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Pesticide disappearance from soils was observed in laboratory studies in which leaching and runoff were 
impeded, and volatilisation and degradation evaluated. Advection by volatilisation was negligible for the less 
volatile chemicals, and significant for the more volatile (Trifluralin and Heptachlor). Basic statistics applied to 
degradation DTSO data of 14 aclive ingredients in four different soils showed that the properties of pestieides 
play a major role in determining their degradability. 

lntrnduction 

Contamination of surface and ground water supplies by industrial solvents, agricultural fertilisers and pesticides 

has become a serious environmental and social problem in many developed and developing countries. As far as 

pesticides are concerned, agricultural uses are responsible for the main non-point sources of contamination. 

Many reports indicate that ground water supplies, particularly those of unconfined aquifers, may be reached by 

pesticides (Hutson and Roberts, 1990; Aharonson, 1987; Canter et al., 1987; Gustafson, 1993). The degree to 

which pesticides move from treated soils to water depends on the combination of environmental variables and 

the physicochemical properties of different active ingredients. Simulation models may be of great help in 

protecting the quality of aquifers. Among the variety of methods used to simulate pesticide behaviour in soils, 

evaluative and ranking models are the least complex. Based on simple deterministic approaches, they require 

v~ little information for their application, the basic assumption being that environmental variables do not 

significantly change the relative results of the simulation. Evaluative and ranking models are not suitable for 

environmental fate studies, but may be applied to group chemicals into relatively broad behavioural classes 
(Bacci et al., 1994). 
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When released into the environment. pesticides move and react according to their "vocation" and according to 

environmental variables. If we assume that the relative behaviour will be similar under different environmental 

conditions, a ranking of the potential to reach water compartments, based essentially on the intrinsic properties 

of the chemical and on standardised environmental properties can be obtained. In order to produce these ranks, a 

leaching inder must be calculated. Several leaching indices have been proposed (Wagenet and IUo, 1990; 

Trevisan et al., 1991; Jury et al, 1983; Jury et al., 1984; Rao et al., 1985; Laskowsky et al, 1982; Jury et al., 

1987). Bacci and coworkers (1994) recently suggested a modification of the surface soil model by Mackay 

(1991), based on the calculation of the mass fraction (with respect to the quantity applied) leaching from a soil 

model in a fixed time interval (one year). The validity of this, as well as similar models, depends on the existence 

of homogeneous infonnation on degradation kinetics in soil, currently expressed as half-life, (t!/2 or DTSO), 
which implies that, even if the degradation rate of a series of pesticides in different soils may change, in absolute 

terms, it should not modifY the relative data. This may not be true in all possible cases, under actual field 

conditions. However, in the majority of current environmental conditions it is likely that a reactivity ranking 

could be maintained. To investigate on the role of soil and pesticide properties in determining pesticide 

reactivity. field data appears to be unsuitable, mainly because of uncontrolled variables and the fact that mass 

transfer phenomena, essentially by the mobile phases (water and air) and chemical transformation processes 

cannot be clearly separated A possible alternative is the laboratory model (Laskowslcy, 1982), in which selected 

components of real systems are included, with the aim of observing the behaviour of substances under 

simplified conditions. 

In the present paper we applied a laboratory model to evaluate the role of soil and pesticide properties in 

determining degradation in contaminated soils. 

Materials and Methods 

Experimental Design 

Pesticide degradation was observed into two cubic laboratory greenhouses, each with a volume of 200 litres 

(Bacci and Gaggi, 1985). Each greenhouse contained 36 50-ml glass vessels, in which 1.5 em of four different 

soils was placed. The chemicals tested were divided into four groups, as foUows·. 

