïque to that element or happens in preference to phos-

phorus, copper or lead. under conditions of intermittent waterlogging and the

likely development of reducing conditions, it is possible that arsenic may be

desorbed preferential ly to phosphorus, reduced to the more soluble arseni te

and removed by lateral leaching. A further possibility involves microbially-

mediated reduction and methylation processes which have been outlined by Cox

(1g7il and Woolson (197il. The production by microorganisms of methylated

compounds which are voìatile is also known for other elements such as antimony

and mercury, but not for phosphorus. Although direct measurements of such

losses of arsenic have not been made in the field' appreciable losses by this

mechan i sm have been i nf erred (tr'/oo I son, 1977) '

ln summary, the above profi les suggest the fol lowing:

(a) copper and lead are relatively immobi le in orchard soi ls ,

(b) soils w!th a sufficient capacity to ads.rb arsenic as well as

lead may retain both of these eiements in a ratio simiiar to that

of ìead arsenate 
?

(c) arsenic may be lost from the profiles of sandy orchard soils, even

if highly organic, but may accumulate in .lower soil horizons ¡f

there are suitable adsorbíng surfaces o^d

(d) a further mechanism of arsenic loss, which couìd apply to aìI of

the profiles under appropriate ccnditions in the soil environment,

is the formation of volatiìe organic compounds'
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4 .3 Coppe r . Lead and Arsenic in Pastu re Species Sampled În the Field

\.3. I Seasonal Changes i'n Copper, Lead and Ar 5'enic Concentrat ions

A number of species of Pasture plants uras collected from five sites in the

ranges east of Adelaide (see Section 3.3.1). Chemical analyses of the samples

for copper, lead and arsenic are presented in Table 4.4 and in Figure 4'4 for

pìants sampled from site E 460, a former orchard soil where the greatest range

of species was collected. Generic and common names are listed in Table 3'2'

It can be seen from Table 4.4 that there is considerable variation in concen-

trat¡on of the elements both bet\^/een species and between sites" Most of the

species showed an early season (June to July) decìine in copper concentration'

the exceptions being samples from site EH 24 where coPper fertilizers had been

applied and in At,ctotheca eaLenduLa at site E 462. There were increases in

copper concentÌ:ations at the September sampl ing and further increases in

November, except for LoLiumpev'enne and HoLc'us Lanatus at site E 460' lt is

possible that the high copper concentrations in the soils in combination with

increasing soil temperatures and transpiration rates may have contributed

to higher concentrations in the tops of the plants as the growing season

p rog res setJ .

Comparison of copper concentrations presented in Table 4'4 with those presented

in Tabìe 4.5 for TTifoLium subteqTaneum and,4. caLenduLa, which were sampìed

from uncontaminated sites, suggests that plants growing on the contaminated

soi ls have higher copPer concentrations. The data for T' subterranewn in

Tabìe \.5 also suggest that there may be considerable variation between seasons'

The within-season variations in copper concentrêt¡ons found in this study differ

from rhose of Beeson and McDonald (1951), Gladstones et aL. {1961) and Fìeming

and Murphy 11968), and also from the unpublished work discussed by Temple-Smith

and Munday 0976). The general conclusion of these workers was that the coPper
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Table 4.4 Seasonal Chan es in Concentration )or r Lead and Arsenic in Pasture S tes

Site No.

Sanrpling date;
+' Speci es Cu

10/6/75

Pb As

23/7 /75

Pb

10.0

4.0

2"2

3/9/75
Pb

21 .2

9.6

5.7

3.1

4.1

n

n

18.0

8.1

25/11 /75

Pb As

n

2.3

1.3

2.5

3.7 2.2

2.2. 1.2

Cu

26

21

25

26

21

29

17

19

20

27

31

37

n

n

As

0.8

0.4

0.6

0.6

0.2

0.4

0.5

0.2

1.2

0.2

n

n

Cu

39

24

3t+

4r

33

25

20

32

n

n

2\
\2

30

37

As

0.9

0.6

0.2

0.4

0.4

0.8

2.0

0.7

n

n

0.6

0.4

Cu

n

30

3\
10

10

39

30

\2

29

5\

63

52

n

n

E 460
(o)

A. calenduLa

I " subtev'ranewn

H. Lanatus

L. perenne

P. Lanceolata

A. caLendz¿La

E. botxys

B. moLlis

T. subternaneum

E. pLantiginewn

A, ca.LenduLa

P, aquatica

T" subterraneum

E. moschatun

35 r0.1 1.9
g

n

39

\2
22

21

35

28

29

31

24

22

\2

37

2.3

1.6

1.9

5.8

2.1

2.4

n

6.7

6.\
3.9

2.5

2.95.2

4.4

n

6.3

7.6
4.9

4.1

3

n

0.2

0.6

<.2

0.8

0.4

0.2

0.8

0.5

0.8

0.4

7.1

8.0

5.0

3.7

5.0

6. t1

8.0

3.2

1.7

1.1

0.8

3.0

5

3

3

5

8

2

E \62
(0)

EH 12
(0)

3.8
0.5

3.4
2.7

EH 24
(m)

8.4

5.1

0.9

0.8

14.0

7.1

75.0

6.\

EH 13
(M)

1,7

0.6

n

n

R

n

n

n

f (O) : former orchard soi I . (m) : mi nera ì ized or mi ne affected soi I o
\tr

g

n i nsufficient material to samPle
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Table 4.5 Concentration (u -1 of and Lead i n sture S ctes

Samp led in the Mt. Lofty Ranqes, South Australia

Trí, fo Liwn subterraneum

Sampled September, 1972 E I ement

Cu

Pb

Cu

Pb

(s. o. ) n Range

3.1-31 .4

0.3- 3.5

Mean

13.4

1.4

(4.8)

(0.7)

6t(2.3)
(0. g)

( 1 0.2)
(0.8) 51

56

59

Sampled October, 1972

Sampled September, 1973

Actotheca eaLendula

Sampled October, 1974

Cu

Pb

21.t
1.3

9. 1

1.0 60

51

(4.5) 58

(o. e) 60

3.2-15.1
0.3- 5.7

5.0-55.8
0.4- 4.3

Cu

Pb

12.7

2"2

5.4-24. \
0.8- 6.1

(Source: Tiller, Merry et aL., unpublished data)
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Plantago lanceolata

Lolium perenne

Holcus lanatus

Arctotheca calendula

Trifolium subteraneum

(a)

Cu

!g s-l
(dry wt)

(b)

Pb

l,|g g-1
(drywt)

!g g-1

{dry wt}

50

40

30

20

10

25

20

15

10

5

- --- --a

>-
\.¡

(c)

As

J

2

u

-Ð

June 1 July 1 Aug 1 Sept 1 Oct 1 Nov 1

Seasonal Changes in the Copper, Lead and Arsenic Concentration'in Pasture Species at Site E 460.

Figure 4.4



concentration of plants decl ines with advancing maturity or, in

pasture legumes (Piper and Beckwith, 19511' Beeson and l"lcDonald,

mid-season peak may be followed by decline with senescence.

108

the -case of

1951) a

It has been reported (Oict et aL., 1953; Gladstones et aL., 1967) that weeds

or herbaceous species have higher copper concentrations than pasture species

growing at the same site. lt can be seen from Table 4.4 that the weed species

(eLantago LanceoLata, Echíum pLantigineum, Ez,odíwn spp. and /. caLendula) ín

this study generally have copper concentrations which are not markedly diff-

erent from those of the other plants.

The concentrations of lead in the tops of plants sampled in the field show

some interesting features (faUle 4.4 and Fîgure 4.4b), The concentrations are

general ly ìow compared to copper, with smal I seasonal fluctuations. The con-

centrations are largely within the range shown for plants grown on uncontamina-

ted soils ín Table 4"5 and also those reported by Jones and Hatch (f945). The

exception in this study is.4. calendula. At the three sites where it was

sampled ît had the highest lead concentration and at two of these (E 460 and

EH 24) the concentrations were considerably higher than the other species.

Another feature of these tb/o sites was the large increase in lead concentration

as the,4. caLenduLa plants senesced (earlier at E 460 than the other sites).

Little comparabìe information is available în the literature on the seasonal

changes of lead concentration of pasture plants. Rains (lgZl) observed season-

al effects which he was able to attr¡bute to atmospheric accession. This pro-

cess is thought to be of small consequence in the present study. The findings

of Mitchell and Reith (1966) were also not comparable because of specíes and

climatic differences. Plants do not senesce to the same extent in the milder

conditions experienced during winters in the Adeìaide region.
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The arseníc concentrations of the plants urere generally lower than those of

Iead and h,ere uni.form through DUch of th-e grow'in9 season' However' almost

without exception, the concentrations' of arsenic increased dramatical ly in

both annual and perennial s'pecies at the finaì sampling when most of the

plants were senescing (risure 4.3c) .

No comparable data for êrsenic were found in the lÌterature. The results

show no similarity to those for molybdenum or phosphorus (eìper and Beckwith,

1951; Fleming, 197Ð which have comparable anionic forms and might be expected

to behave in a similar manner.

Some of the fluctuations in the concentratíon of the elements Ín plants may

be explained in terms of growth dilution and desiccation with senescence.

Other factors could be the increased availability of the elements to the

plants as the soil and air temperatures and light intensities increase as weìl

as differences in translocation from roots to tops. h,hile it may be possible

to explain many of the effects in these terms, the situation is further

complicated by the fact that the pastures b/ere grazed.

\.3 .2 Reì ati onshi Between Concentrations of Co r ead and Arsenic inL

SoÌ I s and Pl ants

The relationship of totaì soil concentrations of copper, ìead and arsenic to

the concentration of the elements in the pasture species TrifoLiwn z'epens

and LoLiwn pey,enne sampled from former orchard soils in the Huonville area was

i nvestigated. Detai I s of the sampl ing procedure ì^/ere presented in Sect ion

3,3.2. No relationships between plant concentration (on a dry weight basîs)

and total soi ì concentration were evÎdent for any of the elements or for either

species. For this reason only mean concentrations and fanges are presented in

Table 4.6. Plant concentrations for alì elements do not differ from what might
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be expected in plants grown Qn uncontaminated soils although the lead conc-

entrations are narg¡nally higher than the concentrations presented for other

species i'n Tabìe 4.5. Copper concentrations in the plants i'n Table 4'6 are

lower than those found in plants growing În South Australian orchard soiìs

which were discussed in Section 4.3.1.

Simpìe linear relationshTps between soil concentrations of lead, copper and

other elements using various extractants have been reported many tirnes with

vegetable, pasture and croP Plants grown on contaminated soil in the field

and the glasshouse (Merry and Tiller, 1978; Davis, 1979; Mêrry et aL', 1981

and others). The reason for absence of correlation in this investigation

was not obvious. Analysis of a larger number of samples coupled with other

soil measurements, such as pH, ffiaY be requÍred to improve the predictive vaìue

ofsoilanalysisdataforplanttÌssueconcentrations.
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rom Tasman¡ a
Table 4.6 Concentrations of Co Lead and Arsen c in T s of Pasture Plants and in Soils fr

Element Spec i es

TrifoLiun Yeqens

LoLiun peneruxe

TrifoLiun rePens

LoLizon pererlne

Trifoliwn ?ePens

LoLíun peYevrne

Concentratîon in Plants
-1 (s.0. ) Rans.

(2.57) 6'.4-13 .5

(2. 05) 3. 6- 1 o. 1

Concentration in Soi I (total)

Range (ug g-1 )

4\ - 174

99 - \25

4.9 - 64

u9g n

10

9

10

9

I
9

Cu

Pb

As

9.

6.

33

26

Ì
]

]
Ì

]
]

\.53

3.58

1 .00

0. 95

(2.03)

( r .04)

2.99-10.0

r.80-5.65

<0.20-2.4\

0.40-1.96

-1

¡
I

(0. zr )

(0.55)

t 2 samples were below detection limit (O'z ug g )
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\ .4 Pot Expe r i men ts

4.4.1 Pot Experiment l" The Effects of Soil Temperature on Copper, Lead and

Arsenic Uptake by Three Plant Species

The dry weights, and the copper, lead and arsenic concentrat¡ons found in the

tops of subterranean ciover, silver beet and radish plants are shown in Table

4.7 and those found in the roots of radish are shown in Tabìe 4.8. Photographs

of representat¡ve pots taken just prior to harvest are shown in Figure 4.5.

lncreasing soi I temperature from 12oC to 22oC significantly increased the

yields and the concentrations of copper, lead and arsenic in the tops of aìl

plants (faUle 4.7) except for copper in the tops of ¡'adish grown on the

mineralized soil (EH Z4). Roots were sampled only for radishes (fa¡le 4.8).

