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coefficients for the distribution of the compounds over the phases in soil under various conditions 
were also measured. Differential equations were derived for the events during fumigation in the field. 
Combinations of analytical starting solutions and numerical solutions of these equations were used. 
With the computation models the dose patterns in soil under various conditions could be calculated. 
Of the weather related factors, soil moisture had the greatest influence on efficiency of fumigation. 
Large clods in the plough layer caused a shade effect in the dose patterns and a rough soil surface also 
decreased effectiveness. After careful application differences in effectivity for various types of fumiga-
tor were small. Most of the undesirable side-effects that appear after the waiting period can be pre
vented by fumigating in the favourable soil moisture range and by tilling to plough depth. Estimates 
were made of the relative importance of disappearance by volatilization, leaching and decomposition. 
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List of symbols 

Fg = flux, jig (compound)* c m - 2 (gasphase) • s - 1 

Fp = flux, ug(compound) • c m - 2 (soil)- s _ 1 

Da = diffusion coefficient, cm2 (gas phase) • s - 1 

Dp = diffusion coefficient, cm3 (gas phase) • c m - 1 (soil) • s"1 

Dmi = weighed mean Dp, series case 
DPPil = weighed mean 2)p, parallel case 
Dpn = diffusion coefficient, non-isothermal case, 

ug (compound) • a t m - 1 • c m - 1 (soil) • s _ 1 

Dm = diffusion coefficient, cm2 (soil) • s"1 

Cg = concentration, ug (compound) • c m - 3 (gas phase) 
Cw = concentration, ug (compound) • cm" 3 (water phase) 
Q = fumigant contents, jag (compound) • c m - 3 (soil) 
P = partial vapour pressure, atm 
Xg = space co-ordinate, cm (gas phase) 
x = space co-ordinate, cm (soil) 
y = space co-ordinate, cm (soil) 
xt = injection depth 
(*i. yd = position injection line 
t = time, s 
te = point of time end initial period, s 
Bg = v o lume fraction gas phase, c m 3 (gas) • c m - 3 (soil) 
s^ = vo lume fraction water phase, c m 3 (water) • c m - 3 (soil) 
A t = effective cross-sectional area, cm2 (gas) • c m - 2 (soil) 
ß = tortuosity factor, cm (soil) • c m - 1 (gas phase) 
v = cross-section nonuniformity factor, cm (soil) - c m - 1 (gas phase) 
kr = decomposition rate constant, s - 1 or d a y - 1 

pb = bulk density, g (dry soil) • c m - 3 (undisturbed soil) 
K„/g = ratio between C w and C , 
Ks/g = ratio between ug ( compound adsorbed) per g (dry soil) and Ct 

Kom/t = ratio between jig ( compound adsorbed) per g (organic matter) and C , 
* = fumigant capacity factor, c m 3 (gas phase) • c m - 3 (soil) 
Mp = dosage, ug (compound) - c m - 2 (soil surface) 
M, = dosage, jig ( compound) • c m - 1 ( injection line) 
r = factor in difference equations, dimensionless 
B(x) = dose, ug (compound) • c m - 3 (water phase) • s or ppm x day 



M 
R 
T 

= molecular weight, g • mol -1 

= gas constant, litre • atm • mol -1 • K_1 

= temperature, K 



1 General introduction 

1.1 Short survey of problems with plant-parasitic nematodes 

Problems with plant-parasitic nematodes in crops are very old. Formerly it was 
found that, when a crop was grown in monoculture or in close rotation, yield was 
considerably reduced. It is likely that nematodes were often involved. Plant-parasitic 
nematodes were first reported in the middle of the 18th century. In the 19th century 
various important plant-parasitic nematodes were discovered, including stem nema
todes, leaf nematodes, root-knot nematodes, and cyst-forming nematodes. Gradually 
it became clear that large numbers of nematodes may seriously limit crop yield and 
quality. A population density may increase quickly when the host crop is grown. The 
number of nematodes may thus be especially high with perennial crops or with 
annual crops in close rotation. 

Plant-parasitic nematodes differ in length from 0.25 to 3 mm and in width from 
0.01 to 0.5 mm. They possess a stylet, which is usually hollow and is used for piercing 
and feeding on tissue of plant parts both above and in the soil. Nematodes can damage 
plants by mechanical injury, chemico-physiological injury, withdrawing of nutrients 
and increasing sensitivity to drought and low temperatures. Further nematodes can 
be vectors for. viruses and plants are made more easily accessible for pathogenic 
bacteria and fungi (Mai et al., 1968). Stemerding et al. (1968) reviewed nematodes, 
parasitic to agricultural crops, and the severe damage they cause before effective 
control starts. Some examples of plant nematodes that are economically important 
are the stem nematode (Ditylenchus dipsaci), root-lesion nematodes (Pratylenchus 
species), stubby-root nematodes (Trichodorus species), root-knot nematodes (Meloi-
dogyne species), the burrowing nematode (Radopholus similis), the potato cyst nema
tode {Heterodera rostochiensis), and the sugar-beet nematode {Heterodera schachtii). 

1.2 Control of potato cyst nematode 

With many crops grown intensively nematode problems are encountered. Several 
factors determine the method of control for a certain crop. An interesting example is 
the control of the potato cyst nematode {Heterodera rostochiensis). When a susceptible 
potato crop is grown on fields where the nematode density is low, a 20 to 30-fold 
increase in population usually results. After only a few years of continual potato crops 
on such fields, the population of cyst-forming nematodes increases to such an extent 
that poorly growing patches appear and ultimately the crop fails completely. 



The oldest method of control, already practised for several centuries, is crop rota
tion. When no host plants are present the population of the potato cyst nematode 
decreases by about 35 % per year. However with the quick increase and the slow de
crease of the population it takes many years before density falls to the initial value. 

Research on breeding for resistance to the nematode has been very successful. 
When a resistant potato variety is grown the decrease in nematode population is 
approximately 80% per year. However after some years, a pathotype of the nematode 
multiplies that is able to overcome the resistance. At least four pathotypes (A-D) 
are known at the moment and it is possible that there will be more in the future. 
Resistance-breaking pathotypes multiply more quickly when resistant potato varieties 
are grown in close rotation. Other control measures may thus delay the appearance 
of new pathotypes. 

Another practical method of control is soil fumigation, for which mainly dichloro-
propene mixtures are used. The rates are : 250 litres (more than 600 g active ingredient 
per litre) per hectare, or 175 litres (more than 850 g per litre) per hectare. Soil fumiga
tion should reduce the number of possibly occurring nematodes by at least 80%. With 
these low rates it is only successful under favourable conditions and with careful 
application of the fumigant. 

All three control measures : crop rotation, the growing of resistant potato varieties, 
and soil fumigation have their drawbacks. These are greatest when only one of the 
methods is used. Therefore a system of integrated control was designed (Hijink, 
1970). When the nematode density at a site is very low, a potato crop may be grown 
once in two years on condition that at least once in four years a resistant potato 
variety is used and that once in four years the soil is also effectively fumigated. 