Group I 
Trifluralin 
Chlorpyriphos 
Heptachlor 
Endosulfan-sulphate 

Group 2 Group J 
Endosulfan-<x Propoxur 
Endosulfan-p Carbaryl 
Chlorpyriphos-methyl 
Alachlor 

GrQUP 4 
Atruine 
Metribuzin 
Metalaxyl 
Azinphos-methyl 

A total of 9 replicates for each group of chemicals were constituted, for each of the four soils (36 vessels 

containing 0.2 mg of each chemical. corresponding to a load of 7.2 mg per chemical in each green-house). Soils 

fortified with groups I and 2 were in greenhouse A and groups 3 and 4 in greenhouse B, as shown in. Figure I. 
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Greeenhouse A Greeeuhouse B 
Groue I Groue2 GroueJ Groue4 

Z A H I Z A H I Z A H I Z A H I 
I DODO DODO I DODO DODO 
2 DODO DODO 2 DODO DODD 
3 DODO DODD 3 DODD DODO 
4 DODD DODO 4 DODO DODO 
'DODD DODO ' DODO DODO 
b DODO DODD 6 DODO DODD 
7 DODO DODO 7 DODO DODD 
II DODO DODO II DODO DODO 
9 DODD DODO 9 DODO DODO 
lO DODD DODO IU DODD DODD 

Figure 1.- Soil re!'licates in greenhouses. 

Sampling times were 0, 39, 161, 185, 622, 861 and I 197 hours for greenhouse A, and 0, 24, 45, 15, 188, 288, 

442 and 866 hours for greenhouse B. At each sampling time, four vessels (one for each soil and group were 

removed and analysed). Leaching and runoff were impeded, and volatilisation was strongly reduced with respect 

to field conditions due to slow air turnover (air turnover time was about 80 min). For the more volatile 

compounds, losses by volatilisation were calculated. The experimental conditions are reported in Table I. 

Table 1.- Experimental conditions for studying pesticide disappearance from soil. 

· Temperature 
Photo period 
Illumination 
Air turnover 

23 -26 "C 
constant light 
!OOOix 
2.5 mVmin 

Soil fortification was carried out by adding 200 1'8 of active ingredient for each studied compound to each 
container. Four soils (a Pliocene sand: Z; an organic-rich orchard soil: A; an agricultural soil: H, and a soil from 

the volcanic area of Mount Amiata: I) differing in organic matter content, pH and texture were selected; their 

main properties are summarised in Table 2. 

Table 2.- Soil properties. 

Sample pH O.M.% c:lay•A, silt% sand% I 
z 7.7 0.07 12.8 8.7 76.8 
A 7.41 8.8 17.3 22.7 61.2 
H 7.38 3.7 13.8 23.4 60.8 
I 4.86 4.1 21.2 28.3 52.2 
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The soil weights in each glass container varied according to the different soil type, with 35 g for soil Z, 30 for 

soil Hand 18 for soils A and I. Properties of the chenUcals are in Table 3. 

Table l.· Physicochemical and partition properties of selected substances. DTSO indicates the half-life, in days, 
of disap~arance from soil (field data). Mm = molar mass; S = water solubility; P = vapour pressure, mp = 

melting point. 

Ph!sicochemical Pro2ierties 
AtCi.-c !5relfielll Mm s (!!!!!) pi!:!) Kec ~f) Kaw Kow DTSO me•c 

Aloclt.lor 269.8a 240b 0.0029a I70b I32E..()6 63!c ISb 40.Sa 
Atrazine 215.7a 33b 0.00004a IOOb 1.06E.07 251.2c 60b 174c: 

AzinpiiM-Irldbyt 317.1a 29b 0.000027 IOOOb 1.19E.07 S01.2c lOb 72.4a 
F.ndasulfan-a 406.9a 0.32a O.OOJlc 12400d .!1.65E-04 398Ic SOb 109a 
Endorulfan-b 406.9a 0.3Ja O.OOllc 12400d 5.6SE-04 3981c 213.3a 

EnOOwlfan-sulpl\ale 

Car batyl 201.2a 120b O.OOS3a 300b 3.59E-06 199.Sc lOb 142a 
Clllorpyriphos 350.6a 0.4b 0.002Sa 6070b 8.84EA4 SOOOOa 30b 43a 