Thei r yields did not încrease significantly with increased soi I temperature

and in fact were less at the higher soil temperatures on the mineralized soil.

This decreased yield of radish roots may have been due to the lead concent-

ration, ll0 ug S 
1, *hich was the highest recorded for radish in any of the

experiments in this study. The concentratíons of copper in roots grown in

the orchard soil and of lead in roots grown in both soils increased in small,

but significant. amounts with increased soi I temperature. lncreasing soi I

temperature had no significant effect on the concentration of arsenic in

rad i sh roots.

The orchard soil (¡ lO¡) yielded more than the mineralized soil (fH Z4). The

copper concentrations of the plants grown on the orchard soil were higher than

in plants grown on the mineralized soil but the reverse was true for lead.

These results were to be expected consîdering the copper and ìead concent-

rations, and fertility of the soiìs (-faUle 3.5). The arsenic concentrations

of the two soils wefe similar and, with the exception of subterranean clover

grown on the orchard soil at the higher temperature, the arseni'c concentrations

of the pìants reflect this similarity.

il
rl;

I

!
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Soi I Temperatures

Spec i es Subclover

:--6:cË¡--

lzoc

Silverbeet

220C

Íl i I verbeet Radish LSD

he Dry \,leight (q per po t) and Copper, Lead and Arsenic Concentratio

Plant Species. The values are geometric means of four repl icates wi th

ns
Table 4.7 The Effect of Soi I TemPerature on t

(uq s
-1) in the Tops of Three

1o910 transformed data in italics.

Radish Subc I over 0.05

E 505

(orchard soi I )

EH 24

(mi nera lized soi I )

As

D ry \^/t .

Cu

Pb

Dry \{t.

Cu

Pb

0. 05

0.09

0. L1

0.1B

0. 05

0. a9

0,11

14.4

L.1,6

21

1 20J. .-)û

4.8

0. 6B

4. B

0" 69

77

1_. 89

3"3

0. 52

1.4

0. L3

5"2

0.72

19

1.28

3.2

0, s0

3.9

0. s9

2"5
n70

6.9

0. 84

2.8

0. 46

6.9

0. B2

48

1. 68

3.6
u"Ðo

9.5
0. 97

6.5

0. 81

20

L. 28

2.1

0. 31

31

1 10

2.4

0. 37

1.7

0.22

25.5

1_. 41

30

1.4B

11.9

7. 07

19.8

1. 30

11.1

L. 05

13\

2.1-3

9"6

0. 9B

2.\
0. 37

7.7

0. B8

26

1_.41

5.0
0 .69

3"9

0. 5B

15.5

7. L9

13.7

L.1_4

54

L.73

5.\
0.73

5.3

0.72

6.8

0. B3

32

J..49

9

0

2

95

83

L.9L

5.6
0.7 5

3.3
0.44

3

0

4

F2
As

0.1_B
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Table 4.8 The Effect of Soil Temperature on yield (q per pot) and the

Coppér, Lêad and Arsenlc Concêntrát¡ons (tq q ) of Rad i sh Roots.
I

The data are geometric means of four

transformed values in ital ics.

repl icates wi th loglO

SoÍ I Tempera tu re

lzoc 2zoc

LSD0¡05

*
T
iî

E 505

b rcha rd )

EH 24

(mineralized)

D ry l^/t .

Cu

Pb

D ry \^/t.

Cu

Pb

As

9.5
0. 97

10. 5

1.02

8.4

0.90

2.5

0. 37

6.3

0. B0

5.4
0.73

40

7. 59

1.5

0. L4

9.9
0. 99

15.9

L. 19

13.2

1. L0

2.1

0.28

5.0
0.70

6.6

0. B2

110

2.03

1.9

0. 26

n. s.

0. L6

0, L9

n.8.

0. 09

n.s

0. 19

n. s.

As

I

I

(
!,

I

r
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As would be expected with plants of dÌffering physiologies and root morphol-

ogies there wefe reìative differences between the plant species in the concen-

trations of the elen-lents in the plant tops the extent of which depended on

soi I and temperature. Subterranean clover and si lver beet accumulated higher

concentrations of lead than radish tops. Si lver beet had substantial ly higher

concentrations of copper than the other species when grourn in the orchard

soi I. Subterranean clover had the highest concentration of arsenic and

siìver beet the lowest, significantly so in most cases. The effect of soil

temperature on increasing the concentration of arsenic in subterranean clover

(3.9 to .l9.8 
uS g-1) was the largest relative increase observed. ln the

natural environment, this plant usually grows at soil temperatures much lower

than 22oC for much of îts life cycle so that thîs large increase in arsenic

concentration may have less practical importance than increases observed in

silver beet or radish which are usually Srown at times of the year when

higher soi I temperatures prevai l.

By the end of this experiment, all of the silver beet plants growing on the

mineraìized soil (fU Z+) had small necrotic patches on the leaves. ln

addition, some of the radish plants growing on the same soil but only at the

higher temperature showed symptoms of marginal necrosis. 0n the basis of

chemical analyses of these plants and similar observêtions made in Pot

Experiment 2, the symptoms were attributed to the accumuìation of excess

manganese. The manganese concentrât¡ons of affected leaves of sílver beet

exceeded 1500 ug g-1.

L¡ttle information has been published on the effects of increasing soil temper-

åtures on the uptake of copper, leacj and arsenic from contaminated soils.

Benson (195Ð grew barley in sand cuìtures to which lead arsenate had been add-

ed. The experiment was carried out in a glasshouse at temperatures near OoC in

!
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Figure 4.1 The effects of soil temperature on plant growth at t¡me of

harvest. For each so'r I , the I ef t-hand pot u/as ma inta ined

at 22oC and rhe right-hand pot at 1ZoC.

EHZ+

SILVTR BTII[æs EHz+

I

R,{DISH EHz+t sos

A
I
T.

I (a- IlL a 1I ô
. 

Êt ,
ti.
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winter and was-repeated in the open air in summer. A much greêter retard-

ation of growth was, noted at the higher application rates of lead arsenate

in the experiment carried out in summer when temperatures, and presumably

I ight i ntens i ti es, were higher.

Specific reasons cannot be given for the increases in concentrations with

increasing temperature observed in this experiment since a number of

contributing factors are probably operating. Although root:shoot ratios and

the numbers of lateral roots vary with species and soil temperature, root

extension rates normally increase with temperature up to 25-3OoC (Cooper,

1973). The size and morphology of root systems are strongly affected by

temperature (Nye and Tinker, 1977). lncreasing temperature Iowers the

resistance of roots to urater uptake (Cooperr 1973) and affects the permea-

bility of root membranes to cations and anions (Zsoldos, 1972). lncreasÍng

soil temperatures over the range tested also increases the rate of breakdown

of organic matter and the act¡vit¡es of mïcroorganisms and thus affect avail-

abiìity of elements. The rates of diffusion of ions to roots and the concen-

tratîon of ion species in the soil solution may also increase wíth increasing

soi I temperature,

ln the present experiment, the air temperatures experienced by all pots were

the same. However, the greater growth of tops of the plants at the higher soil

temperature would result Ín a much hîgher throughput of transpiration water and

hence increase potential for transpcrt of the elements to the roots and from

the roots to the tops. Although the conditions imposed on the plants in this

experiment (e.g. temperature, non-ì imiting water supply, root systems confïned

to pots, etc.) m"y differ from what is experienced in the natural situation,

the resuìts have clearly shown that soil temperature is an important factor

in controìling the copper, lead and arsenic uptake by pìants. The concentrat-

ions of the eleme,'¡i:., ì., ifiÊ rCps ":, tiì-1 å--iË;:--i .. - I ¡i1 soil at 22aC usuallrT
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increased to be near'ly double the concentrations of the plants grown at

l2oC. The i.ncreases were not so g.reat Î.n radish roots. These findings

imply that hi'gher levels of contamination are I ikely' to be encountered

in summer crops-such as vegetables grown with irrigatlon,
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\.\.2 Pot Experiment 2. The Ef fects of Varying Soi I pH and Prior Lilater-

logging on Two Plant Species Grown on Eiqht Soils

ln this experiment, so¡l pH was adjusted by adding sulphur, gypsum or calcium

carbonate, and in a f urther treatment, soils h,ere v,,aterlogged for one month

prior to sowing radish and silver beet. Alì data in this experiment, except pH,

v\,ere lonl0 transformed for statistical analysis to stabi I ise the variance

associated with wídely varying concentrations. Detaí ls of the soi ls used and

experîmental methods were presented in Section 3.\.2.

Effects of Tneatrnents on SoiL pH

The pH of air dry soil samples collected at harvest are presented in Table 4.9

These results show that sulphur treatment decreased and calcium carbonate

treatment increased soi I pH. Appl ication of gypsum containing sulphur equal

in amount to that added in the sulphur treatment also decreased pH, but to a

lesser extent. Prior waterlogging resulted either in no change in pH or in

increases of up to 0.35 units compared to the control" There were differences

in pH due to species, but they urere not consistent. The differences may have

resulted, at least in part, from differences between the root systems of the

radish and si lver beet plants, thei r exudates and assocïated microflora. ln

addition, most of the small fibrous roots of silver beet were not removed from

the soi I samples.

Except where otherwise indicated, the pH of the air dry soiì

Table 4.9, which was determined on a uniform subsampìe, will

discussion of the results.

as presented i n

be used in further

The Time Course of Changes in pH

The changes in pH of the moist soil during equilibration and growth of the

pìants are illustrated in Figure 4.6 for two soils, E 505 which is represent-

at¡ve of most of the soils, and soil EH 1 which, because of its naturaììy



Table 4.9

Plant:
T rea tmen tl :

Soi l: EH 12

E 460

EH 21

E 505

EHl

EH 23

EH 24

Control

5.43

Control

5. Bo

Control

6.07

Control

6. 00

s (s)

6.gz

Control

4 "77

Control

6.sl

Controì

5. 00

CaC0, (s)

6.40

caco, (2.5)

6.27

cac0, (s. zs)

6.70

cacO, ß.75)
6.53

Control

7.87

CaC0, (2.5)

5.60

cac0, (2. s)

8. 00

caco, (s. zs)

5.83

Gypsum (z)

4. 90

Gypsum (z)

4.70

Gypsum (2)

5.35

Gypsum (z)

5.50

s (s)

7.00

Gypsunr (r )

4. 50

Gypsum (l)
5.95

Gypsum (2)

4' 3o

Con tro I

5.3\

Control

5.40

Control

6. 05

Control

5.75

Gypsum (to)

7.\0

Control

4.80

Control

6.75

Control

4. Bo

CaC0, (s)

6.35

caco, (2. s)

5. B0

caco, ß.zs)
6.65

caco, (s.zs)
6 .40

Cont ro I

7. B0

CaCo, (2.5)

5,,35

The Mean pH of Soils (Rir Ory) at the Completíon of Pot Experiment 2

Rad i sh Si lver Beet

s (2)

\.27

s (2)

\.13

s (2)

\.73

s (2)

4.50

s (r6)
I+.73

s (r)

3.60

s (2)

3.73

l/' Log

5.57

l^/'Log

5.83

l^/r Log

6.13

\lr Log

6.00

\^lrLog

1.87

l,/¡ Log

4. go

ì/r Log

6"90

\^/r Log

5.20

s (2)

\ "70

s (z)

4. 00

W 'Log

5.60

Ì^/r Log

5.55

\lr Log

6.oo

\,1, Log

5.90

\^lrLog

7.85

l,/'Log

4. 8o

WrLog

6.65

l/rLog

5. 00

s (2)

4.60

s (f )

4. 83EH 13

s (2)

\.65

s (16)

4. 85

s(l)
3.60

s (f )

5.05

s (2)

3.70

caco, (2. sl

CaC 0

7 "75

, (s.zs)

5 "70

+ _.' Fîgures in brackets indicate rate (g per pot) of elemental sulphur (S) and caìcium carbonate appìied to each

pot. For gypsum, they aìso indicate the rate of sulphur, but applied as CaSOU"2H20. rControlr and '\,/'logr
denote untreated and prior waterlogged soils, respectively. LSD = 0.12 (P .0.05).