The purpose of the control methods is to prevent infestation of uninfested fields 
and to keep the densities of potato cyst nematode at very low levels. Many potato 
growers have soil samples analysed for nematodes at regular intervals. Therefore the 
fight against the parasite is usually at low densities, which do not affect the amount 
or quality of the crop yield. Whenever perceptable injury does occur, crops which 
act as host plant are temporarily prohibited and the soil is fumigated by split-appli
cation, twice with 250 litres of mixture (more than 600 g active ingredient per litre) 
per hectare. Nematode densities are determined to check the return to very low levels. 

The soil fumigation that is considered in this report is mostly part of integrated 
control programmes. It is such an important part, however, that effectivity with low 
rates of fumigant and the avoidance of undesirable side-effects deserves attention. 

1.3 Short review of soil fumigant application 

Early in this century two soil fumigants were used to some extent: carbon disul-
phide and chloropicrin. Their use was limited to small areas of soil intended for 
growing high-value crops because large amounts of carbon disulphide were needed 
and chloropicrin was expensive and had to be applied with a surface cover. Chemical 
control with fumigants on a larger scale began when the nematicidal properties of 



Table 1. Soil fumigants and fumigant precursors most frequently used at present. 

Common name 

dichloropropene 

dibromochloropropane 

chlorobromopropene 

methyl bromide 

ethylene dibromide 
chloropicrin 

methyl isothiocyanate 

metham-sodium 

dazomet 

Compound 

1,3-dichloropropene 
(cis and trans) 
l,2-dibromo-3-
-chloropropane 
3 -bromo-1 -chloro-
-propene-1 
monobromomethane 

1,2-dibromoethane 
trichloronitromethane 

methyl isothiocyanate 

sodium-N-methyl-
dithiocarbamate 

3,5-dimethyltetrahydro-
-2H-l,3,5-thiadiazine-2-thione 

Formula 

CH2C1-CH=CHCI 

CH2Br-CHBr-CH2Cl 

CHCl=CH-CH2Br 

CH3Br 

CH2Br-CH2Br 
CC13N02 

CH3-N=C=S 

CH3-NH-C=S 
1 

SNa 

S 

CH2 C=S 
1 1 

CH3-N N-CH3 

\ / 
CH2 

Main uses 

nematicide 

nematicide 

fungicide, 
nematicide 
fungicide, 
nematicide 
nematicide 
fungicide, 
nematicide 
fungicide, 
nematicide 
fungicide, 
nematicide 

fungicide, 
nematicide 

1,3-dichloropropene mixture and ethylene dibromide were discovered in the 1940's. 
The improvement of crop growth and the increase in yield for nematode-infested 
areas were so great that this soil treatment soon became popular. 

Soil fumigants are nowadays widely used for the control of soilborne pathogens. 
Besides nematicidal and fungicidal properties, fumigants have insecticidal, phytocidal 
and bactericidal properties. They have rather high vapour pressures, are moderately 
soluble in water, and are adsorbed to a limited extent in soils. Therefore these com
pounds can be quickly distributed through the soil by diffusion in the gas phase. 
Pathogenic nematodes and fungi may thus be controlled in most of the root zone. 
With compounds that are not distributed so easily a good mixing is, in practice, only 
possible with the top layer. 

The most important soil fumigants and fumigant precursors in use are given in 
Table 1. The first chemical group contains the volatile halogenated hydrocarbons 
like dichloropropene, dibromochloropropane, chlorobromopropene, and methyl 
bromide. Chloropicrin is a fumigant still used in horticulture, mainly against fungal 
diseases. Another important group contains methyl isothiocyanate and compounds 
which form methyl isothiocyanate as the main decomposition product after applica
tion to the soil. These precursors are metham-sodium and dazomet. 



The application of soil fumigants was for a time only economically justified for 
high-value horticultural crops. This situation changed when prices fell for dichloro-
propene mixtures. In 1970, more than 30000 hectares were fumigated in the Nether
lands with this nematicide (Besemer, 1970) and the area fumigated per year is in
creasing. Because of a recent price drop it would also be economic to use metham-
sodium for arable farming. 

.4 Some physico-chemical properties of soil fumigants 

For a compound to be suitable as a soil fumigant certain properties are necessary. 
It must be very toxic to the parasite at low concentrations and concentration-time 
products. Lipophilic properties are needed to enable the nematicide to penetrate the 
membranes and to build up high concentrations within the nematode. There are 
indications that the sorption of chlorinated hydrocarbon nematicides by the nematode 
from the surrounding water is mainly reversible and that the sorption rates are high 
(Mai et al., 1968). The nematodes in the soil are nearly always surrounded by water 
and thus good solubility is necessary for transport from gas phase to parasite. Ad
sorption onto the soil organic matter must not be so strong that the compound is 
inactivated in the soil. High vapour pressure is another desirable property. Further 
the decomposition rate of the fumigant in soil has to be small compared with the 
diffusion rate, otherwise a good spread in the root zone is not possible. 

The physico-chemical behaviour of different fumigants in soil might be similar 
especially within the chemical groups. It is thus interesting to compare some proper
ties of effective soil fumigants (Table 2). The vapour pressures are higher than those 

Table 2. Some important physico-chemical characteristics for the behaviour of fumigants in soil. All 
values for 20 °C. After Goring (1962, 1967). 

Compound 

monobromomethane 
1,2-dibromoethane 
c/s-l,3-dichloropropene 
trans-1,3-dichloropropene 
1,2-dibromo-3-chloropropane 
trichloronitromethane 
methyl isothiocyanate 

Vapour 
pressure 
(mm of 
mercury) 

1380 
7.69 

25 
18.5 
0.58 

20 
21 

Solubility 
in water 
(l^g/g) 

16000 
3370 
2700 
2800 
1230 
1950 
7600 

Concentration ratio 

water: 
air1 

4.1 
42.7 
17.7 
24.6 

164 
10.8 
92 

org. matter: 
water2 

39 

75* 

Diffusion 
coefficient 
in air3 

(cm2/s) 

0.097 
0.081 
0.074 
0.074 
0.070 
0.069 

1. Estimated from the solubility in water and the vapour pressure. 
2. Equilibrium ratio between the amount of fumigant adsorbed per gram of organic matter and the 

amount of fumigant dissolved per gram of water. 
3. Estimated values. 
4. Determination for one soil. 



for other pesticide groups. Within the group of soil fumigants, however, considerable 
differences are found, monobromomethane being the most volatile and 1,2-dibromo-
3-chloropropane the least volatile fumigant. The solubilities in water also differ con
siderably. As a result of differences in vapour pressure and solubility, differences in 
the ratio water to air are found. Little is known about the adsorption of fumigants 
onto moist soils except for 1,2-dibromoethane which has been studied extensively 
(Wade, 1954; Call, 1957b). The values for the diffusion coefficient in air are of the 
same magnitude so that on account of this no great differences in the behaviour in 
soils are to be expected. 

As with several other fumigants, there is little information on the isomers of 1,3-
dichloropropene. Particularly no data in the literature are known about the distri
bution between the adsorbing phase and the water phase at different temperatures. 
More research is needed on the distribution over water and air at various tempera
tures in range 0-20° C. The investigations described in Section 2.1 were carried out to 
obtain supplementary information on the distribution of m and trans 1,3-dichloropro-
pene over the phases in soil. 