Chl~pbos-mclhyl J22.Sa 4b 0.0056a BIBle 1.82E-04 19953c 7b liquid 
Heptachlor 373.3a 0.056g O.OS3a 24000g 0.14 3630780d 2SOg 9S.Sa 
Meta!aJ.-yl 279.3a 8400b 0.00029a SOb 3.89E.o9 15.6d 70b 72a 
Metribuzin 214.3a 1220b 0.000058 16.4c: 4.IIE.09 40a 40b 126a 
Propoxur 209.2a I BOOb O.OOIJa JOb 6.10E..08 31.62c JOb 9l.Sc 

Trifluralio 335.5a 0.3b 0.0137a 8000b 6.18E-03 llSOOOa 60b 48.Sa 

a: Wonhing & Hance, 1991 
b: Wauchope et al. 1992 
c: Suntio et al. 1988 
d: Yalkowsky et al. 1985 
e: Mackay, 1991 
f: dimensionless (soil standard bulk density= l.S kg!L) 
g: Augustijn-Beckers et al. 1994 

Soil e:rtractiofl procedure 

A multiresidual extraction method was used. (Bacci et al., 1989), consisting in the following main steps: 
I. Solid-liquid extraction: 20 - 40 g of soil sample was extracted with 100 ml of 2/1 vol/vol acetone/water 

solution by shaking 5 min and sonicating 25 min; em-acts were centrifuged and evaporated to give an aqueous 

phase containing the residues of interest; 

2. Liquid-liquid extraction: the aqueous phases were extracted again, twice. with 70 ml of chloroform; 

3. Volume reduction and elimination of chlorinated solvent: the chloroform was evaporated and the residues 

redissolved in 5 ml n-hellane; 

4. FlorisiiTM clean-up: hexane extracts (5 rnl) were loaded on I em ID glass columns filled with 2 g offlorisiiTht 

(Merck, 60-100 mesh ASTM, art. No. 12518) and eluted with SO ml n-hexane and 50 m14% acetone in hexane. 



Air sampling & analySis 

Air samples were collected by aspiration into 0.3-g FlorisiiTM traps prepared by panially filling Pasteur pipettes. 

The volume of air samples was 200.250 L, corrected for the vacuum (Bacci and Gaggi, 1985). FlorisiiTM was 
eluted with 50 ml of n-hcxane and 50 ml of 4% acetone in n-hc:une, and the final sample volume adjusted 

according the sensitivity of the analytical technique. 

&gres.rioll Olld statistical analysis 

All regressions were calculated with TableCurve software from Jande/ Scientific. Statistics analysis was 
perfonned with Microsoft Excel. 

Gas chromatographic analysis 

The analytical conditions are summarised in Table 4. 

Table 4.· Gas-chromatographic conditions 

Org8nochlorines 

Gas-chromatograph: Perkin Elmer Sigma 38 
Column: SPB-5, 30m, 0.25 mm ID, 0.25 ~m film 

Injector: 
Detector: 
Program: 

Carrier: He, I 00 kPa "' 3 mVrnin 
SP/SPL, 250 GC. Injection SPL I min, 2 Jil 
ECD, 280 ~- scavenger CH. 5% in At 
I 00 "C hold I min; then 3 "C/min to 280 •c. hold 5 min 

Organophosphorus and Carbamates 

Gas-chromatograph: Perkin Elmer Sigma 3B 
Column: CP-SILS CB, 10m. 0.54 mm ID, S Jim film. 

Injector: 
Detector: 
Program: 

Results 

Carrier: N2 18 ml/rnin 
On-column. 220 °C. Injection: 2 11! 
NPD 250°C. Air 180 kPa. H2 100 kPa. 
Isotherm 220°C 
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Pesticide disappearance from soil is recognised to include four main processes: volatilisation, degradation, 

leaching and run-off. In our laboratory model, leaching and run-off wa-c impeded. Although limited, 

volalilisation was evaluated, panicularly for the more volatile chemicals, to obtain the degradation DTSO. The 

disappearance from soil data wu treated according to single-compartment first-order kinetics. Examples of 

experimental plots are given in Figures 2 and 3. Air concentrations of the chemicals are given in Table 5. The 

levels expected in green-house air were around 0.5-1 % saturation; the relatively high variability of the 

measured values may be due to the low loading (200 ~g in each vessel) compared to similar previous 

volatilisation and bioconcentration studies (5-50 mg/IOOg soil; Bacci et al., 1992). Levels in air, jointly with air 

input (and output) rate and the mass of pesticide in the system (6.4 mg after 1st sampling) may be used to 

calculate the relative significance of volatilisation and degradation in the pesticide disappearance from soils. 
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Propo1ur 
soil A soil Z 