¡\)o
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high pH, was treated differently. The pH yaìues shown in Figure 4.6 are for

moist soi ls. Difficulties in obtaining a fepresentatiye subsample of rnoist

soil meant thêt the results of the measurements were likely to be more variable

than those presented for air dry sampìes in Table 4.9. Nevertheless the data

for moist soils in Fîgure 4.6 show that the equilibration tïme allowed (about

4O aays) appeared to have been suffîcient for the microbial oxidation of

sulphur to achieve a fairly stable pH in all soils. ThermoistrpH values for

the various treatments maintained relativity and changed by less than half a

unit when the pH at harvest wês comPared with the value at sowing.

The pH of five of rhe warerlogged soils (ttl lz, E 460, EH 23, EH 13 and EH 24)

increased by 0,4 to 0.8 units when compared to the control at the end of the

period of submergence. At this time the pH of the remaining three soils

(fH Zl, E 505 and EH l) did not differ from the control treatment. During

the period of growth of the plants, the pH of the prevíously waterlogged soils

tended to revert to that of the control. At harvest, the differences between

the two treatments, although often statistically signifìcant' were smal l',

except for soil EH 13 growing radish where a larger difference with control

was maintained (see Table 4.13 for pH of moist soils at harvest).

Effeets of Treatrnents on IieLd. and Coppez,, Lead and Arsen'Lc Coneentratíons

of Radish and SdLuen Beet

A summary of treatment effects is presented in Table 4.10. The mean values

are for five of the eight soils used in Pot Experiment 2. Statisticaì anaìyses

were carried out on logjO transformed data. The results for soiì EH 1, which

was treated differently from the others, and for soils EH 23 and EH 24, where

some plants failed to survive, were excluded from this table' ln soil EH 23

(an acid, sandy soil which was dosed with copper, lead and arsenic) no pìants

survived to harvest except for radish on the soil treated with calcium carbon-

ate and in soil EH 24¡ tro Plants survived the sulphur treatment' The summary
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in Table 4.10 provides an indication of the overall effects of the treatments,

although the rates of sulphur (-s) , gypsum and calcium carbonate applied to
each soil were not uniform.

The mean effect of sulphur applications, compared to the control treatment,

h/as to decrease yields, i'ncrease copper concentrations in radish, increase

lead concentrations in radish and silver beet and increase arsenic concent-

rations in the roots of radish and tops of silver beet. Sulphur increased the

concentration of copper in siìver beet on some soils but decreased it in

others, the net effect being ê mean concentratíon which was not significantìy
different from the control. Applying gypsum to the soïls on which silver
beet plants were grown resulted in increased yields and small increases in

coPper concentration. There were small decreases in the lead and arsenic

concentrations though uptake was little affected when yield !s taken into

account. Calcium carbonate appl ications increaseci yields and decreased the

concentrations of copper, lead and arsenic in both pìants. The prior water-

logging treatment increased the yield of radish roots, increased the copper

concentrêtion in the tops of radish and silver beet, had little effect on

lead and increased the arsenic concentrations in both plants. The treatment

effects on individual soi ls wi I I be discussed more ful ly later.

The mean yields and concentrations of copper, lead and arsenic for each

treatment and !ndividuei soiìs ei-e pi-esented in detaii in Appendix 3. lt is

from the data presented in Appendix 3 that the summary in T¿bìe 4.10, and

F i gu res 4. 7 to 4. 1 0 were cons t ructed.

The ReLal;ion of ELement concentration and rieLds of the pLants to pH

Covariance analysis was used to remove soil pH as a linear covariate with log

transformed plant parameters. Based on ênaìysis of variance, independent

estimates ofrbetween treatmentrand'between soilteffects which are attribut-
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Table 4.10 nE ects o T atmentS o iel d er t and Concentration

-'l(us s ) of Copper, Lead ånd Ai3enic ïn Radish and Silver Beet

Treatment

Radish Tops

t

Dry wt.
Cu

Pb

As

Radish Roots Dry wt.
Cu

Pb

As

S i lver Beet

Tops

Dry wt.
Cu

Pb

As

s

4.4 a5

39d
2.5 c

3.0 a

5.4 a

21 c

10.2 c

5.9 b

5.1 a

63b
5.8 d

4.2 d

8.3 c
68c
2.1 b

2"6 ab

Control

5.0 b

16b
1.9 u

4.6 c

5.9
13

\.5
4.8

6.8 b

63b
2.8 c

3.0 bc

CaC0,

5.8
13

1.1

3.7

7.6
1t

l.g
\.2

8.5 c
35a
1.6 a

2.2 a

l,lr Log

5.2 b

20c
2.0 b

6.2 d

7.\
14

4.2
6.2

6.9 b

74 d

2.3 bc

3.7 cd

Gypsum

b

b

b

b

c

a

a

b

b

a

a

a

a

b

b

a

t Treatments are as ind[cated in Table 4.9

u ln each row, numbers followed by the same ìetter are not

significantly dîfferent at p ç 0.05.
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table 4.11 Contribution of pH to the Main Effects of Treatment and Soil on

Element Concentration and Yield of Plants: Percentage Changes in

the Sums of Squares when pH is Removed as a Linear Co-variate.

Mai n Effects:
Radish Tops

Yield
Cu

,Pb
As

Radi sh Roots

Yield
Cu

Pb

As

Si lverbeet Tops

Yield
Cu

Pb

As

Treatments

-95

-94

-8¡
-28

-56
-95

-95

+9

-63

-40

-79
-79

Solìs

-95

-36
_13

_87

-97

-22

-16

-96

-67

-55

-r8
-64
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able to pH can be obtained as a percentage reduction in the sums of squares.

The results are shown in Table 4.11.

High percentage reductions in the sums of squares (for example, for lead in

radish) indicate that the observed effects correlate highly with pH. Low

Percentages mây mean that pH is not an important factor or that the relation-

ship with pH is not linear. Evidence of this is obtained by referring to

Figure 4.10 which indicates for example that the low percentage reduction for

arsenicrbetween treatmentsr is due to lack of a pH effect u,¡th¡n soils but

the low percentage reduction for copper in silver beet is probably due to the

existence of a non-l inear relationship in some soi ls.

Table 4.11 shows that pH contributed substantially to the observed treatment

effects except for arsenic in radish. 1t also contríbuted to rbetween soill

differences, notably arsenic concentration and yield.

The mean concentrations of copper, lead and arsenic in the plants (Appenci¡x 3)

and their relation to pH of the dry soil (faUte 4.9) are shown in Figures 4.7

to 4.10. The data for the prior waterlogged treatrnents are not plotted and

will be discussed later.

lncreases in soil pH were associated with significant decreases in the copper

concentration of radish tops and roots (fisure \.7). Concentrations were

higher !n the tops. Lead concentrations (figure 4.8) in radish responded

similarìy except that a more marked decrease as a function of pH occurred in

the roots. These resuìts for lead reflect the poor translocation (".f. copper)

of lead from the roots to the tops of plants which has been observed many

times before (Keaton, 1937 and others). Compared to copper and lead, the

arsenic concentration in radish is, for the most pêrt, insens'itive to soil pH

[rigure 4.9). The soils with the highest arsenic concentration (eU t:) and
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the dosed soil (eH l) produced plants with very much higher and more variable

arsenic concentrations than the other soils" The arsenic concentrations ín

the radi'sh roots \^/ere usually higher than, or simiìar to, those of the tops.

Comparison of the results for radish tops with those of siìver beet (Figure

4.9) underlines the dlfferences which may be expected between pìant species.

The copper concentrations of silver beet tops (Fîgures 4.10a) are higher than

the concentrations in the tops of radîsh and varying s'oil pH has resulted in

markedly different responses. ln the soils wîth the lowest copper concent-

rations (gH l2 anci EH 24) the concentration of copper in silver beet showed

I ittle variation wîth pH. A decl ine in copper concentratîon with increasing

pH was observed with plants grown on soîls EH 1, EH 13 and EH 21. The plants

gro\^rn on two soils, E 460 and E 505 also had copper concentrations which de-

clined as pH increased, but decreased markedly in the most acidic treatment as

well. Although no certaîn explanation can be put forward for the behaviour of

coppgr in the plants grown on the acîdified soils, ¡t is possible that inter-

actions with manganese and/or aluminium may have been responsible. Blevins and

Massey (1959) reported that copper uptake by plants decreased as aluminium

concentration increased in solution culture and also as aluminium extracted by

0.1 l,l CaCl, increased when pìants were grown in soil. Aluminium concentrat¡ons

in the silver beet plants were not measured, but data for mangênese are presen-

ted in Appendix 4. ln alì cases where the soils were acidif¡ed with sulphur,

the manganese concentrations of the silver beet tops exceeded 1500 ug g-1, and

in at least one case, manganese toxicity symptoms \n/ere present. Although onìy

one replicate of the silver beet roots were retained for chemical analysis,

the results (Appendix 5) suggested a similar pattern of copPer concentration as

was found in the tops but concentrations were much higher.

The relationship of pH of the dry soil to lead concentration in the tops of

silver beet plants (FiSure 4.10b) were similar to those found for radish tops

except that the concentratíons in radîsh tops were ìolver. Anaìyses of the

ü
ll,j

I
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single replicate of silr/er beet roots showed a similar trend in lead concent-

ration to the tops, but concentrat¡ons were higher (Aplenaix 5).

The arsenic concentrations of siìver beet tops (f¡Sure 4.10c) were, like radish,

much less sens'i'tive to pH change though there was fluctuations in some soils.

The arsenic concentrat¡ons of the single replicate of roots were usually

much higher (ZO to 50 times) than concentrations în the tops (Appendix 5).

Element concentrations in the silver beet plants grown on the gypsum-treated

soiìs are shown as closed triangles in Figure 4.10. These plots suggest that

the concentrations, aìthough not always significantly different from concent-

ratîons in the plants grou,n in the untreated, control soils, are often lower

than would be expected from the decrease in pH which resulted from gypsum

appìication. ln some, but not aì1, cases'the lower concentrations can be

accounted for by growth dîlution due to the increased yields of silver beet on

the gypsum-treated soi I s. A s imi lar effect of gypsum on arseni c concentrat¡on

was noted in Pot Experiment 3a although the rates of application were only one

fifth or less than the amounts used in this experiment and resulted in no

signif icant change in soil pH. lt is noi': obvious why gypsum aPplications

should affect copper and lead concentrations in the silver beet. lf sulphate

anions are responsible, ¡t is likeìy that the soils acid¡fied with elementaì

sulphur are aiso affected. Since some of the suì¡ihur in this treatment may not

have been completeìy oxidized and some urould have been incorporated into the

microbial biomass, any decrease in concentrat¡ons of the elements due to sulphate

is likeìy to have been smaller than that produced by the sulphate in gypsum.

The concentrations of arsenic, copper and lead in the pìants grown on some of

the acid¡fied soiìs mÍght well have been higher ín the absence of the rsulphate

effectr .

I

*
I
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Decreased pH of the soîls was associated with decreased yields of radish and

silver beet in soils EH 1, EH 12 "n¿ 
fH Z4 (where no plants grew), of radish

roots in soil E 460 and of s'i lver beet tops in soil E 505 (Appendix 3) . The

decreased yields in soils EH 12 and EH 24 may have been due in part to the

effects of high manganese concentrations (Appendix 4) " The appì icat¡on of

calcium carbonate to the soils increased yields of radÌsh tops and roots in

soil EH 21, radish roots in soil E 505 and silver beet tops in soiì EH 13.

ln summary, treatments produced copper and lead concentrations in radish and

si lver beet which were clearly associated with changes in pH. Acidif¡cation

generaì ìy increased and calcium carbonate general ly decreased the concentrations

of copper and lead in the plants, although the effects of calcÎum carbonate

were not aìways significant. The arsenic concentrations and yields aPPear to

be much less affected by the treatments. The gypsufl, and possibly to a lesser

extent the sulphur treatment, produced conditions in which factors other than

pH (e.g. sulphate) may have made an appreciable contribution to the resuìts

obta i ned.

Little published data appears to be available on the effects of varying soil

pH on the concentrations of copper, lead and arsenic in plants, especially in

contamînated soi ls. Piper and Beckwith (l9Sl) found that copper concentrations

in plants grown on uncontaminated soiì increased under acid soil conditions

although there were differences between species and, soi ls. APpl ications of ì ime

were found by John and van Laerhoven (1972) and Cox and Rains (1972) to decrease

lead uptake by a number of species, though the analytical methods used by the

latter authors cast some doubt on the high lead concentrations that they

reported. No information is available on the effects of pH on the arsenic

concentration of plants. By analogy with molybdenum and phosphorus (".g. Piper

and Beckwith, 1951; Truog,19\6) it might be expected that the arsenic concen-

È¡-aiioa i:¡ ¡i¡nts',vouìti inc¡-ease wi th. ir'ìcreasing soÎì pH, at least in the acid

range. Pot Experiment 2 suggests that this does not happen.