1.5 Problems with soil fumigation in the field 

In arable farming when fumigants are applied on a large scale some factors, which 
are not so important for fumigation in horticulture, must be considered. Cost has 
to be low, because there is only limited scope for investments. Therefore low rates 
of fumigant must be effective and inexpensive to apply. Sealing the soil surface with 
plastic sheeting after fumigation is still uneconomic although effective. The result of 
fumigation depends on the weather, which may be unfavourable in the late summer 
and autumn after harvesting when fields are available for fumigation. It is not easy 
to achieve good results. Occasionally nematode mortality percentages are insufficient 
and high rates of fumigant are prescribed (Spears, 1968). 

The factors that have to be considered in a study on effectivity of fumigants can be 
divided into three groups: (1) application techniques, (2) soil composition and con
dition, and (3) weather conditions. 

Application techniques The increase in use of soil fumigants has stimulated the 
development of fumigation equipment. There are often distinct differences in the 
results with the various types of machines, including plough injectors, subsurface-
blade injectors, and shank injectors. Questions arise about possible causes for these 
differences. Fumigation equipment is still being developed so that it is necessary to 
check which constructions have the greatest chance of success. Thus the behaviour 
of the fumigant, after application by various techniques, should be studied quantita
tively. 

Soil composition and condition The organic matter content of the plough layers of 
the fumigated soils ranges from a few percent to about 20%. Nematode mortality 



percentages, obtained after field applications, indicate that soils high in organic 
matter content are more difficult to fumigate effectively with low rates. It is therefore 
interesting to know what the reason is for differences in mortality percentage and 
how great the differences are. A difficult situation is that in which a peat layer is 
immediately underneath a thin peaty-sand plough layer. A quantitative approach to 
this type of problem could give estimates of the extra amount of fumigant that would 
be needed or indicate if other requirements with respect to application technique and 
weather can compensate for the effect of a higher organic matter content. 

With soil fumigation, questions arise about whether it is necessary to prepare the 
soil thoroughly. If clods and dense parts can be left between injection tracks it is 
important to know approximately the maximum permissable size of these hetero
geneities. A related problem is how the soil surface should be finished off. Is levelling 
sufficient or is compressing by rolling essential? What is the quantitative effect of 
irregularities in the soil surface, like cracks, holes, loose injection tracks and pro
truding clods? To answer these questions the behaviour of the fumigant in these 
situations has to be studied in detail. 

Weather conditions Soils are fumigated with 1,3-dichloropropene on a large scale 
during late summer and autumn. In this period dryer and wetter, warmer and colder 
periods may succeed each other. The general tendency is that temperature decreases 
and soil moisture content increases. Nematode mortality data from field trials show 
that the weather conditions have a great effect on efficiency. However, to interpret 
this type of data is difficult as many factors are involved. As conditions are optimum 
over short periods, only a small fraction of the area can be fumigated in ideal con
ditions. The period for soil fumigation coincides with the harvesting of important 
crops like potato and beet, so that only a limited amount of time is available. With 
crops like beet the question arises whether the soil can be fumigated effectively after 
harvesting which is usually late. It is unsatisfactory to have a deadline such as 15th 
October because the weather may vary from year to year. For optimum use of time 
and equipment, the suitable ranges of soil temperature and moisture content have 
to be defined more exactly and changes in conditions must be measured quickly. 
There is thus an urgent need for basic data and measuring methods that can assess 
the suitability of soil moisture content and temperature for fumigation. 

1.6 Model approach to the behaviour of fumigants in soil with special reference to 
1,3-dichloropropene 

The effectivity of a soil fumigant such as 1,3-dichloropropene and its aftereffects 
depend on the following: fumigation equipment, fumigant rate, injection depth, 
layering in the soil profile, structure of the various layers, loose and denser parts in 
the top layer, degree of compression of the soil surface, irregularities in the soil 
surface, decomposition rate, organic matter content, temperature and moisture con
tent of soil. These factors may vary considerably and occur in many different com-

10 



binations. Additionally there are several soil fumigants, each with their own proper
ties like vapour pressure, water solubility, adsorption behaviour, decomposition rate 
and toxicity characteristics. It would thus take much time to collect for each fumigant 
enough experimental evidence from separate studies to justify conclusions. 

It is therefore worthwhile to try to set up models that describe quantitatively the 
complex event of soil fumigation. In Chapter 3 equations and solutions are given 
that may be suitable. In Chapter 2 basic data are discussed that are needed for the 
computations. An essential part of this approach is checking by measurements, which 
was done for fumigations with 1,3-dichloropropene in the field and is discussed in 
Chapter 4. 
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2 Basic data 

2.1 Distribution of 1,3-dichloropropene over the phases in soil 

For the quantitative study of the behaviour of the isomers of 1,3-dichloropropene 
in soil, detailed information on the distribution of these compounds over the soil 
phases is essential. The relative rates of the various transport phenomena are directly 
connected with the distribution. With volatile compounds the extent of adsorption 
and solution greatly influences the effective diffusion rate. The adsorption is also a 
very important factor in relation to the biocidal activity of an amount of fumigant 
present in a volume of soil. Soils that have to be fumigated exhibit a wide range of 
properties. Soil temperature and moisture content may show extreme variation in the 
period considered for this treatment. This section deals with the equilibrium distri
bution of 1,3-dichloropropene over the soil phases under various conditions. A 
satisfactory method for chemical analysis is a prerequisite and this is first described 
with relation to the concentrations in the gas and water phases. 

2.1.1 Concentrations in gas and water phases 

Concentrations were measured with an Aerograph gas-chromatograph, Model 
A-600-B, with an electron-capture detector with tritium source. The stainless steel 
column had an inner diameter of 1.5 mm and a length of 5 m. The filling consisted 
of 10% (w/w) Carbowax 20 M on 70 to 80 mesh Anakrom ABS. The carrier gas was 
pure nitrogen and the flow rate was 25 ml per min. The temperature of the injector 
was 170 °C, and of the column and detector 118 °C. 

The recorder used was a Honeywell 1 mV with integrator. The injection liquid was 
H-hexane, 5 ul being injected at a time. The retention times for cis and trans 1,3-
dichloropropene were 3.2 and 4.4 min, respectively. The standard solutions in n-
hexane were made from cis- 1,3-dichloropropene 99% and trans- 1,3-dichloropropene 
99 % (obtained from Shell Nederland Chemie NV). The concentrations ranged from 
0.1 to 2.0 ug per cm3. Solutions of known and unknown concentrations were injected 
alternately. The unknown concentrations could be inferred from the calibration line. 

When considering the concentration of cis and trans 1,3-dichloropropene in the 
gas phase it is necessary to have an idea of maximum concentrations. In Dow-labora
tories, some vapour pressures were measured in the temperature range 20 to 111 °C. 
(Hamaker & Kerlinger, 1969; Hamaker, 1970). To estimate the vapour pressures in 
the temperature range 0°-20 °C the following equation may be used: 
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log/J = A-BjT 
with p = vapour pressure in mm mercury 

T = temperature in K 
A and B are empirical constants. 