200 y-=188.7 exp(-0.002661) 200 y-=144 exp(-0.006201) 

150 • DTSD-260h (I !d) ISO DT50-112h (Sd) 
Ql) Ql) r2=0.68 
:::1. 100 ::1. 100 

50 so -
• 0 0 

0 200 400 600 800 1000 0 200 400 600 800 1000 

time (h) time (h) 

soiiH soil I 

200 
2;0 y-=273.1 exp(-0.006561) 

200 DTSC>= I 06h ( 4d) 
ISO 

C() !50 • r2=0.64 llO 
:::1. ::1. 

100 
!00 

50 

0 

0 200 400 600 800 1000 0 200 400 600 800 1000 

time(h) time(h) 

Cblorpyriphos-metbyl 

soil Z soil A 

250 
250 

y=l74.2 exp(-0.004891) 200 r-87.4 exp (-0.004811) 
200 - ono~l42h (6dl DTSC>= 144h (6d) 

Ql) 150 r'=-0.88 01) r'=<l.44 :::1. :::1. 
100 100 

.:iO 50 

(l 0 

(l 200 ~()() 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 

time (h) time (h) 

soilH soil! 

250 
y=\15.58 exp(..().004S6t} 200 

l!)(l 
y-=186.8 exp(-0.002S4t) 

DTSO=!S2h (6d) ISO DT.S0=273h (lid) 
Oil 150 r=O.so Ql) 

r2=0.9S ::1. :::1. 100 
100 

50 so 
0 0 

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 

time (h) time(h) 

Figure 2.- Examples of plots on chemical disappearance from fortified soils 
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soilZ soil A 
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soil Z soil A 
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DT50=l80h (7d) 
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Oil r2=0.56 Cl) 100 ::s. so ~ 

50 

0 0 

0 20() 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 

time (h) time (h) 

soiiH soil I 
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• y=l83.1 exp(-0.000511) 200 y457.6exp(.0.00094t) 
200 DT50=137Sh (57d) DTS0=741h (3ld) 

Oil r1-D.50 C() ISO 
::s. ::::1. 

150 100 

50 • 100 0 

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 
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Figure 3.- Examples of plots on cllemicaJ disappearance from fortified soils 
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Table 5.- Concentration ofpe!lticides in air samples from greenhouse A collected 

before 2nd soil sampling). 

Arttve IJ>Fedlmt 

Chlorpff . .melhyl 

Endosulfan..a 

EndDsulliuJ-b 

Endosulfan-sulphak 

Chlorpyriphos 

Carbetyl 

Alachlor 

Propoxur 

Hepladllor 

Trifturalin 

D 

4.3 
7.6 
2.3 

0.6 
<0.2 
<2 

<0.2 
<2 

16.1 
10.9 

%sat 
1.2 
4.2 
1.3 

0.2 
0.6 

An advection rate constant, kadv· can be obtained by dividing the quantity of chemical removed from the 

greenhouse per unit time, by the mass present in the soil. For Trifluralin, an air concentration of about 10 ng/L, 

with an air inflow of 2. 5Umin, or 150 Uh, gave an elimination of I 500 nglb by volatilisation. This corresponds 

to an advection rate constant of 1500/6400000= 0.00023 Jib. Analogously kadv may be obtained for 

Heptachlor (0.00048 Jib), Chlorpyriphos Methyl (0.0001 llh) and Endosulfan a (0.00017 1/h), 13 0.00005 1/h) 

and sulphate (0.000014 lib). A comparison of the disappearance and volatilisation rate constants is reponed in 
Table 6. Advection by volatilisation appeared to be negligible for the less volatile chemicals (chlospyriphos 

methyl, endosulfan sulphate and the others not included in Table 6). 