Ì

r
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Factons InfLuencing Element Concentz.ations anã. yíelds of the PLants

Multipìe regression analyses we¡'e used to relate the yield and concentration of

elements in the plants to factors such as pH "f t;+ry soil and the concent-

rations of the elements in the s'oils. This analysis combines both the

Itreatmentr and 'soil' effects discussed earlier as part of the covariance

anaìysis. Data f rom soils EH 23 and EH 2l+ urere excluded. The soil parameters

tested were selected from those ìisted in Table 3.5 and also included arsenic

extracted bV NaHCO, from soil in the control pots (faUle 4.13). The choice

of parameters from Table 3.5 was simplified by knowiedge of highly correlated

factors such as DTPA-extractable coPPer wÏth total copper, and cation

exchange capacity with clay content.

Multiple regression equations relating concentrations of copper, lead and

arsenic in the plant with various soil factors are shown in Table 4.12. A

maximum of three factors, êpârt from pH of air-dry soil and interactions,

were required to account for most of the variation. Addition of more factors

did not contribute appreciably to the regressions.

As expected, pH was important in most cases, usually in combination with total

concentrations in the soil of the element under examination. ln two cases'

significant contributions to the regressions h,ere made by other elements: there

were negative correlations between total soil manganese and the lead concent-

ration in plants, and between total soil iron and the arsenic concentration

in radish roots: The implication of manganese is in agreement with the findings

of McKenzie (lgZ8) who applied manganese oxides to soiìs (two of which were the

soils EH z\ and E 505 used in this study) and observed a decrease in the ìead

concentration of subterranean clover grown in pots. ! ron oxides would be

expected to have some effect on the concentration of arsenic in piants because

of the relationships.of the eìements discussed earlier in Section 2-5.3' 0ther

factors such as clay contents and phosphorus extractabìe by NaHCO, were not



tTable 4.12 Multiple Regressions Relating Concentrations of Copper,

in Pot Experiment 2

Lead and Arsenic in Plants to So¡ I Factors

Rad i sh Tops

Log Cu = 2.07"
:! ;k

Log Pb = -2.00

Log As = -2.9\""

S i I ver Beet Tops

Log Cu = -2.57

Log Pb = -4"13

Log As = -2.77

ô _r--r-J-

pH- + 1.02 log..CrT
:k:k "Log Pb, - 0.02 pH| .,- -,- -,-

Log As, + O.49"""1og

Los Pb, - 0.41

NaHC0r-As

R2

- 0.88

+ 0.31

+ 0.08

pH + 0.06

pH + I.1!
pH + 1.40

-L -L -t

.865

.7\

.84

.89

.89

.82

.lz

.78

.76

.70

LoS Mn,

Rad i sh Roots

;k;k:k /;:';;k :k;k:t ) ):)<)<
Log Cu = 1.03 - 0.40 pH + 0.û3 pH- + 0.72 Log Cu,

;k:k:k -'- I -L'r"r-

Log Pb = -t.10 + 0.01 pl-l + 1.!! L

Log As = -Q.45 - 0.69"pH + 0.0!'rpu2
:k:k :k:k

= 0.60 - 0"99 pH + 0.09 p

+ 0.88

+ 0.57

+ 1.57

pH - 0.0!
:k

pH

Log
;',-;!:'.-

pH + 2.77

Log As, + 0.25

:k;k;k+ 1.01 Log C

bT - 0.33 pH

Log NaHCO"-As)

uT

LoS Pb, - 0.34

2

P MnT

I Cu, Pb, As denote plant concentrations

denotes total concentration in soi I as

from the untreated soi l, Table 4.13.

in 1.,9 g-1, pH denotes pH of ai r dry soiì af ter harvest: subscript rTl

presented in Table 3.5: NaHCOr-As denotes 0.5 M NaHC03-extractable As
o\

5 All regressions were signif icant at P < 0.001 ' ;k, :!;"-, :!:'.->k denote signif icance at P < 0.05, 0.0] ' 0.001

respectively.
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significantly correlated with the copper, lead and arsenic concentratíon in

the p lants..

An attempt was made to determine which of the elements În the soils had a

significant effect on yield of the plants. Total soil copper and arsenic,

which were themseìves correlated, were also correlated with small, but

statistical ly significant, decreases in yield and total lead with smaì I

yield increases. Soil pH alone, or in combÌnation with totaì soil copper,

lead or arsenic was found to be unimportant în determining plant yields.

Covariance analysis (IaUle 4.11) suggested that pl-{ should be important only

in determining rbetween' soiI differences. The'within' soiI effects of pH

on yields, according to Table 4.11 are of little significance. S¡nce the

multiple regression anaìysis i'ncorporates both rwithinr and rbetween' soil

effects, and the majority of degree of freedom êre associated with 'the

insignificant'within'soil effects on yield, it appears that therbetweenr

soiì effect suggested in Table 4.lt has been masked. No satisfactory regression:

were found which indicated the factors whîch determined yields.

Effects of Treatrnents on Coppen and Lead Eætraeted bg DTPA, and on Arsenic

Eætv,aeted by NaflC), fz,om Moist SoiL

At harvest, subsamples of soil were extracted while still in a moist state with

0.005 M DTPA and with 0.5 M NaHCOr. The data for copper, lead and arsenic,

as well as for the pH of the moist soil, are presenteci in Table 4.13. The

results show that, apart frcm the 'prior waterloggingr treatment, which wilì

be discussed later, the effects of the treatments on the amounts of copper

and lead extracted by DTPA h,ere not consistent. The extraction of arsenic

by 0.5 M NaHCO3 appears to be relatively însensitive to the soil treatments.
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The relationships between pH of the moist soil (and soil treatments) and the

concentrations of the elements are illustrated ín Figure 4.11 for four of the

soils (fu tZ, EH 21, EH 1 and EH 13) on which silver beet was grown. The

results for soi ls on which radish was grown \^,ere similar. Figure 4.11(a)

îndicates that copper extracted by DTPA showed consistent trends for each soil

although the trends varîed from soiì to soil. Lead extracted by DTPA behaved

simi larly (rigure 4.11b).

The DTPA extraction was devised for testing deficiency situations for copper

and zinc in calcareous soils (t¡ndsay and Norvell, 1978) and has been widely

appìied, often successfully, to other elements and also to contaminated soils

(".g. V/alsh et aL,,1972; Korcak and Fanning, 1978). However, the results

presented here suggest that the DTPA extrâct is inappropriate as an indicator

of plant availabiìity where treatments of the soil greatl¡r affect soil pH.

As soil pH increased, the concentratîons of copper and lead in pìants grown on

contaminated soils usually declined (Figures 4.7, 4.8, and 4.10) yet for many

of the soils, the copper and lead extractable with DTPA Încreased with increas-

ing soil pH (f¡gure 4.11a and b). ln this experiment, the equilibrium pH

of the soil extracts were not measured and it is possible that the results

obtained are a resuìt of the extraction procedure being insufficiently

buffered to cope with wide variations in pH.

Arsenic extracted by NaHCO, gave a better indication of the general level of

plant uptake (f igures 4.9 and 4.'l0c) and was also relatively less sensitive

to changes in soil pH (figure 4.11c). Arsenic extracted from the untreated

soil was found to be a useful adjunct to total soil arsenic in the multiple

regression analyses for arsenic shown in Table \.12. The use of 0.5 M NaHCO,

has been based on the use of similar extractants for phosphate (Section 2.5.3).
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The Effects of the Pv"Lot' l,'laterLogging Ineatrnent

The data showing the effects' of prior waterlogging on soi I

and concentratÎons, and soi I analys is have been presented,

Table 4.9, Appendix 3 and Table 4.t3.

pH, plant yields

respectively, in

Prior waterlogging had no significant effect on yieìds of radish tops or silver

beet tops except for a yield decrease in sílver beet grown on soil EH 24. The

treatment did result in increased yíelds of radish roots on three orchard

soils, E 460, EH 21 and E 505 (AppendÌx 3). The effects of the treatment on

copper, lead and arsenic concentrations of the plants u/ere sporadic and

inconsistent în that they were diffícult to reconcile with changes in soil pH

or extractabìe copper and lead (faOle 4.13). For example, the copper concen-

trations increased in the tops of radish grown on soils E 460 and EH 21, and

also in the tops of silver beet grown on soils E 460, E 505 and EH 24 yet Ìn none

of these cases was a corresponding increase observed in copper extractable

with DTPA. Generally, copper extracted by DTPA decreased due to the treatment

(faUle 4.13) except for the soils EH 13 and EH 24. Lead extracted by DTPA

decreased in five soiìs, EH 12, E 460, EH 2.1, E 505 and EH 2\ yet plant concen-

trations did not change. The decreased extraction of copper and lead by DTPA

may have resulted from the greater saturation with iron released by the

waterlogging treatment. Apart f rom soil EH 1 where a decrease ì¡ras observed,

waterlogging generalìy resulted in increases in arsenic extractable with NaHCO,

(fa¡le 4.13). Significant changes in the concentrât¡on of arsenic in plants

which corresponded to changes in the amount extracted from the soÎl were

observed in radish grown on soil E 460 (increase), radish and silver beet

grown on soi ì EH I (decrease) and silver beet grown on soil EH 13 (increase).

The prior waterlogging treatment of the soÎls in this experiment produced few

effects which were consistent with the observed changes in pH or soil anaìysis.

The alterations to the surfaces of iron and manganese oxide minerals in soils

under reducing conditîons (Hem,1972) and to the availability of arsenic to



Table 4.13 Co r and Lead Extracted with DTPA (rr , Arseni c Extracted wi th NaHC0 (ug s-l) and pH Determined on the-1
3

Plant:

Treatrnent:

Soi ì: EH l2

Soil: E 460

Soiì: EH 21

Soil: E 505

Rad i sh

S (2) Control

pH 4.3 5.8

C u 2.2 2,9

Pb 3.8 10

As 0.8 1.2

Moi st Soi ì at Harvest, Pot Ex riment 2 (Treatments are as for Table 4.9).

S i lver Beet

cypsum (2)

5.3

38

4B

\.1

DTPA

DTPA

NaHC0

2.3

9.1

1.2

Wr Log

6.0

2.\
1.6

1.0

s (2)

5.1

1.3

1.3

r.1

Gypsum (2)

4.8

2.5

9.3

0.8

r.9
8.5

1.0

Wr Log

5.9

2.5

3.4
1.2

0. 0B

0.2\
0.73

0.3

CaC 0,
6

CaC0, (5)

6.5

Control

5.6

2,8

12

1.1

(5)
I

s.D" I

5

DTPA

DTPA

NaH C0

pH

Cu

Pb

As

s (2)

L,)

22

5

5.7

Control

6.1

23

19

6.4

Wr Log

6.2

20

5

9.8

SD

0. l0

0.6

1.8

2.0

DTPA

DTPA

Na llC 0

s (2)

4.8

39

4.t
7.1

Control

6.3

\7

15

5.9

" 3.ts)
5

6.8

52

1B

6.0

\l' Log

6.5

\6

8.6

7.\

3

3

3

caco, (2.5)

6.5

25

39

6.3

CaC0 SD

pH

Cu

Pb

As

0

3

1

1

4

09

6

pH

Cu

Pb

s (2)

4.6

30

B

4.4

Control

6.2

39

39

5.8

Ì,lr Log

6.3

31

B

6.0

s (2)

4.9

30

9

5.6

3 ß.75)
6.5

36

\6

5.1

\,/,Log

6.0

32

8

7.1

SD

0. 07

2.5

3.2
1.1

cac0- (3.75)
5

6.7
2'

59

5'6

Con troì CaC0

5.8

3B

\3

\.6
3

¡-

Gypsum (2)

5.5

43

t1

7.1

Control

6.2

47

17

6.\

3 ß.75)
6.7

56

32

7.0

l,lrLog

6.5

49

t2

10

CaC0s (2)

\.6
37

3.1

5.5

4, o

2\
6

6.7

cypsum (2)

\.1
22

16

7.1

Control

5.7

23

20

5.5

, (z.s)

6.1

25

3B

6.6

llir Log

6.1

23

I
9.0

s (2) C aC0

DI PA

DTPA

NaHC0

'l 
Pooled standard deviation of dupl icate determinatîons



Table 4.t3 (cont'd)

Plant:

T rea tnren t :

Soil: EH 1

DTPA

DTPA

NaH C0

Soilr EH23

Soil: EH 13

DTPA

DTPA

NaHC0

Soil: EH 2ll

Rad i sh

Control

7.8

111

92

40

caco" (2.5)
)
5.9

120

27

8l

Silver Beet

(r 6)

6

Gypsum ( I 6)

7.3
'I l0

100

45

pH

Cu

Pb

As

s (16)

\.7
74

7B

35

s (8)

6.9

93

91

36

WrLog

7.9

86

76

28

s (8)

6.8

99

97

29

Cont ro I

7.7

110

99

42

+
SD'

0.13

8.8

5.\
7.8

s WrLog

7.8

100

85

3\

llrLog

5.2

0.3

31

2.2

SD

0

1.9

20.

l4

69

7o

25

DTPA

DTPA

NaHC0

pH

Cu

Pb

s (l )

3.7
13.0

20

50

Control

4.9

130

t8

6It

l/r Log

5.1

120

29

73

3

3

3

3

09

3.6

pH

Cu

Pb

As

s (l)
4.9

23

1.4
oo

Controì

6.5

17

0.8

4.l

" (z.s)
)
7.2

l4

0.8

7.5

W' Log

7.2
23

0.7

23

SD

o.23

1.0

0. 08

¿.u

CaC0

caco, (3.75)

6. r

0.6

77

0.8

DTPA

DTPA

N ¿llC 0

P11

Cu

Pt)

s (2)

2'l

0.5

B5

0.9

Control

5.2
0.4

BI

1.0

\l' Log

5.6

1.7

25

1.8

s (2)

3.8
0.2

B5

0.8

Control

4.9

0.3

84

0.8

SD

0.06

o.7

3.8

0.4

cypsum (2)

4.t
0.3

B1

0.8

caco, (3.75)

5.8
0.2

79

0.6

Þ
l'.)