VAPOUR PRESSURE 
(mm mercury) 
35 r 

cil-1,3 0 - * » ^ 

_ _ _ _ — " * " ' _ « . - ^ " " " t r a m -1,3 D 

Fig. 1. Vapour pressures of «>l,3-dichloropro-
pene and //ww-l,3-diçhloropropene, estimated 
from measured values at higher temperatures 10 ' 12 14 16 IS 20 22 

TEMPERATURE ec ) (After Hamaker, 1970). 

The results of the estimations are given in Fig. 1. The cis isomer seemed more 
volatile than the trans isomer. The concentrations may be calculated with the ideal 
gas law. The maximum concentrations of cis- 1,3-dichloropropene ranged from 54 
ug/ftn3 at 0 °C to 152 ug/cm3 at 20 °C, those for ftms-l,3-dichloropropene from 
37 ug/cm3 at 0 °C to 109 ug/cm3 at 20 °C. 

The concentrations in the gas phase were determined from 50 ul samples taken 
with a gastight 100 ul syringe. These samples were transferred to 0.5 or 1 ml of hexane 
in small glass tubes. From these solutions 5 (il was injected into the gas Chromatograph 
to measure the concentration. In this way concentrations in the gas phase of 1 ug/cm3 

and higher could be measured. Exploratory measurements of the saturated vapour 
concentration of cis and trans 1,3-dichloropropene gave results that agreed with the 
estimated values of the vapour pressures. When the vapour sample itself was injected, 
compression occurred because of the overpressure within the injector section. This 
resulted in losses of about 30%. 

Data on the solubility in water were reported by Younson & Goring (1962): 
as- 1,3-dichloropropene 2700 ug/g at 20 °C 
trans- 1,3-dichloropropene 2800 ug/g at 20 CC 
Concentrations in water were determined by extracting 5 ml of the solution with 

5 ml hexane. This solution in hexane was diluted and injected. The ratio at equilib
rium of the concentratkm in n-hexane to the concentration in water was determined 
according to the procedure given by Voerman (1969). The ratio was 115 for ciy-1,3-
dichloropropene and 90 for trans- 1,3-dichloropropene, so that with the «-hexane 
extraction about 1 % remained in the water phase. 

Distribution over water and gas phases The first distribution coefficient considered is 
Kw/g which indicates the ratio at equilibrium between the concentration in the water 

13 



DISTRIBUTION RATIO K 

120 

"""•--^. ~* ~ - _^ tr«ns - 1,3 0 

eis - IXD~~~ ~ Z!Z P'8- 2- Ratio Kwl, between the concentration in the 
water phase and the concentration in the gas phase 

"2 t 6 s 10 Î2 Î4 Î6 ia 20 22 for cis and trans 1,3-dichloropropene at 2, 11 and 
TEMPERATURE CC ) 2 0 ° C . 

phase and that in the gas phase. Solutions in distilled water were made, with concen
trations of approximately 100 ug/cm3. About 40 ml of these solutions were put in 
120-ml flasks, which were subsequently closed by a septum wrapped in aluminum 
foil. During 24 h the flasks were placed in a water bath at the required temperature 
and shaken occasionally. After this the concentrations in the gas and water phases 
were determined as described. 

The distribution ratios are shown in Fig. 2. These results are mean values of du
plicate determinations. The standard deviation is always less than 5 % of the average. 
In some instances this ratio was measured for a number of concentrations in the range 
of 100 to 1000 ppm in the water phase. The ratio Kw/g at a certain temperature seemed 
independent of the concentration. This means that Henry's Law is valid: CJCg = 
Kw/g, in which Kw/g is Henry's constant, Cw and Cg are the concentrations in water 
phase and gas phase. 

The value of Kw/g was substantially higher for the trans isomer. This is connected 
with a lower vapour pressure and a slightly greater solubility in water. The estimates 
of the vapour pressure and the approximate values of the solubility can be used to 
estimate values of Kw/g (Goring, 1967). At 20 °C, Kw/g = 18 for cw-1,3-dichloro
propene and Kw/g = 26 for frww-l,3-dichloropropene. For the cis isomer this estimate 
was in good agreement with the measured value, for the trans isomer the estimate 
was slightly lower. To check the effect of salts in the soil solution, measurements were 
taken for solutions of 0.1 M calcium nitrate. There were no marked differences with 
the values of Kw/g obtained for distilled water. 

From the measured values of Kw/g, the relation between the solubility in water and 
the temperature could be estimated. The solubility could be approximated with the 
product ofKwlg and the maximum concentration in the gas phase. The solubility of both 
isomers gradually increased with decreasing temperature. At 2 °C the solubility was 
about 1.27 times that at 20 °C. A similar solubility-temperature relation was reported 
for the soil fumigants chloropicrin and methylbromide (Stephen & Stephen, 1963). 

2.1.2 Adsorption onto solid phase 

The adsorbing phase As a wide variety of soils are fumigated in practice, the ad
sorption of 1,3-dichloropropene by different soils must be considered. The adsorption 
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of 1,2-dibromoethane onto moist soils was studied by Wade (1954) and Call (1957b). 
It was found that the extent of adsorption is about proportional to the organic matter 
content of soil. Wade discussed the adsorption of 1,2-dibromoethane onto three soils 
with organic matter contents of 0.021, 0.038, and 0.24 g/g. The mean of the ratios 
between the amount adsorbed onto the organic matter (in ug/g) and the concentration 
in the gas phase (in ug/cm3) at 20 °C was 400, while the standard deviation was 21 % 
of the average value. From the measurements of Call (1957b) concerned with equilib
rium conditions at 15 °C for ten soils with organic matter contents in the range of 
0.015 to 0.078, an average value of 460 was obtained with a standard deviation of 19 %. 

The approximately linear relationship between extent of adsorption and soil or
ganic matter content is common for pesticides that are mainly adsorbed due to van 
der Waals forces. Lambert et al. (1965) found such a relation for the herbicide 
monuron in soils containing up to 0.45 g/g organic matter. Later on, the extent of 
adsorption of a herbicide, an organophosphorus insecticide and a carbamate insec
ticide was studied in 23 soils (Lambert, 1968). The adsorption was about proportional 
to the organic matter content in the whole range of 0.005 to 0.40 g/g, mostly with 
comparatively small differences in adsorption effectivity per gram organic matter. 
Another example is the adsorption of the insecticide lindane onto different soils 
studied by Kay & Elrick (1967). Reviews of literature data on the strong correlation 
between the adsorption of uncharged pesticide molecules and soil organic matter 
content are given by Hayes (1970) and Wolcott (1970). For this type of pesticides 
reasonable estimates of the extent of adsorption in various soils may thus be obtained 
from measurements for a limited number of soils. 

Adsorption measurements Adsorption was studied in three soils, humic sand, peaty 
sand, and peat. The organic matter contents were 0.055, 0.18, and 0.95 g per g soil, 
respectively. The sands were taken from plough layers, and the peat from a layer 
underneath the plough layer of untreated plots. These were situated in trial fields 
where the soil had been fumigated in the autumn of 1969 (Chapter 4). 