The disappearance data was corrected, when necessary, and a summary of the degradation rate (and related 

parameters} in different chemicals and soils, expressed as degradation DT50, as shown in Table 7. 

Discussion 

Variations in degradation DT50 data, were analysed using basic statistical methods. The coefficient of variation, 

CV, defined as ratio of the mean to the standard deviation, was calculated for all DTSO data of each active 

ingredient in different soils, and for all DT50 data of each soil for the different active ingredients (Table 7). The 

first gave an estimate of the scattering due to soil properties for each active ingredient. and the second. the 

scattering due to pesticide properties for each soil. The mean CV for all active ingredients in each soil was higher 

than the CV of each active ingredient in all soils. Even with a relatively low air turnover, the volatility of 

pesticides from soil significantly affected disappearance, particularly in the case of compounds with higher 
vapour pressure values. Differences between the various soils were not considered, and this is a limitation of the 

approach used in this study. Further research is in progress to measure volatilisation rates in homogeneous soil 

systems, avoiding mixing soils with high retention potential (such as those rich in organic matter) with soils with 

little vapour retention (such as sand}. Volatilisation is the resultant of interchange process between pesticides 

sorbed onto soil and the soil organic matter, dissolved in the pore water, and presem in the soil atmosphere. 

(Racke, 1993). 
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Tabk 6,· Disappearance and volatilisation rate constants for the more volatile chemicals. 

When advection by volatilisation is substantial, a kdeg = kdis -kadv is indicated together with the 

corresponding DTSO for degradation. 

Chemical Soil kdis (1/h) kadv (1/h) kdeg (1/h) deg. DTSO 
h d 

---------------··-------·-------------------·---------------------
Heptachlor z 0.00386 0.00037 0.00349 199 8.3 

A 0.00050 0.00037 0.00013 5332 222 
u H 0.00092 0.00037 o.oooss 1260 53 

I 0.00067 0.00037 0.00030 2310 96 

Trifluralin z 0.00395 0.00023 0.00372 186 7.7 
A 0.00063 0.00023 0.00040 1733 72 
H 0.00106 0.00023 0.00083 835 35 
I 0.00087 0.00023 0.00064 1083 45 

Chlorpy. Methyl z 0Jl0443 0.00010 no variation 
A 0.00481 0.00010 
H 0.00457 0.00010 
I 0.00254 0.00010 

Endosulfan o: z 0.00242 0.00017 0.00225 308 13 
A 0.00166 0.00017 0.00149 465 19 
H 0.00105 0.00017 0.00088 788 33 
I 0 .00057 0.00017 0.00040 1733 72 

Endosulfan ~ z 0.00157 0.00005 0.00152 456 19 
A 0.00026 0.00005 0.00021 3301 138 
H 0.00019 0.00005 0.00014 4951 206 
I 

Endosulfan sulph. z 0.00018 0.000014 no variation 
A 0.00018 0.000014 
H 0.00019 0.000014 
I 0.00022 0.000014 __ .. _____ .. ___ ............................ __ .................... _____ .,,. ______________ .., ____________ ..... ___ ......... __ 

Factors that might be expected to influence loss of a pesticide by volatilisation from soil include the vapour 

pressure of the pesticide, its concentration, rate of transport to the soil surface, adsorption on soil, the soil 

temperature and moisture content, and the velocity and turbulence of the air above the soil surface 

(Piimmer, 1976). Volatilisation of soil incorporated compounds is controlled by their effective pressure within 

the soil (Voogt and Jansson. 1993). Apparent vapour pressures of pesticides are significantly reduced by 

interac1ion with soil, mainly as a result of adsorption (Kurtz, 1990). For non-ionic or weakly polar herbicides, 

soil organic matter is the most important factor controlling the adsorption (Chesters et al., 1989). 

In soil Z, volatilisation was the main process implied in Tritluralin and Heptachlor disappearance. In this soil 

there is minimum adsorption, so that the apparent vapour pressure is practically the vapour pressure of the 
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active ingredient. Alachlor shows the opposite behaviour: its volatility is low, as shown by its relatively modest 

vapour pressure, but its degradation rate in soil Z, mainly a sand, was the lowest of the four soils. A reason for 

this may be the fact that the main route of degradation of Alachlor in soil is by micro-organisms (Chesters et al., 

1989), which were probably less abundant in sand than in the other organic-rich soils. 