Gypsum ( I )

6.0

17

1.0

6.8

control

6.6

17

0.9

5.\

3 Q'5\
7.3

13

0.7

7.2

\,lrLog

6.8

22

0.9

27

CaC0

20

1.4

8.1

s (1)

\.9

s (t)
3.8

130

22

52

cypsum (1)

4.e o

125

20

55

Control

4.9

130

19

57

cac03 (2. 5)

5.\
125

23

79

I/rLog

5.0
125

20

79

t Pooled stanclard deviation of dupl icate determinations
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plênts (J(eaton and Kardos, 1940; Deuel and Swoboda, 1972) were probably

revers'ed with the return to oxidizing conditions during growth of the plants.

Plants actual ìy experiencîng reducing conditions during the growth period

may react quite differently.

Cornparison of the Behnuiour of SoiLs uith Differing Sourees of Contønination

The soils used in this experiment can be placed into four groups depending

on the source of contamination. These are:

1) former orchard soils (rH lZ) and E 460),

2) soils from existing orchards (fH Zt and E 505),

3) soîls dosed with copper, lead and arsenic (fH I and EH 23) and

4) soils affected by mining or mineralization (fH l3 and EH 24).

The former orchard soils usually behaved in a similar manner to

from existing orchards even though they had received no copper,

for about 20 years.

the soi I s

I ead or arsen i c

The soils which were freshly dosed with the three elements showed that, at

least in sone respects, it is not appropriate to compare them with orchard

soils. lt is not possible to state wîth certainty which element or elements

were responsible for the death of plants grown on soil EH 23 but analysÎs of

plants from the treatment which did survive (Appendîx 3) suggests that copper

alone or copper and arsenic were responsible. Making comparisons in terms of

anticipated dosage rather than residual contaminatîon of this coarse textured

soiì with, for examp'le, the sandy orchard soi ls f rom Tasmania is not vaì id

because it has been clearly shown in a previous section that êrsenic is

readily leached or otherwise removed from such soîls. Consequently, the concen-

tration of arsenic to whïch soiì EH 23 was dosed (lZ5 uS g-l) is not ìikeìy

to be attained in coarse-textured orchard soiìs. The other dosed soil, EH 1,

which was fine textured, caìcareous and contained more organic material, behaved
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in a manner comparable to the orchard soils with respect to both copper and

lead taken up by plants, but not arsenic since it was absorbed by plants in

greater amounts (Figures 4.! and 4.lOc). The much shorter equilÎbration time

may have resulted in higher availability of arsen¡c to plants. The high

affinity reactions of anions similar to arsenate, such as phosphate and

molybdate, ffiây requi re consîderably longer periods of equi l ibration before

concentrations in the soi I solution are substantial ly decreased (Barrow, 1974b;

Barrow and Shaw, 1975).

Soil EH 13 had the highest arsenic (z8o us g-1) and EH 24 had the highest

-llead (730 uS S ') concentrations of the soils studied. The concentrations of

the elements in plants grou,n on these ìatter soÍls were correspondingly higher

than in plants grown on the orchard soils, as might be expected. Although

soil EH 2\ had the second highest arsenic concentration (l4O irg s-l), the

concentrations in the plants urere very low" lt is probable that the arsenic

in this soil was present in the mineral hinsdalite (Norrish, 1975) and not

readi ly avai lable to plants. I t is I ikely that either high concentrations

of lead (Appendix 3) and/or high manganese (Appendïx 4) in the plants proved

toxic on the acidified treatment. 0n the basis of these results, soils

affected by mining or mineralization may be no more toxic to plants than

contaminatêd oi'chard soils at comparable pH and concentration of the eìement"

There may, in fact, be less danger from mineralized and mine affected soils

if the element is in a form which is not readily available to plants.

Toæicity Sgrnptoms

During thi s experiment, symptoms of toxici ty or nutrient imbalance appeared

only on pìants grown on the soils acidified with elemental sulphur, except for

soil EH 23. Aìl plants on the latter soil were affected with the exception of

radish grown on pots where CaCO, was applied: these were the only plants to

survive untiì harvest in that soil. However in only one situation could symptom
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be conf idently attributed to a s.pecif ic elenent, þiz fianganese. Figure 4.12

LE) and (Þ) s-how radlsh and silver beet plants groh,n on acidif ied soíl EH 12.

The symptorns of small necrotÍc patches concentrated near the leaf margins

are similar to those described in a number of other specíes by Labanauskas

ÍgAA) for manganese toxicity. The radish and silver beet plants contained,

respectively, 4100 and 54OO irg g-1 of manganese, while the copper, lead and

arsenic concentrations were comparatively low. Simi lar symptoms appeared on

si lver beet grown on soil EH 24 in Pot Experiment 'l .

Figure 4.12 (") shows leaves of sílver beet grown on soil E 505 at pH 4.65,

The cause of the symptoms is not clear but it is possíble that this reflects

a more advanced stage of manganese toxicity since the manganese concentration

of the leaves were 7100 ug g-1.

The leaves of young radish plants grown in soiI E 460 at pH 4.1 are shown in

Iigure 4.12 (_d) and in Figure 4.12 (e) the same plants are shown at harvest

when the leaves contained 1000, 52,14 and 2.6 ug s-1 of manganese, copper,

lead and arsenic respectívely. The symptoms do not resemble those observed

in plants grown on soil EH 12 and attributed to manganese.

The plants which grew briefly, but failed to survive on the dosed soil, EH 23,

ì^/ere stunted and showed symptoms onìy of a general chlorosís which could not be

related to any specific element.

It is possíbìe that some of the visual effects noted on pìants groì^,n on acid-

ified soils were due to aìuminium toxicity. Pratt (1966) described aluminium

toxicity as causing decreased growth particuìarìy of roots, which can be

severely affected before there are anv.obvious effect on the tops" No

specific symptoms were observed at harvest on the roots of the pìants in

acidif i'ed soils except for stunted growth" VJhere symptoms were apparentìy
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Figure 4.'12 Toxic¡ty Symptoms in plants

¡i*.L

(a) Radish plants grown on soil EH"tz (pH 4.¡)

(b) Silver Beet planrs groh/n on soil EH 12 (pn 4.7)
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Fig. 4.lZ (continued)

(") Silver Beet grown on soil E 505 (pH 4.65)

(d) Young radish plants grou/n on soi I E 460 (pH 4.1)
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Fi gure 4. I 2 (contÍnued)

(e) Radish plants grob,n on soil E 460 (pH 4.1) just prior to harvest
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not due to manganese toxic¡ty, the cause was not evident from the chemical

analyses carried out in thIs experiment. lron and zinc concentrations were

checked in the plants and should have been adequate although high concent-

rations of other elements may decrease thei r effectiveness" DeficiencÍes

of other elements may have been induced but no analyses were carried out to

confirm this o¡: to investigate the poss¡bílîty of aluminium toxicity in the

acidif ied soils.

4.4.5 Pot Experiment 3a: The Effects of Phosphorus and Sulphur on Si lver

Beet Grown on 0rchard Soi I s

This experiment was designed to measure the extent to which two major

consti tuents of ferti I izers (phosphorus and sulphur) affect the growth and

composition of plants groì^/n in orchard soils contaminated with copper, lead

and arsenic. Phosphorus and sulphur which were applied to the pots are shown

in Table 3.9. Applications of 25 kg ha-1 phosphorus and 170 kg ha-l sulphur

are frequentìy appl ied in commercial vegetable growing. For convenience, the

phosphorus and sulphur treatments will be referred to in the tables of results

as Po , P17.5, P' and PDZ.j, anci so, 59, and SlTO ,.rpectiveìy, where the

subscripts indicate the equivaìent rate of application of the element in kg

. -1
ha

The mean yields and concentrations of the elements in silver beet grown on the

two soils (E q6O and E 505) are shown in Table 4..14. The yields and concen-

trations of lead and arsenic in pìants grown on soil E 460 were significantly

higher than those grown on soïl E 505. The differences in concentrations of

lead and arsenic in the silver beet reflect the total concentrations of the

elemenrs in the soiìs (taUte 4.15). Despite the higher copper concentrations

of soil E 505, there \^/as no signif îcant differences in the concentrations of

copper in plants grou,n on the two soils. Variability between repìicates of

concentration of copper in the roots was quite high (coefficíents of variation
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Table 4.14 Mean Yields [q per pot)'and Concèntrátions (uq q ) of Elements

in Silver Beet Giown in Pot Experiment 3a

Tops

Roots

Soi I

Dry t^It.

Cu

Pb

As

Dry l,lt.

Cu

Pb

As

E 505

10.7

79

\.7

1.2

2.5

275

85

58

I
¡-¿¿ |

E 460

12.1

80.

10. 4

3.0

I+.2

285

185

112

n.s

.L.L.L

¿JJ.

-L-t- s

n.s

J-¿ -t-

+.' soi ls significantly different (e . 9.001)

N.

il;

I

il
"[
,.7

Table 4.15 Total Concentrations -1') of Co Lead and Aisenï rn

the Soils Used in Pot Experiment 3a

Soil

E 460

E 5A5

Cu

155

195

Pb

455

290

As

120

95

I

¡l
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were about \0% co.mpared ì^,¡th 15 to 'lO% or less for the other yield and

concentration data)-"

Statisti'cal ly s ignif icant ef fects due to phosphorus r^rere fewer than those due

to sulphur and are presented in Table 4.16. Phosphorus had no effect on

yield but decreased copper in the roots of plants grobrn on soil E 505. The

lead concentration in the roots of plants grown on soil E 505 decreased with

increasing phosphorus up to the 35 kg ha t 
"OOlication 

rate, but the concen-

tration at the highest rate of appl ication (SZ.S kg ha-1 phosphorus) r^,as no

different from the control. Phosphorus also had a significant effeçt on the

arsenic concentration of roots grown in soil E 460 but the trend was not

consistent, The trend for arsenic in roots grohrn in soil E 460 was affected

by an interaction wíth sulphur, the only significant interaction observed in

this experimenr (Table 4.17).

5uìphur applications signif icantly af fected the gror^,th and concentrations of

elements in the plants (faUle 4.18). The effects due to sulphur were

predominantly Ìn the roots and were accompanied by sîgnifícant effects on

the tops in only two cases _. uiz. a marginal decrease in lead concentration

of plants grown on soil E 505, and a decrease in arsenic in the tops of plants

grown on soil E 460" Usuaìly sulphur applîcations were small but beneficial

in that they decreased the concentrations of the elements, and the greater

part of the decrease occurred êt the lower rate of application (equivalent to
-l85 t<g ha 'sulphur), ln some cases, however, such as for lead in roots grown

in soiì E 460, concentrations increased again at the highest rate of application

of sulphur to concentrations not significantly different from that of the control.