To measure the adsorption onto soils, the 120-ml flasks were three-quarters filled 
with loose moist soil. After the adsorption measurements the amounts of dry soil, 
organic matter, and water in the flasks were determined exactly. With a small pipette, 
the pure liquids of cis and trans 1,3-dichloropropene were added in drops of approxi
mately 10 mg. These amounts were weighed exactly on an analytical balance. After 
this the flasks were closed by the septum and put in water baths at the required 
temperatures. These were 2, 11 and 20 °C. The equilibrium establishment was 
accelerated by occasionally rotating the flasks. By sampling the gas phase at some in
tervals of time, the rate at which the adsorption equilibrium was established could be 
determined. For the soils and temperatures studied, a period of 24 h was more than 
sufficient. This agrees with the rates determined by Wade (1954) and Call (1957b) 
for the adsorption of 1,2-dibromoethane onto moist soils in flasks. Thus, the concen
trations in the gas phase were measured after 24 h. The moisture contents of the 
humic sand, the peaty sand, and the peat were 0.17,0.41, and 1.20 g per g, respectively. 
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The amount of water in the flasks, Ww, was determined by drying the flasks with the 
moist soil at 105 °C. After subtraction of the tare weight of the flasks, the amount 
of dry soil, Ws, was obtained. The amount of organic matter per flask, Wom, was 
determined with the loss-on-ignition method. The weight of the mineral parts is then: 
Wmp = Ws— Wom. For these soils the mean density of the mineral parts is pmp = 2.66 g 
per cm3 ; and for the organic matter pom = 1.47 g per cm3 (Boekel, 1961). The volumes, 
V, of the phases in the flasks were calculated from 

V = W io V = W I o V = W I o 
r mp "mplHmp* ' om "oml Horn) ' yv rrwlyw> 

and 
vg = m-{vmp+vom+vw). 

The concentration in the water phase could be inferred from the concentration in 
the gas phase and Kw/g. The total amounts in the gas and water phases were calculated 
from the products of concentration and volume. The amount adsorbed was then 
found by subtracting the amounts in the water phase and gas phase from the amount 
added. 

Adsorption isotherms The results of the adsorption measurements at 20 °C are 
shown in Fig. 3. In the concentration range used, they can be represented as linear 
adsorption isotherms. The same holds for the results at 11 °C and 2 °C. This is in 
agreement with the results of Wade (1954) and Call (1957b), who obtained linear 
isotherms for the adsorption of 1,2-dibromoethane onto moist soils in the relevant 
concentration range. From the measurements reported, the concentrations in the gas 
phase are, at most, about one quarter of the saturation concentration. From estimating 
computations and analysis of soil samples from fumigated fields, it became evident 
that the concentration range investigated is the most important. 
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Table 3. Adsorption coefficients K,lg for cis 
and trans 1,3-dichloropropene. 

Soil 

Humic sand 

Peaty sand 

Peat 

Temp. 
(°Q 

2 
11 
20 
2 

11 
20 
2 

11 
20 

Kslg 

cis 

38 
22 
14 

130 
78 
47 

680 
430 
260 

trans 

68 
40 
24 

220 
130 
77 

1250 
720 
410 

The slope of the adsorption isotherms can be expressed in an adsorption coefficient: 

jig adsorbed per g of dry soil 
ug vapour per ml gas phase 

The values ofKs/g are recorded in Table 3. These results are averages of four observa
tions at different concentrations. The standard deviations were less than 5 % of the 
average values. The adsorption of one isomer was not measurably affected by the 
presence of about the same amount of the other isomer. 

2.1.3 Factors affecting distribution over soil phases 

The effect of the soil moisture content on the total sorption (= adsorption + solu
tion) of 1,2-dibromoethane onto soils was studied by Wade (1954). At moisture con
tents, corresponding with pF-values higher than about 4.2, sorption is very strong 
but decreases rapidly with small increases in moisture content (Fig. 4). In the range of 
soil moisture content from wilting point to almost saturation, the sorption increases 
slightly with rising moisture content. This can be attributed to the greater amount of 
fumigant present in the water phase. In conditions that are important for soil fumiga
tion, the adsorption is independent of the soil moisture content. It is sufficient there
fore to carry out adsorption measurements at only one soil moisture content. 

It is possible to express graphically the relation between the values of Ks/g, men
tioned in Table 3, and the organic matter content of the soils. From these diagrams 
it follows that, for the adsorption of cis and trans 1,3-dichloropropene, Ks/g is about 
proportional to the organic matter content. Consequently it is useful here to define 
the coefficient Kom/t for the adsorption per gram of organic matter as 

Kom/g — 
ug adsorbed per g of organic matter 

ug vapour per ml gas phase 

17 



DISTRIBUTION RATIO K 

MO 

700 

500 

300 

100 

n 

- \ 

' \ 
• \ 

'V 

( i + w l / j 

- . - - , _ . . _ — — -

O 10 20 30 40 50 60 70 »0 
MOISTURE CONTENT C /o .w/w) 

Fig. 4. Effect of moisture content of a 
sandy peat soil on distribution of 1,2-
dibromoethane over soil plus water and 
air. (After Wade, 1954). 

ADSORPTION COEFFICIENT K 

1600 

1200 

non 

400 

0 

om/ g 

N. 
N. 

^ ^ "*-^ tram 

0 2 4 6 8 10 12 14 16 18 20 22 
TEMPERATURE («CI 

Fig. 5. Relation between Komlg and temperature for 
the adsorption of cis and trans 1,3-dichloropro-
pene onto three soils. 

The mean values of Kom/g for the three soils were calculated. The relation between 
these averages and the temperature is shown in Fig. 5. The standard deviations were 
less than 15% of these average values. It follows that temperature had a great in
fluence on the ratio for the distribution between the organic matter and the gas phase. 
At 2 °C the value of Kom/g was about 2.8 times the value at 20 °C. For 1,2-dibro-
moethane the effect of temperature on sorption was studied by Wade (1954) and Call 
(1957b). From their results it can be calculated that the relation between Kom/g and 
temperature for 1,2-dibromoethane runs parallel to the lines for the isomers of 1,3-
dichloropropene. 

From the coefficients Kom/g and Kw/g, one can deduce Kom/w, indicating the distribu
tion of the compounds over the organic matter and the water phase. 

ug adsorbed per g of organic matter 
K = K glKw, •Ig in Ug dissolved per ml water phase 

Calculation of Kom/w for cis and trans 1,3-dichloropropene gave average values of 
14 and 15, respectively. From this it follows that the difference in the total sorption 
of the cis and trans isomer from the gas phase is mainly a result of the difference in 
Kw/g. 

The effect of temperature on Kom/w is not distinct, so the relation in Fig. 5 is chiefly 
based on the temperature effect on the water :gas distribution ratio. It was estimated 
in Section 2.1.1 that the water solubility of the isomers of 1,3-dichloropropene at 
2 °C was about 1.27 times the solubility at 20 °C. As the ratio Kom/w was almost con
stant it follows that the tendency to adsorb from the water phase varies with tem
perature about in the same way as the solubility in water. 

The distribution coefficients discussed here can be used to calculate the percentages 
of cis and trans 1,3-dichloropropene in the different phases at equilibrium. This has 
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been done for the soils studied by simulating conditions that may occur during soil 
fumigation in the field. For the temperature range from 2 to 20 °C, it was found that 
less than 1 % was in the gas phase, between 10 and 20% was dissolved in the water 
phase, whereas between 80 and 90% was adsorbed. 