Table 7.- Degradation DT50, in days, for different chemicals and in different soils. 

t • 1197h ea:penmen ltme: 

I Atti•e lqredicnt soilZ soil A soilH soil I mean std.dev std.err. cv J 
Ala<hlor 63 8 13 15 2481 25.80 12.90 1.04 
AuazJne 30 40 41 20 32.74 9.71 4.85 0.30 

Azinphos·mctbyl 20 4 5 12 10.28 7.13 3.56 0.69 
Carbaryl 4 4 4 20 7.89 7.87 3.94 1.00 

Chlorp)Tiphos 7 12 9 15 10.78 3.38 1.69 0.31 
Chi"'J')Tipbos-mclhyl 7 6 6 II 7.55 2.55 128 0.34 

Endo•ulflll-8 13 19 33 72 34.25 26.53 13.26 0.77 

Endosulfllll-1> 19 138 206 121.00 94.65 47.33 0.78 
Endosulfan-sulphale 164 151 !50 134 151.!0 13.01 6.50 0.09 

Heptachlor 8 222 53 96 94.83 92.03 46.02 0.97 

Metala•vl 17 16 10 14.50 4.o4 2.02 018 
Mc:tnbuzin 31 19 30 15 23.67 8.11 4.05 0.34 
Propoxur II 4 5 27 I 1.72 10.53 5.27 0.90 

Trillurnlin 8 72 35 45 39.93 26.57 13.28 0.67 

rnt-an 28.73 54.24 43.27 37.111 meanCV 0.61 
std.dov 41.87 72.18 60.08 39.03 

•td.err. 13.24 22.82 19.00 12.34 meanCV 
cv 1.46 1.33 1.39 1.03 1.30 

It could be useful to compare the present results with published data. One of the main sources of infonnation on 

pesticide DT50 is the SCS/ARS/CES Pesticide Properties Database (Wauchope et al.. 1992; Augustijn-Beckers 

et al.. 1994). The database gives figures on disappearance DT50 from the field, rather than degradation DT50, 

however to a first approximation (particularly in modelling) the half-life in the field is assumed to be equal to the 

degradation half-life. If so, pure degradation data should result in longer DTSO values than those from the field. 

A comparison is given in Table 8, together with the ralio between measured and lilerature values- The difference 

is roughly a factor of 2, with shorter DTSO values in the experimental series. This contrast may be due to the 

constant laboratory conditions. with high humidity, temperature and continuous light: all factors enhancing 

degradation Another possible reason could be the relatively short experimental period, which would lead to an 

overestimation of the degradation rate due to the rapid disappearance of some chemicals in the initial phase. 



Table 8.- Comparison between present (A) and literature database values (B) for disappearance DTSO. 

A B 
Active Ingredient DTSO obs DTSObib A/81'81.10 

Atrazine 32.7 60 0.55 
Metribuzin 23.7 40 0.59 
Azinpbos-methyl 10.3 10 1.03 
Cblorp. -methyl 7.6 7 1.08 
Propoxur 11.7 30 0.311 
Cblorpyriphos 10.8 30 0.36 
carbaryl 7.9 10 0.79 
Alacblor 24.8 15 1.65 
Endosulfan-a 34 50 0.68 
Endosulfan-6 95 250 0.38 
Heptachlor 121 
Trifluralin 40 60 0.66 
Endosul.fan sulph. 151 

Despite the evident limitations of the approach, -mild" and "hard" chemicals could easily be identified in the 

database series and in our experimental resuhs. For the purposes of simple modelling, the assumption that 

chemical properties are more significant in determining degradation than soil properties, seems acceptable, 

especially when extreme environmental conditions are excluded. 

Conclusions 

Degradation DTSO values obtained by laboratory studies were found to be related to published values. The 

properties of pesticides appears to play a major role in determining their degradability. Models based on 

standard soil properties may therefore be applied in predicting chemical behaviour. 
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