The small changes in pH which resulted from the addition of salts to the soil

did not account for the observed effects.

ilt
l,i
rl

!
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Table 4.16 The Effects of Phosphorus on Yield (9 per pot) and Concentrations

li

-1(llq q ) of Copper, Lead and Arsenlc in Silver Beet

Treatment

Soil

E 460 Yield

Cu

Pb

As

E 505 Yield

Cu

Pb

Plant
Pa rt

Tops

Roots

Tops

Roots

Tops

Roots

Tops

Roots

Tops

Roots

Tops

Roots

Tops

Roots

Tops

Roots

12.1

4.5

82

335

10:7

190

2.6

102

10.5

2.4

83

395

4.9

91

1"5

57

12.2

4. 1

77

310

9.8
200

3.2
116

11.1

2.3

76

250

\"5
B5

0.9

59

12.3

4.r

78

275

10.4

170

3.1

106

10.5

2.3

76

zz0

4.1

78

't.4

5B

12.1

\.2

83

230

10.5

175

3.2
122

n. s

n.s

n.s

n.s

n.s

n.s

12

n.s.
n.s.

n.s.
112

0. 85

9

0.4

n. s.

P P P
0 17 .5 35 52.5

P LSD (p . o.o¡)

sn

I

1,

1 0.9

2.7

B2

235

5.1

88

1.1

5B

As

I

t
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Table 4.17 The Effect of Phosphorus and Sulphur on Arsenic Concentration
-1(Ì,q q ) in the Roots of Silver Beet Grown in Soil E 460

T rea tmen t

So

tg5

srTo

'15
118

78
't23

52.5

116

126

126

Po

118

100

102

17.5

132

101

116

P P

LSDO. 
05=22

Table 4.18 The Effects of Sulphur on the Yields (q per pot) and Concentrations

of Copper. Lead and Arsenic in Si lver Beet

Treatments

Plant
Pa rt so S LSD (p . O.O5)

ii
ì

Soil

E 460 Yietd Tops

Roots

Cu Tops

Roots

Pb Tops

Roots

As Tops

Roots

8505 Yield Tops

Roots

Cu Tops

Roots

Pb Tops

Roots

Tops

Roots

12.2

4.8

75

365

10.1

205

3.6
120

n.s.
0.5

5

n.s.

n.s.
20

0.4

11

tg5

12.3

3.9

8l

273

10.3

155

2.9

100

11 .2

2.\

76

250

t+. z

B4

1.3

55

170

12.O

\.1

84

223

10.7

l9o

2.6

1"t3

10.6

2.6

80

365

4.9

92

1.1

68

10. 4

2.3

80

215

4.9

8r

't.2

51

n.s

n.s

n.s

80

n.s

0.5

8

I

r

As

10



154

There is, a possibil¡ty that some of the ¡esults obtained for plants and roots

in this experiment (-as raveì I as the other experiments where roots were sampled)

were influenced by other factors. [t was difficult to remove soil ent¡rely

from the roots and the treatments themselves could conceivably influence the

configuration of the root system and the efficiency of washing. Nevertheless

contâminetion was not considered a sufficiently serious problem to influence

the conclusions drawn from the experiment. Effects of gypsum on concentration

of the elements in silver beet plants in this experiment h/ere also observed

in the tops of the silver beet plants in Pot Experiment 2.

Mclean et aL. (lg6g) and Zimdahl and Foster OglA) found that applications of

phosphate decreased the ìead concentration in the roots and tops of plants.

Both of these results were produced on soils dosed with lead and íncubated for

tu/o or four weeks prior to growing plants. A simi lar result was obtained in

Pot Experiment 3a on soil E 505 at rates up to 35 kg h"-1, but effects,were

small, and lead concentrations'in plants grown on soil E 460 were unaffected

by phosphate application. That phosphorus had a sma.il or no effect on lead

in the present study may be related to the long history of lead accumulation

and the concurrent appl ications of phosphate ferti I îzers to these soi ls.

Hurd-Karrer (lg16) and Rumberg et aL. (lg6O) showed that increasing phosphate

in nutrient solution could decrease the arsenic uptake by plants. However, the

effects are less ciear with plants gro\^/n in soil. Carrow et aL. (lglS) found

no effect of phosphate on arsenic uptake, but Jacobs and Keeney (lgZO) and

Woolson et aL. (1973) observed increased arsenic toxicity to plants when

phosphate was applied to soils. This they attributed to increased arsenic

uptake due to the displacement by phosphorus of arsenate from adsorpt¡on sites

in the soi l. The same mechanism may apply to the results obtained for arsenic

in soil E 460,
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Attempts to al leviate arsenic toxicity using chemicals containíng sulphate

have been reported. Thompson and Batjer (lgSO) successfully used zinc sulphate

(with nitrogen, sometimes as ammonium sulphate) to alleviate the symptoms of

arsenic injury to peach trees. However, \^/alsh et aL. (1977) attributed this

result to the correction of zinc deficîency induced by high concentrations of

arsenic in the soil, a cause and effect which was not substantiated. Steevens

et aL. (tglZ) found that neither ferric nor aluminium sulphate was effective

in countering toxicity due to applications of arsenite to soil. They expected

that these compounds might be effective through the formatíon of adsorbing

surfaces by precipitation with iron and alumînium oxides. Sulphate applied

in the present experiment may have decreased the arsenic concentratÎon in

the plants as a result of competitîon between similar ions such as was

reported by Epstein (1962) for sulphate and seìenate. Simiìar resuìts to those

obtained in the present study were presented by Reddy (lg16) who found that

sulphate appl ication to soi I decreased the molybdenum concentration În clover

plants. lt is not clear why sulphate appìications should affect the uptake of

lead or copper by the roots of silver beet plants but it is possibìe that the

associated cation fcalcium) may be involved.

ln summary, sulphur and to a Iesser extent phosphorus (applied respectively

as sulphate and phosphate) were beneficial in that they frequentìy decreased

the concentration of copper, lead and arsenic in plants growing on contaminated

soi ls, but the effects urere not large.
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4.4.4 Pot Experiment 3b: Co,mparison of Commerciaì Ferti lizer with the

Equiyaìent in Pure Che.micals

-1A rate equivaìent to 1000 kg ha of a míxed fertílizer which is used

commercially in south Australia and contains 3'5% phosphorus, 172 suìphur,

B% nitrogen and 8% potassium was compared with the same nutrients supplied

as pure chemicals. The results are shown in Table 4.19. Copper concentrations

in the roots of the plants were found to be variable, a feature also

observed in Pot Experiment 3a.

Table 4.'19 A Comparison of Yields (g p"t pot) -and 
qo-qceqqrylje!:-j-W-g -1

of Copper, Lead and Arsenic in Silver Beet Grown with Nutrients

)

I
Suppl ied as Commercial Fert i lizer and as Pure Chemi ca I s

Soil

Ferti lizer

Yield

Commercial

12.1 b

4.1 b

E460

Pure Chemicaì

13.2 b

4.0 b

Commerc i a I

10.2 a

2.1 a

83a

210 a

\.3 a

78a

1.4 a

\7a

E 505

Pure Chemi ca I

10.8 a

2.0 a

91

205

5.1

54

1.5

Tops

Roots

Cu Tops 80 a 77 a

Roots 1 80 a 280 a

Pb Tops 10.8 b 9.2 b

Roots 190 b 190 b

As Tops 2.0 a 1 .9 a

Roots 12A b I 20 b

t M""n, of three rep i i cates. Numbers

not si gni f icantly different.

a

a

a

a

a

51 a

followed by the same letter are

Although only compared at one rate of application, no significant differences

in yield or copper, lead and arsenic concentrations were observed in plants

grown on either of the soils used, E 460 and E 505. Differences may be

observed at d¡fferent rates of appl ication. These resuìts suggest that the
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results obta¡ned in Pot Experiment 3a, where pure chemicals were used, ffiaY

also be obtaÌned when commercial fertil izers. are used.

l+.\.5 Pot Exper iment 3c: The Effects of Nitrogen Applications on Silver

Beet G rown on an Orchard Soi I

ln this experiment, three rates of nitrogen equivalent to 0, B0 and 160 kg ha

(NO, NrO and NrrO respectively) were applied to pots containing soil E 460

and sÌlver beet was grown. Y¡elds of tops and roots were measured as well as

thei r copper, lead and arsenic concentrations. The results are presented in

Table \.20. Because three of the root samples were undoubtedly contaminated

with copper, probably during grinding, no data for the concentrations of

copper in the roots are shown. Such contamination is very unusual under our

laboratory conditions and no expìanation can be offered.

Table 4.20 The Effect of Nitroqen on the Growth of Si lver Beet in an 0rchard

-1

t

Tops

Roots

Soil

T rea tment

Yield

Cu

Pb

As

Yieìd

Pb

As

No

8.5

70

10.4

6"1

3.8

315

I ',to

N8o

12.1

BO

10.8

2.0

4"1

190

125

Nr 
6o

15.5

76

10.4

1.7

4.0

190

120

(e.0. o5)

1.3

n.5.

n.s.

0.7

n. s.

n.s.

n.s.

LSD

f Vields are Ín g per pot (dry weight) and concentrations

. -1are ln ug I

lncreasing the rate of application of nitrogen resulted in a significant incr-

ease in the yield and a significant decrease in the arsenic concentration in

the tops of the pìants. No significant effects were observed on the copper
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and lead concentrations of the tops pt- yields of the roots.

The decrease i'n arsenic concentrat¡on with increasing nitrogen application is

an înteresting and unexpected result. Uptake values (yield X concentration)

indicate that the decrease in concentration is much greater than would be

expected from growth di lution alone. L¡ttle information appears to have been

published on the effects of nitrogen on the arsenic concentrations in plants.

Thompson and Batjer (lgSO) found that treatments which included nitrogen

heìped alleviate the symptoms of arsenic toxicity in peach trees but the role

of nitrogen b/as not specifically commented on. These results suggest that

the effects of nitrogen on arsenic uptake by plants should be further invest-

igated on a wider selection of soiìs and plants. Nitrogen could be more

effective in decreasing the arsenic concentration in plants than treatment of

soi ls with phosphate or sulphate. Since appl Ìcations of, nitrogen were made

to aìl pot experiments in this study (equivalent to 24 k9 ha-1 ¡n Poa Exper-

iments 1 and 2), the concentratîons of arsenic in silver beet may be lower

than would have been obtained ii no nitrogen was applied. in practice,

substantial amounts of nitrogen are usuâì ly appì ied to coffnercial vegetable

and f ruit crops.
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5 .O GENERAL DI scuss 1 0N AND CONCLUS I 0N$

I t has been conservêt ively esti.¡lated that Qver the last 40 years there has

been a decrease of at least 30 000 ha in the area of land on which appìes

and pears are grown i'n Australia (Section 4.1) . Frequently, pastures have

been established on areas that were formerly orchards but other major uses

include urban development and vegetable growing.

The accumulations of copper, lead and arsenic found in orchard and former

orchard soi ls in South Australia and Tasmania can be placed into perspective

by comparing the concentratîons wîth values reported in orchard soils eìse-

where. Copper, lead and arsenic from orchard sprays have accumuìated in the

Australian soils to concentrations greater than 300, 550 and IOO Ug g 1

respectiveìy, These copper conceRtrêtions were as high as or higher than

those reported from Florida (Reuther and Smith, 1952) and Canada (Frank et aL-,

1976) but are much lower than the concenLrations reported in some soils in

European vineyards (Delas, 1963). Lead and arsenic concentrations in the

Australian orchard soils appear to be comparable to those in CanadÎan

orchards (Frank et aL,, 1976), but the highest arsenic concentrations are

much lower than those reported for orchard soils in the United States (Walsfi

and Keeney, 1975).

The concentrations of copper, Iead and arsenic were also measured in a limited

number of soils on which other crops such as grapes, hops, stonefruits and

citrus were grovrn. This preliminary investigation suggested that the copPer

concentration of soils growing stonefruit and citrus may require further

investigation.