2.2 Gas and vapour diffusion in soil 

With the investigation of the transport of 1,3-dichloropropene in soil the question 
arises which soil phase is the most important for diffusion over large distances. It was 
shown in Section 2.1.1 that the ratio Kw/g between the concentrations in the water 
and gas phases amounted to about 40 at 11 °C. On the other hand the ratio between 
the diffusion coefficients of 1,3-dichloropropene in the water and gas phases is 
about 10~4. This implies that the movement over large distances in the soil is mainly a 
result of diffusion in the gas phase. In this respect, the diffusion in the water phase is 
negligible (Goring, 1967). 

2.2.1 Diffusion in gas-filled pore system 

Diffusion of 1,3-dichloropropene in air First the coefficient Da for the diffusion of 
1,3-dichloropropene in air is needed. The number of gas and vapour systems for 
which the diffusion coefficient has been measured is limited. Experimental data for 
1,3-dichloropropene are not known. The value of Da can be estimated with equations 
originating from the kinetic theory of gases. One or more empirical constants in these 
equations improve the correspondence between estimated and measured values. 

Estimates of the diffusion coefficient with some of these equations were compared 
with measured values for more than sixty gas and vapour systems by Wilke & Lee 
(1955). The Hirschfelder, Bird & Spotz Method, modified by Wilke & Lee yielded 
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Fig. 6. Coefficients D. for the diffusion of 1,3-
dichloropropene in air calculated with Arnolds' 
method and with the Wilke & Lee method. 
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accurate results. The Arnold Method as well appeared to be suitable. The values of 
Da obtained with the two methods for the 1,3-dichloropropene-air system in the range 
of 0-20 °C are given in Fig. 6. There is only a slight difference between the estimated 
values. The effect of temperature on Da was small in the range important for soil fumi
gation. In the computations the averages of these estimated values were used. 

Call (1957a) measured the coefficient for diffusion of the soil fumigant 1,2-dibro-
moethane in air. He also checked the effect of changes in the air composition. The 
concentrations of C02 that may be present in soil air, reduced the coefficient for 
diffusion in air by less than 1 %. The effect of water vapour also was at most 1 % of the 
value of the diffusion coefficient. 

The gas-filled pore system If gas and vapour diffusion in soils are studied, the charac
teristics of the gas-filled pore system must be considered. The diffusion coefficient for 
a gas or vapour in this system is indicated by Dp. It is supposed that a DpjDa value 
determined for one gas or vapour is also valid for the diffusion of other volatile 
compounds in the soil unit, under the conditions considered (Penman, 1940). 

It is useful to relate DJDa and the volume fraction of gas-filled pores eg. The value 
of Eg is determined from the bulk density of the soil, the amount and density of the 
soil constituents and the soil moisture content. The simplest relation is obtained for 
a system of cylindrical-shaped pores with the length axes in the direction of the 
diffusion considered: DpjDa = eg. Gas-filled soil pores, however, show a certain tor
tuosity so that the path length traversed by the molecules is greater than the effec
tive diffusion distance. Additionally the cross-sectional area of the pores is non
uniform, resulting in a reduced effectivity for diffusion. Currie (1960) concluded for 
pores with a sinusoidal varying width (the cross-sectional area of the narrow parts 
1/5 that of the wide parts), that the diffusion coefficient was 0.75 times that for cylin
drical pores occupying the same volume fraction. An extreme situation occurs when 
the gas-filled pores are blocked, for example by water in the comparatively narrow 
places in the pore system. 

Literature was reviewed to check what values of the quotient DpjDa could be ex
pected for soils in various conditions. Measurements on the diffusion of gases and 
vapours in soils, reported in literature, were mainly in connection with aeration re
search. When the results were compared the differences were marked. The most 
probable explanation for this is that the condition of the soil samples varied con
siderably. Loose and dense, disturbed and undisturbed, dry and moist soils of various 
types were involved. In the period relevant for soil fumigation, variations of the same 
kind are found in field soils. It is interesting therefore to group the results of deter
minations on the relation between DpjDa and sg according to conditions of the soil 
samples. 

This survey is restricted to cases in which the solution and adsorption can be 
neglected or in which a steady state is present. The combined effect of diffusion and 
distribution characteristics on fumigant transport in soil is dealt with in Chapter 3. 
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2.2.2 Diffusion through soil samples 

Diffusion in disturbed samples of dry soils The diffusion of carbon disulphide in 
disturbed samples of dry soils was studied by Penman (1940) in steady state experi
ments. Currie (1960) obtained similar results on the diffusion of hydrogen through 
disturbed samples of dry soils. Penman's and Currie's results are given in Fig. 7. The 
lower porosities were obtained by taking mixtures of sands of different particle size. 
In spite of dense packing with e9-values in the range of 0.20, there is a good chance for 
diffusion. 

Diffusion in disturbed samples of moist soils The steady state diffusion of 1,2-di-
bromoethane in disturbed moist soil samples was studied by Call (1957c). The results 
of diffusion measurements in sandy, loamy and peaty soils are given in Fig. 8. Call 
suggested the linear regression equation DpjDa = 0.66 (eg—0.10). The sg range was 
0.15 to 0.39. Currie (1961a) studied the diffusion of hydrogen through packings of 
sand and soil crumbs in moist condition. The results are also given in Fig. 8. 

Fig. 9 shows results from more recent reports on measurements of diffusion coeffi
cients Dp. Papendick & Runkles (1965) studied the diffusion of oxygen in a column 
with moist, silty clay-loam. Shearer et al. (1966) varied the liquid content of sand 
packings and measured the oxygen diffusion through the samples into a vessel ori
ginally filled with nitrogen. Grable & Siemer (1968) carried out experiments on oxygen 
diffusion in moist, silty clay-loam in cylinders. 

Most of the measurements mentioned so far were carried out for eg values greater 
than 0.15. Gradwell (1965) achieved lower et values by moderately compacting 
structured, moist, clay-loam. Many times in this eg range he found diffusion to be 
slight or nil (Fig. 9). 

The results of the various experiments seem to be in good agreement and compared 
with those for disturbed samples of dry soil it follows that differences in the Dp[Da 

values are small at the higher porosities near eg = 0.40. At lower porosities, however, 
the Dp\Da values in the moist soils are considerably lower. This could indicate that in 
moist soils, the geometrical complexity of the gas-filled pore system is considerably 
larger in this eg range. For a good comparison the same soil materials should be com
pacted and moistened. This was done by Hannesson (1945) in a study on carbon 
disulphide diffusion through soil samples. From his results it follows that an increase 
in moisture content causes a sharper fall in diffusion rate than an equivalent compac
tion. 

Diffusion in samples of undisturbed soil There are only a few measurements reported 
on diffusion in samples of undisturbed soil. Gradwell (1961) studied the diffusion of 
oxygen through undisturbed silt loam topsoil under pasture. The results are given in 
Fig. 10. Research on the diffusion of oxygen through this type of soil sample was 
carried out by Bakker & Hidding (1970). Their samples were taken from top layers 
consisting of sand, loamy sand and sandy loam. 
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The position of the points in the DJDa against eg diagram corresponds with the 
position of the points for disturbed moist soils. In these studies, however, diffusion 
measurements were included for samples with a volume fraction of gas-filled pores 
lower than 0.10. Even in this range, diffusion was observed for a number of samples. 
This can probably be attributed to the effect of one or a few comparatively large 
pores in these soil units (Gradwell, 1961). In such a system a homogeneous distribu
tion of gases and vapours through the soil cannot be expected. 