Totaì concentrations of lead and arsenic (determined from aqua regia digests)

in the 0-.10 cm layer- of 98 South Austraìian and Tasmanian orchard soíìs sugg-

ested that there haye been losses of arsenic relative to lead' esPecially

from the coarse textured soiìs from Tasmania (Section 4.2.1). The copper
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and ìead concentrat¡ons in EDTA and DTPA extracts of the orchard soils were

found to be h¡shly cot-related with total concentrations (faUle 4.3). Further-

more, the regressions relati'ng EDTA extractable copper and lead wíth total

concentration were simi lar. Simi lar regressions for EDTA extractable copper

and lead, and DTFA extractable copper were obtained for the South Australian

and the Tasmanian soîls. At h¡gh concentrations of ìead în the soils, the

proportion of totaì lead extracted by DTPA becomes varÌable, possibly because

of reagent saturation (Clayton and Tiller,1979). DTPA may have some

I imi tations as ên extractant for lead i n highly contami nated soi ì s. Further-

more, for contaminated soils in which the pH had been altered, the extraction

of copper and lead by DTPA was shown (Pot Experiment 2, Section 4,4.2) to

frequently încrease with increasing pH whereas the concentrations within the

plants decreased with increasing pH.

Criticaì values for the total concentration of the elements in soils in which

problems in growing plants may be expected, can be stated only in general

terms. lf a critical concentration of 200 ug g 1 i, ur"d for total copper

(_section 4 .2.2) and this value is appl ied to the data presented in FÌgure 4.1,

problems could be expected to occur in susceptibìe crops on about 10% of

orchard soils" lf this percentage applies to the total area involved, at

least 3 0OO ha of former orchard soîls may be affected. This area could

become much larger because copper sprays are still being used in orchards

and are widely used on other fruit crops such as stone fruit and citrus.

It would appear from the lìterature and from the concentratïons found in

the soils and plants in this study (Sections 2.5.2 and \,2.2), that accumul-

ations of lead in Australian orchard soils are unlikeìy to cause toxicity

problems in plants, even ¡f lead arsenate again finds favour as a pesticide.

Arsenic is in a similar situation to ìead în that its future use În pesticides

appears to be I imited" From I iterature rePorts (Sections 2.5"3 and \.2.2)
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arsenic toxicity may occur in susceptible plants when the total soi I concen-

tration exceed= 50 ug g-l in sandy soils and 100 pg g-1 in fine textured soils.

None of the sandy soils from Tas.mania contained more than 5O ug S-1 because

of losses from the soil profiles, and only one of the finer textured soiìs

had an arsenic concentration exceedíng loo ug g-1. Thís suggests that few

pt'oblems in plants due to arsenic may be expected on Australian orchard soils.

However, as wil I be discussed later, the situatíon with vegetables in relati'on

to human health may give some cause for concern.

The findings of this study (Section 4.2.4) support those reported elsewhere

(".g.Tyler, 1978) that both copper and lead are relativeìy immobile in soils

and accumuìations of these elements are likely to remain at or near the

surface of the soils for considerable periods. On the other hand, this study

clearly shows that arsenic can be readily leached from the surface horizons of

sandy soils and either retained on adsorbing surfaces deeper in the profiìe or

be removed completely, The formation of volati le organic compounds in some

South Austral ia soil prof iles is a possible mechanism of 'loss f rom these

soi Is. The loss of arsenic by ìeaching and/or volati I ization from orchard

soils may effectively disr:erse the element in the soil environment and prevent

i ts accumulation in concentrations which are toxic to plants. Arseni c which

has been leached from the coarse textured soils in Tasmania may contribuie to

the contamination of streams and related parts of the environment thereby

affecting aquatic flora and fauna. Such a poss¡bi I ity should be ïnvestigated.

The greater proportion of former orchard soils in Australia now supports

pastures. Many existing orchards with high concentrations of copper, lead and

arsenic in the soil supported good stands of grasses, frequently with ìegumes,

as ground cover. No visible symptoms of toxic effects were encountered in

plants in any of the pastures which were sampìed. Nevertheless the accumul-

ations in the soils could cause decreased yields of pastures or other crops
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compared to uncontaminated soi ls. Na evidence was sought for this possìbi I ity
in the present study. lf y[elds Êre shown to be less on former orchard soils,
lead wouìd be an unlikely culprit, problems of animal health may arise from

pastures growing on orchard soiìs. Acute poisoning of stock is not an un-

common occurrence (e.S. Selby et aL.,'1977) and is frequently accidental in

nature. For example, several sheep died when allowed to graze an area where

trees were only recentìy removed and which had been used to clean out spray

eguipment over a period of many years (0. James, Balhannah, South Australia,

1980, personal communication) .

The main danger to animals on former orchard soi ls may result from the increased

coPper concentrations in pasture plants which frequently contain 30 to 40 ug g 1

of copper (section 4.3.1) and thus tvro to three times the concentration usually

found in plants grown on uncontaminated soils. Sheep appear to be particularìy

susceptible to excess copper. Bull (tgSl) reported that chronic copper poison-

ing (causing jaundice and haemoglobinuria) can result when sheep graze mixed

pastures on soils with high copper concentrations and can also occur on

pastures dominated by subterraneên clover wi th 'normalt concentrations of

copper but with low molybdenum. ln both of these situatíons, the problem

results from a high intake of copper by the animal relative to molybdenum and

sulphur. lt is not known whether the accumulation of arsenic in orchard soils

has an effect on molybdenum uptake by the pasture plants, but a decrease in

the molybdenum concentrations in the presence of high concentrations of copper

would enhance the problems associated with high copper intake by sheep. Further-

more, high application rates of sulphate in the fertilizers applied to orchards

may decrease the molybdenum uptake if the suìphate is retained by the soil

(R"aay, 1976). Cattle are much less sensitive than sheep to copper toxicity.

Chronic toxicity was not observed in caìves until their diets contained in

excess of 500 Fg g I of.opper, which is about ten times the amount required to

affect sheep (fo¿¿ and Thompson, 1965). 0ther animals including horses and

Pigs, and humans in most cases, are a'ble to tolerate relatively high concent-
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rarions (;¡oo to 6oo us s-1) in the diet (nill , 1977).

Deaths due to lead toxicity of animals grazing former orchard so.ils are

unl ikeìy. l'/here grazing of lead-contaminated pastures has caused the death

of animals, atmospheric inputs from sprays, smelters (Hammond and Aronson,

196t+; Rains, 1971) or motor vehicle exhaust emissions (Graham and Kalman, 197\)

resulting in the deposition of lead directly onto leaves have been implicated.

Translocation of lead to plant tops is restricted and the lead concentration

of pasture plants grown on former orchard soils were shown in the present

study to be not substantially greater than would be expected from plants grown

on un-contaminated soils (Uiz. usually less than 5 Ug S-1), even when the

concentration of lead in the soils was high. The concentration of lead in

the pìants growing on soíls which were formerly orchards rarely exceeded

-110 ug g-'. The lead concentrations in fodder which may result in toxicity

to horses and cattle have been estimated to be about B0 and 2'3OO ug g-1

respectiveìy (.Hammond and Aronson, 1964).

Feeding trials with rats and dogs over a períod of two years showed that there

were no toxic effects until the concentration of arsenic (as arsenate) in the

diet exceeded about 125 ug g 1 (Ayron et aL.,1967). The increase in arsenic

concentration observed in the pasture plants grown on former orchard soils

towards the end of the growing season (Section 4.3.1) may resuit in dry,

standing fodder or hay whîch has a higher than normal arsenic content. By

themselves, these increases are inconsequential to animal health (Fowler,

1977) but contributions from other sources, such as ingested soil, could

complicate this assessment.

It has been estimated that sheep can consume up to 100 g or more and cattle

up to 1000 to 2000 g of soil mater¡aì each day though the actual amount depends

on fodder availability, soiì type and stockÎng rate (Healy, 1973). This soil

may provide an additional source of copper, lead and arsenic of some signif-
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icance during prolonged dry periods which are mere characteristic of the

climate of the orchard-growing areas of South Australia than of Tasmania.

lf contamination of herbage by soi ls is about 2O'/. on a dry weight basis (it

is usually less, but can be up to about 35%; Healy, 1973), the contribution

of the elements in soil to the diet of grazing animals may be substantiaì.

ln pasture plants growing on land formerly in orchard, the concentratîon of

lead and arsenìc are usually low and effectively dilute the concentration from

soi I contamination. However, contamination of fodder by soi I may be sufficient

to present a risk to horses which have a lower level of tolerance to lead

(Graham and Kalman, 1974). The additionaì amounts cf copper from soil may be

sufficient to exacerbate the effects of the aìready high concentrations of

copper in the pasture plants when copper concentrations in the soil and levels

of contamination of herbage are high. These conclusions assume thât the

availability to animals of the elements in the soil ís equívalent to that of

the inorganic salts which were used in the feeding trials mentioned above

where criticaì concentrations for copper and arsenic were established. ln

fact this is unlikely to be true (Healy et aL.,'1970; Healy,1972) though ¡t

appears that high concentrations of none of the three elements have been

tested in feeding trials using contaminated soi I as the source.

The acceptable ìimits set by government health authorities for copper, lead

and arsenic in vegetables for human consumption are 30, 4 and 1.1 uS S 
1

respectively on a fresh weight basîs (South Austral ia, 196\). These health

ìimits are conventionally presented on a fresh weight basis but in Table 5.1

have been converted to the equivalent concentration in dried material. The

conversion is based on radish roots and silver beet tops having, respectively

i 0% and 18'/. dry we i ght.
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Table 5.1 The Health Limits or Co Lead and Arsenic in Radish andr

Slìver Beet on a Dry Basis (..,0 o-l)

40

ln the pot experiments, the acceptable concentrations of lead and arsenic,

but not of copper, were exceeded on several occasions. The highest copper

concentrations (about 135 uS g-1) recorded was în silver beet grou/n at a soil

temperature of 22oC on the orchard soil E5O5 in Pot Experiment I (Section

4.4.1) and acidi ty (section 4.4.2) increased the copper concentration in

plants which may then exceed the health limit, however ¡t is possible that

toxicity to the plant will be evident before the ìimit is reached. Few of

the radish roots grou/n in these experiments exceeded 3O ug g-1 of copper,

one tenth of the health limit.

The acceptable concentrat¡on of lead in vegetabìes was exceeded in both radìsh

and silver beet grown on soil EH 2\. However this soîl was affected by lead

mineral ization, and shouìd be considered unusual. ln the orchard soi ls, the

health limit for lead was exceeded only in silver beet grown on the acidified

E 460 (Pot Experiment 2), but in this situation toxicity symptoms (almost

certainìy due to excess manganese) were evident.

The edibìe parts of silver beet and radish had arsenic concentrations which

exceecied the health limit when grown on the two dosed soils, EH I and EH 23,

and on the mine affected soil, EH l3 (Pot fxperiment 2). None of the vegetab-

les grown on any of the orchard soils exceeded the health limÎt for arsenic.

However, many of the plants had concentrations approaching the limit and it was

this element which had the least margin for safetv. Vegetables grown in the

field would probably have lower plant concentrations if the roots are not

Element

Radish roots (102 d.w.)

Si lver beet tops (lB% d.w.)

Cu

300

170

Pb As

11.4

6.322
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conf¡ned to surface so¡ls as they are in pots, and if conditions of temperature,

light and water relati.ons dufi,ns growth do not favour increased uptake. The

root systems of yegetable such as radish are confined to the top 10 to 15 cm

of soil and are thus exposed to the highest concentration of the elements

throughout the growth Period.

Thepotexperimentshaveshownthatmanagementpracticeswhichleadtoshort

term ac¡dif¡cation of former orchard soils may result in increased concen-

trations of copper and lead in plants, but only at low values of soil pH (less

than about 5) do toxic effects appear. ln orchard soils studied these toxic

effects are probably not related to increases in the copper, lead or arsenic

concentrations in the plants but more likely to the effects of excesses of

manganese or aluminium. Acidic fertilizers and the use of lime sulphur as a

fungicide may contri bute to soi ì acidi ty. Lime sulphur can produce elemental

sulphur on exposure to the atmosphere (l1artin, 1969). The pot experiments

carried out in this study have clearly shown that liming the soil and to a

marginal extent applicat¡ons of fertilizers containing suìphate and phosphate

may decrease plant concentrations of the elements. The arsenic concentration

of silver beet was fc¡und to decrease substantially as a result of the applic-

ation of nitrogen but this effect should be tested on a wider range of soÎls

and plants,

ln some cases high concentrations of arsenic in vegetables may give cause

for concern. ln practice, vegetables are ìikely to be mixed with produce

grown in non-contaminated areas. consequently, it is people who produce

own vegetables on former orchard soils w¡th high accumulations of copper'

and arsenic who face the most risk, however slight'

thei r

ì ead

ln the future, it is probable that ìead and arsenic may present a decreased

risk because cornmercial usage of lead arsenate has largely ceased" However
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the use of copper-containing sprays will continue and some monitoríng of

concentrations nay be ¡eq.uired. ldentifying the soils which have been

seriously affected wiII be the gfeate!'part of the problem because chronic

toxic¡ty ¡s difficult to establish. ln practice it is likely that it will

only be after: a catastrophic event, sqch as the death of animals, that the

relevant chemical analyses of soils and plants will be performed. However

this work shows that soil and plant analysis for copper, lead and arsenic as

well as soîl pH may give adequate indicatîon of lÍkely hazards to animal

health and contaminatÎon of food products.
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Appendix l. Basal Nutrient Applied to Each Pot in Experiments 1 and 2

0nly the major nutrients nit¡ogen, phosphorus, potassiurn and sulphur were

suppl ied i'n the basal fertilizer. Soil EH 23 în part¡cular would be considered

to have a low P content (as determined by extraction with 0.5 M NaHCOr) for

the production of vegetables. Five of the soils (ttl lZ, EH 21, EH 23, EH 24

and E 460) had a deficient to margïnal potassium status based on contents

of exchangeable potassium. Zinc extracted by EDTA (Clayton and Til ler, 1979)

was adequate in aìl soils and no history of manganese deficìency was known for

any. Soils EH 23 and EH 24 had received copper-fortified superphosphate as

part of thei r normal agricul tural management. Pastures at the si te from

which EH 23 was collected have a history of copper insufficiency for grazing

cattle.

Nutrients were applied in pot experiments 1 and 2 as an initial application of

7.5 nl prior to planting. The solution was allowed to dry on the dry soil

surface, then thoroughly mixed throughout the soil ín a rotating paint mixer.

The second application of nutrients (lO ml) was made partway through each

experÌment" This was aìso as a solut¡on and was watered into the pot as part

of the normal watering procedure.

The nutrîents supplied (mg per pot) and their chemical'form are shown below.

lnitiaì Appl ication

N

P

K

S

16.8 ms

37.2 ng

73.4 ng

30.0 mg

NH4H2P04

N H4H2 P 04

K2S04

K2S 04

as

AS

AS

a5
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Second Appl ication

N

P

K

S

3\ ns

20 ng

98 ms

40 mg

NH,
4

NH,
+

AS

AS

AS

N03 ' NHI+Fl2Fo4

H2P04

K2S04

K2S04as

Appl ications of 2.14 mg to the soi I surface area of a pot h,ere equivalent

tolkgha -1
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Appendix 2 A Comparison of the Amounts of Copper and Lead Extracted From

0rchard Soils USinq Three Extrâctants - Aqua Regia, EDTA and DTPA.

Table 1. Copper and Lead Extracted li/ith Aqua Regia (total) and with EDTA f rom

South Austral ian and Tasmanian 0rchard Soi ls

These data (uS S-1) are the basis of regressions presented in Table 4.3

South Austral ia Tota I

Cu Pb

EDTA Tasmania EDTA

Soi I No. Cu Pb Soi I No. Cu Pb

Tota I

Cu Pb

EH7
B

9

10

11

12

19

20

21

81

90

95

35

6

96

235

141

t+l

20

25

300

167

\5

230

60

40

130

39

31

174

28

282

1S\

79

48

265

1r0

25

22

91

375

91

180

79

\7

340

210

\6
127

17\
23

1\7

115

161

152

86

430

\zo

178

167

490

1\5

27

3

35

109

54

22

6

16

273

159

37

210

10

13

57

327

71

43

56

40

305

192

35

122

EH 25

26

27

28

29

3O

31

32

33

3t+

35

36

56

\6

103

53

23

56

105

48

152

77

125

\3

70

53

300

96

11

r10

197

126

266

97

207

152

11

127

280

14

106

92

161

40

34

74

4B

20

5t

100

41

135

65

103

l+z

53

43

238

105

9

109

179

115

218

36

161

149

58

239

7

7\
70

133

E60
67

73

92

115

118

458

\59

460

\61

462

505

510

60

2"1

117

33

2\
124

26

251

13\

53

30

210

7\

165

2\
136

108

152

122

68

386

362

1\6

114

357

133

37

38

39

40

41

\3

\4
\5

6

31

86

9

66

39

61

B

6

17

53

10

49

31

44
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Appendix 2 (cont'd)

Table 2. Copper and Lead Extracted with Aqua Regia (fotal) and with DTPA from

South Austral ian and Tasmanian Orchard Soi ls

-1These data (L,g g ) are the basis of regressions presented in Table 4.3

South Australia
Soi I No.

EH7

9

10

11

12

19

20

21

81

90

95

134

135

136

138

139

141

14\

1\6

E60

73

118

460

505

5't0

0rchard Std. .l

2

Tota I

Cu Pb

DTPA Tasman i a

Cu Pb Soi I No.

Tota I

Cu Pb

DTPA

Cu Pb

35

96

235

141

\3

20

25

300

167

\5
230

255

205

132

51

110

7\
65

165

60

130

174

15\
265

1 
',to

25

9r

375

91

180

79

47

340

210
t+6

127

180

235

112

140

74

365

295

205

17\
1\7

152

420

490

1\5

455

340

9

22

B5

36

7

1

5

113

52

1Z

78

t08

66

\7

16

29

19

22

50

\
19

103

25

52

17

9

75

52

12

15

73

\9

36

39

19

131

120

65

136

73

EH 25

26

27

_29
3t

33

3\
35

39

4l
\\
45

114

115

116

119

120

121

127

56

\6
103

23

105

152

77

125

31

66

39

61

29

53

122

138

319

228

1t+7

202

304

162

172

156

70

53

300

11

197

266

97

207

127

106

ot

161

26

16

172

12\

382

202

276

12

10

25

7

27

39

18

30

3

14

10

12

4

7

39

36

96

\7

55

6g

144

50

l¿?

55

t+6

56

15

33

13

23

18

42

27

58

4z

276

181

440

66

50

209

13

15

65

3

33

3

1

12

44

52

21

6o

36

66

38

33

65

99

38

HV1
4

13

20

25

350

550

220

250

425

155

297

50

86
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Append ix 3 Yields, and Coppe r, Lead and flrsenic Concentratíons of Radi sh

and Si lVer Beet Plants Grown ln Pot Experiment 2.

Treatments are !ndicated by the column headings in the tables and correspond

to the treatrnents pfesented in Tables 3.8 and 4.9. The amounts of elemental

sulphur, calcium carbonate and gypsum applied varied from soil to soil. Only

soil EH 1, a naturally calcareous soil, was treated with two rates of

elemental sulphur (indicated by SZ and Sr). This soil did not receive the

caìcium carbonate treatment.

Columns in the tables have been arranged so that soil pH, measured at harvest

ìncreases from ìeft to right, apart from the prior waterlogging treatment.

ln this order they also correspond to the pH data presented in Tabìe 4.9.

A dash (-) indicates that the plants did not survive until harvest. This

occurred on soils EH 21, where only the plants growing În the calcium cêrbonate

treated pots survived, and soil EH 24, where no plants survived the sulphur

t rea tmen t .

The mean values for three replicate pots are presented in the tables with

the corresponding loglO transformed value in ital ics. Statisticaì anaìyses

were performed on logt0 transformed data. Consequently the least significant

differences (LSO, P < O.05) refer to the transformed data. Data for soil

ÊH 23 have been excluded from the stat¡stical analysis. A separate analysís

taking into account the missing data for soil EH 24 showed that LSD values

were almost identicaì to the ones presented and do not substantially affect

the interpretation of the results.



Appendix 3 (cont'd)

Treatment:

Soil: EH l2

E 460

EH 21

E 505

EHI

EH 23

EH 13

EH 24

Yield (g r pot, dry wei'ght f Radi sh

lrJr Log

6.3

0. B2

4.0

0.60

5.8
0.7 6

3.9
0.59

sz s

4.9

0.69

4.1

0 .61,

\.3
0.64

3,r
0.49

Tgps

Control

7.2
0. B6

5.8

a.76

\.9
0.69

\.9
0.69

3.3
0.57

CaC0,

8.6

0.94

6.t+

0.81

4.9

0.69

2.2

0 .35

s
2

2.O

0.29

s

0.78

\.7
0.68

5.9
0.77

7.\
0. B7

3.2
0.57

Roots

Csntro I

9.5
, 0.98

7.7

0.89

4.9

0 .69

4.8

0,69

CaC0,

I1.0
l_.04

8.8

0.90

7.7
0.89

8.8

0.94

1.5

0 .1_B

l+.2

0.62

t+.3

0.63

VJrLog

12.\
L ,09.

r1.4
L.06

6.3

0. B0

8.7

0.94

3.8
a.5B

7.3
0. 86

5.3

0.72

5.6

0.75

4.0

0 .6a

3

0

3.2.

0.51

3

52

3.\
0.54

6.0

l+.2

0 .63

1.9

0 .28

3.5
0. 55

3.1

0. s0

3.8
0, 57

\.2
0 .63

2.9

0.47

4.8

0 .68
3.0
0.48

3.9
0,60

N)o¡LSD0.05 0.L1 LSDO.O5 - 0.16
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Appendix 3 (cont'd) r Concentration (u i n Radi shc

Tops

Controls2T rea tmen t :

Soi l: EH 12

E 460

EH 21

E 505

EHI

EH 23

EH 13

EH 2\

58

L.77

st

14.3

L. L6

52

L.72

54

1.7s

62

7.79

35

L.54

37

L. 57

1g

t .28

25

1_.39

20

L.30

29

1 .47

CaC0,

\.9
0 .69

17

L.22

21

J_.33

12

7.09

75

1_. 87

20

1,.30

5.6
n ¡7t

l,rlr Log

6.0

0.78

33

1.52

35

1_.55

22

1_ .34

3t+

1_.53

25

L.40

s
2

L.4L

sr

'il

1.03

24

1_.37

30

7 .47

27

L.43

lg
1.28

21

1_.33

Roots

Control

15

7.78

19

L.27

20

1.29

18

1_.26

13

1.L2

\.9
0. 69

CaC0,

5.0
0.70

13

J_.L2

16

L.2L

12

1. 09

41

7.6L

13

L.11

7.2
0. B6

VJr Log

6.2

0.79

tg

L.27

22

J. .33

16

1.21

20

L.30

5.1

0.70

5.9
0 .77

26

26

1_.4L

5.1

0.71

5.4

0.73

15

7.L9

4.8

0.68

1..¡o
N)LSD 0.05 0. L2 LSD 0.05

0. L0
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Treatment:

Soil: EH 12

E 460

EH 21

E 505

EHl

EH 23

EH 13

Lead Concentration (us s ) ¡n Rad¡sh

S
2

4.0

0 .60

SrSt

0.95

-0. 02

14

L.L5

3.t
0.49

4.8

0.68

1.8

0.26

0.44

-0.35

Þpt
Contro I

1 .05

0.02

4.4

0.64

3.1

0 .49

2.3

0. 36

1.3

0"7L

CaC0,

0. 64

-0 .20

3.3

0.5L

1.4

0.14

1.0

0.0L

I./' Log

0.77
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Appendix 3 (cont'd)

Treatment:

Soil: EH l2
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Appendix 3 (cont'd)

Trea tment:

Soi l: EH 12

E 460

EH 21

E 505

EH1

EH 23

EH 13

EH Z\
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flppend ix 3 kont'd)

EH 12

E 460

EH 21

E 505

EHl

EH 23

EH 13

EH 2\
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Sl Gypsum Control CaCO, l,JrLog
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Append Ìx 3 (cqnt'd)-

Treatment:

Soil: EH 12

E 460

EH 21

E 505

EHl

EH 23

EH 13

EH 2t+
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P I ant: SilVer Beet'Tops

s sr Gypsum Control CaCO, l^lrLog
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¡ppendix 3 (cont'd)

Trea tment:

EH 12

E 460

EH 21

E 505

EH1
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EH 13
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-1
Manganese Concentration (uS S ) of Radish and Silver Beet Plants Grown in Pot Experiment 2

(Figures in italics are tonlO transformed. Treatments are as indicated in Table 4,9)
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Append ix 4 (-cont'd)

Plant:

Treatment:.

Soi l: EH 12 Mn
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Append i x 5. The Yields (g per pot) and Concentration (rq ç,-1) of Copper, Lead

,J

I

Arsenic and Manganese in thê Roots of Silver Beet Plants, Pot

Experiment 2. Data are unre pl icated. (Treatments are as

presented in Table 4.9. n : no data).
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flppendix 5 (cont'd)
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