Diffusion in structure elements It is difficult to measure coefficients for diffusion in 
soil structure elements. Currie (1961b, 1962, 1965) succeeded in estimating values for 
dry, natural, soil-crumbs. These are given in Fig. 11. In general these values lie beneath 
the measuring points for undisturbed samples of moist soils. It is even more difficult 
to estimate the diffusion coefficients for wet soil crumbs. Because the pore system in the 
structure elements is fine and geometrically complex, diffusion will decrease rather 
sharply with increasing moisture content. 

Diffusion in samples of puddled soil The structure of the top layer of soil may de
teriorate as a result of rainfall and tillage. Gradwell (1965) measured diffusion in 
some samples of compacted and puddled soil. Diffusion in puddled soil was more 
extensively studied by Bakker & Hidding (1970). The results are given in Fig. 12. The 
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values found for Dp\Da are low and considerably lower than the values for undis
turbed soil samples. 

2.2.3 General remarks 

The results of measurements reported in literature on the relation between DJDa 

and Eg were grouped according to the condition of the soil samples. The agreement be
tween the results within the groups was better than for all the results taken together. 
This grouping is also useful for estimating Dp values for various parts of the soil 
profile such as ploughed layers, clods, plough pans and puddled top layers. 

Various equations were suggested by the different authors to characterize the posi
tion of their measuring-points in the Dp/Da—sg diagram. Linear regression equati
ons are not usually satisfactory. The same holds for equations of the type DpjDa = 
eg

m. Equations of the type DpjDa = y • E* describe the position of the clusters of 
points rather well. The two empirical constants y and fi, however, have different 
values for the various series of measurements. 

To characterize the gas-filled pore system at a certain moment, the complexity 
parameters suggested by Currie (1960) could be used: 

m = log (Dp/Dfl)/log sg 

and 

k = {egl(l-sg)}-(DjDp-l). 

The values of m for disturbed samples of dry soils ranged from 1.43 to 2.17 and those 
for k from 1.94 to 2.93. In moist soils the value of m can be 3 or more and that for k 
10 or more (Currie, 1961a). High values of m and k indicate an involved geometry of 
the gas-filled pore system and poor diffusion possibilities. 

The literature data compiled here are needed for estimations of the values of Dp 

to be expected in field situations. Furthermore the data can be used to predict the 
diffusion behaviour of 1,3-dichloropropene in various soils and soil conditions. 

The lower limit of the moisture tensions, at which a favourable concentration-time 
relation is obtained for a great part of the soil mass, can be inferred from the relation 
between DJDa and eg, and the typical moisture retention curves for a soil. Recommen
dations on the suitability of soil moisture conditions for fumigation can then be based 
upon tensiometer readings. In spite of the considerable amount of available data 
more research is needed on DpjDa—sg relations particularly for soil samples taken from 
the field. There are still no experimental data for soil layers underneath a plough layer 
and measurements have only been carried out for a limited number of soils. For any 
pesticide with an important transport in the soil gas phase these data are useful. 
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2.3 Decomposition in soil 

When the concentration-time relation for a fumigant in soil is studied it is useful 
to have an impression of decomposition rates. If the rate of decomposition is high, 
there may be a decrease in effectivity. The nature of the degradation products also 
has to be considered, particularly in connection with possible aftereffects of fumiga
tion. 

Decomposition reactions The decomposition of 1,3-dichloropropene in a soil was 
studied by Castro & Belser (1966). They found that, due to hydrolysis, one of the 
main products formed was 3-chloroallyl alcohol : 

CHC1=CH-CH2C1 is converted to CHCl=CH-CH2OH. 
1,3-dichloropropene 3-chloroallyl alcohol 

The cis and trans isomerism is retained in this reaction. The nematicidal and fytocidal 
activity of the isomers of 3-chloroallyl alcohol is of the same magnitude as that of 
trans- 1,3-dichloropropene (Moje et al., 1957). The boiling points are: 

cM-3-chloroallyl alcohol 144 °C (735 mm mercury) 
fron.y-3-chloroallyl alcohol 154 °C (760 mm mercury) 

(Castro & Belser, 1966) 
3-chloroallyl alcohol is much more soluble in water than 1,3-dichloropropene. 

Because of lower vapour pressure and higher water solubility the diffusion of 3-
chloroallyl alcohol in the gas phase in soil is much slower than that of the original 
compounds. This implies that, with high decomposition rates, less 1,3-dichloropro
pene will be available to build up effective values of the concentration-time integral 
above and below the injection position. A second consequence is that, if 3-chloroallyl 
alcohol is slowly decomposed, there may be a long period with undesirable side-effects. 

Decomposition rates It is convenient to express decomposition rate by a single 
fljgure. When information is limited to the amount decomposed in the period from 
zero to t, a first order reaction equation may be used: 

dC/df = -kr-C 

where C is the concentration and kr the rate constant. The initial condition is t = 0, 
C=C0 
Integration of the equation yields 

kr= -2.30x10log (C/C„)/t 

The rate of pesticide decomposition in soil is influenced by the nature of the pesticide, 
the soil type, the temperature, the moisture content, the microbial activity, the pH, 
and the presence of metals. 

Castro & Belser (1966) determined the decomposition rate by measuring the in
crease in Cl~ concentration in 1 litre water with 300 g soil. Only one soil, containing 
organisms capable of dehalogenation, was involved and the pH was 7.5. The experi-
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ments were carried out under laboratory conditions. The decomposition rate constant 
kr was approximately the same for the isomers of 1,3-dichloropropene and amounted 
to about 0.034 day-1. 

To determine the decomposition rate exactly, the amount of a decomposition pro
duct has to be measured. Sometimes, however, the magnitude of kr can be estimated 
from concentrations found for the original compounds. In spring 1969, more than 
10% of the 1,3-dichloropropene was still present in some fields, half a year after 
application. An important part probably evaporated because the soil was ploughed 
during winter. Here the value of kr was considerably less than 0.01 day -1. Similar 
results were obtained from residue analysis by Williams (1968), who measured con
centrations of 1,3-dichloropropene in April, eight months after soil fumigation. With 
other field trials, however, the disappearance rate for 1,3-dichloropropene was too 
high to be explained by vapour diffusion and a low decomposition rate, in particular 
when some loamy soils were fumigated at high temperatures. Occasionally fyto-
toxicity and abnormal soil odour occurred that could not be attributed to the main 
ingredients of the technical dichloropropene mixtures used. Thus great differences in 
decomposition rate for 1,3-dichloropropene in various soil and weather conditions 
are indicated. 

2.4 Dose and nematode mortality 

Definition of dose The main object of studying the concentration-time relation for a 
soil fumigant under field conditions is to obtain an impression of the nematode mor
tality. Therefore relevant literature data were compiled. It is generally assumed that 
the concentration in the water phase Cw is the best measure for the nematicidal ac
tivity of the compound in moist soils because nematodes are usually surrounded by 
water (Goring, 1967; Mai et al., 1968). 

If the concentration is constant during a period t then the dose B{t) can be defined 
as follows : B(t) = Cw • t. Fortunately for moderate concentrations and time intervals 
there is a one-to-one relationship between the mortality percentage and this dose. A 
decrease in concentration can be compensated by an equivalent increase in exposure 
time (Goring, 1957,1967). At low concentrations, however, a detoxication mechanism 
may keep up with the supply of the nematicide. With short exposure periods the 
transport to the reactive sites may be a limiting factor. Consequently the dose re
sulting from these extreme situations may be less effective. 

If concentration varies with time the dose can be defined as : 

-r. B ( 0 = J o C w d T . 

The mortality percentages, obtained from experiments in which constant concentra
tions are maintained during period t, can be used to predict mortalities in field trials. 
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Table 4. Relation between concentration-time products and observed effect on 
nematodes from trials in water systems. 

Reference 

McBeth & 
Bergeson (1953) 
Moje (1959) 

Moje (1963) 

Nematode 

Ditylenchus 
dipsaci 
Tylenchulus 
semipenetrans 
larvae 
Tylenchulus 
semipenetrans 
larvae 

Nematicide 

1,3 D 

cw-1,3 D 

frans-1,3 D 
cto-1,3 D 

trans-1,1 D 

Observation 

mortality 
100% 
activity 
reduction 
50% 

activity 
reduction 
50% 

Dose 
(ppm x day) 

220 

15 

35 
18 

40 

Screen tests in water Data from the literature for trials with water systems con
taining nematodes and 1,3-dichloropropene are summarized in Table 4. The first trial 
of this type was reported by McBeth & Bergeson (1953). The concentration of 1,3-
dichloropropene was calculated from the amount of dichloropropene mixture added. 
It is not clear from data on complete mortality percentage at what doses the percen
tage will be distinctly less than 100%. Two other reports (Moje, 1959, 1963) have 
similar experimental methods and results. The doses at which 50% mobility inhibi
tion occurred were low. The toxicity of cif-l,3-dichloropropene to these nematodes 
was about 2.3 times that of f«»w-l,3-dichloropropene. 

Trials with moist soils in sealed containers Another useful type of trial is that with 
nematodes, nematicides and moist soil in a sealed container. The temperature, the 
amount of organic matter, water and air have to be known. From the data on the 
distribution of 1,3-dichloropropene over the phases in soil, discussed in Section 2.1, 
the concentration in the water phase can be calculated. The trials of this type with 
the best defined concentrations were discussed by Youngson & Goring (1962, 1970). 
See Table 5. In other trials the only missing factor was the organic matter content of 
soil. Here the doses were estimated by assuming an organic matter content of 0.01 g/g 
soil. In some of the trials in Table 5, commercial dichloropropene mixtures were used. 
The contribution of the admixtures to the nematicidal action was small (Moje et al., 
1957; Moje, 1959). Therefore the doses were calculated on the basis of 1,3-dichloro
propene. The temperatures during the trials ranged from 20 to 25 °C. 

The results represented in Tables 4 and 5 can be divided into three groups. There 
is a main group containing most observations. Some of the doses of this group were 
lower than 100 ppm x day. On account of the mortality percentages obtained in this 
range, percentages of about 90% can be expected at a dose of 100 ppm x day for 
1,3-dichloropropene, if the contributions of both isomers to the total dose are nearly 
equal. This is in agreement with the 100% mortality and the non-specified high 
mortality obtained in the range of 110-220 ppm x day. A second group gives the results 
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Table 5. Dose — mortality data from trials with moist soil, nematodes and 1,3-dichloropropene in 
sealed containers. 

Reference Nematode 

Youngson & Goring (1962) Meloidogym 
incognita 

Youngson & Goring (1970) Heterodera 
schachtii 

Youngson & Goring (1970) Pratylenchus 

Goring (1957) 

Coleby et al. (1965) 

Baines et al. (1966) 

penetrans 

Heterodera 
schachtii 
larvae and 
cysts 
Meloidogyne 
javanica 

Tylenchulus 
semipenetrans 

Youngson & Goring (1970) Meloidogyne 
incognita 

Nematicide 

1,3 D 

cis-1,3 D 
trans-1,3 D 

m-1,3 D 
trans-1,3 D 
1,3 D 

1,3 D 

1,3 D 

cis-\,3 D 
trans-1,3 D 

Observation 

reduction 
gall formation 
48% 
97% 

100% 
reduction 
cyst formation 
79% 
80% 

activity 
reduction 

62% 
80% 

high mortality 
percentage 

reduction 
gall formation 
100% 
activity 
reduction 
67% 
96% 
99% 

100% 
reduction 
gall formation 
80% 
80% 

Dose Soil type 
(ppm x day) and organic 

28 
56 

112 

118 
220 

169 
322 
132 

185 

23 
34 
46 
67 

70 
113 

matter (g/g) 

loamy sand, 
0.004 

sandy loam 
0.032 

sandy loam 
0.020 

silt loam 

sandy loam 

sandy loam 

sandy loam 

of Baines et al. (1966), which indicate that even a dose of 40 ppm x day would result in 
mortality percentages of 95 and more. A third group includes some of the results of 
Youngson & Goring (1970). Doses of about 300 ppm x day would be needed for a 
90% mortality. 

When the type of trial is considered, it is found that the results of the water screens 
belong to the main group. From the nematode species, Tylenchulus semipenetrans 
seems the most susceptible of the investigated species and then Meloidogyne incognita. 
McBeth & Bergeson (1953) and Goring (1957) found that cyst-forming nematodes 
were less susceptible to nematicides than certain non cyst-forming species. However 
the information given in their reports is too limited to estimate the relative suscep
tibility. From Table 5 no additional information can be obtained for Heterodera 
schachtii because results are contradictory. 
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Doses infield soils In field soils, the diffusion rate of the isomers of 1,3-dichloropro-
pene has a great influence on the values of the concentration-time integral. As trans-
1,3-dichloropropene diffuses slower than the cis isomer, its dose is usually higher. 
However the ratio between these doses is dependent on soil and weather and also 
varies with the distance from the injection place. 

The cis isomer seemed more toxic to the nematodes than the trans isomer, but it is 
difficult to give a relative toxicity to the nematode species that were not studied. There 
is not enough information to predict relative susceptibilities of various nematode 
species under different conditions. At the moment only the magnitude is known of the 
doses needed to obtain a good nematode mortality percentage. It is preferable there
fore to represent computed doses for cis and trans 1,3-dichloropropene separately, 
until more research has been done. 

It is important to know whether the relation between mortality percentage and dose 
is dependent on temperature. Coleby et al. (1965) found at 15 °C a slightly lower 
mortality percentage for Meloidogyne javanica than with the same amount of di-
chloropropene mixture at 20 °C and higher. McBeth & Bergeson (1953) found that 
dichloropropene mixture was almost equally effective on Meloidogyne species at 7 °C 
and at higher temperatures. In the experiments of Youngson & Goring (1962) the 
toxicity of 1,3-dichloropropene to Meloidogyne incognita was the same at 10 °C and 
18 °C. 
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