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Mass transfer of pesticides into the atmosphere
by volatilization from soils and plants: overview
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Abstract — Volatilization may represent a major dissipation pathway for pesticides applied to soils or crops, accounting for up to 90% of

the application dose in some cases. This paper collects and discusses recent data in the literature about this process. On the day of appli-
cation, pesticide volatilization rates ranged from 0-lag-h-* for prometton compound to 80k -h~ for fonofos, for example. In ge-

neral, pesticides are volatilized from plant surfaces to a greater extent and faster than from the soil. VVolatilization continues for from a
few days to several weeks (or sometimes even more), occasionally displaying a diurnal cycle. According to the experimental studies re-
ported in the literature, the main factors affecting this process during the first few days after treatment have been identified as follows: the
physico-chemical characteristics of the compound and the environmental conditions (temperature, soil moisture, nature of the soil or the
crop) are key parameters, along with management practices.

pesticides / volatilization rate / physico-chemical factors / environmental factors / agricultural practices

Résumé — Transfert de masse des pesticides dans I'atmosphére par volatilisation a partir des sols et des plantes : une synthése.

La volatilisation des produits phytosanitaires appliqués sur le sol ou les cultures peut représenter une voie de dissipation majeure, pou-
vant atteindre dans certains cas 90 % de la dose appliquée. Cet article présente et analyse les données récentes relatives a I'estimation des
flux de transferts de masse liés a ce processus. En ce qui concerne les pertes ayant lieu le jour de I'application, les taux de volatilisation
sont compris entre 0.1-lga-h~1a pres de 100-pa’-h~tselon le pesticide considéré. En général, la volatilisation depuis la surface fo-

liaire est plus importante et plus rapide que depuis la surface du sol. La volatilisation s’échelonne de quelques jours a plusieurs semaine
(parfois plus), suivant parfois un cycle diurne. Les principaux facteurs conditionnant ce processus quelques jours apres le traitement sont
présentés atravers divers résultats expérimentaux présentées dans la littérature. Les facteurs clés sont les caractéristiques physico-chimi-
ques du composé, ainsi que les conditions environnementales (température, contenu en eau du sol, nature du sol et de la culture) et les
pratiques culturales.

pesticides / taux de volatilisation / facteurs physico-chimiques / facteurs environnementaux / pratiques culturales
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1. INTRODUCTION Strictly speaking, volatilization is the physico-chemical
process by which a compound is transferred to the gas

. L . , phase. It can result from evaporation from a liquid phase,
After field application, pesticides enter the various ¢ plimation from a solid phase, evaporation from an

environmental compartments: the ground and surface,q,eous solution or desorption from the soil matrix. The
waterg,soﬂ, plants and the atmosphere [44].The|roccu.r-tr(,jmsfer of a compound from a compartment (soil or
rence in the atmosphere [4] can occur as a result of drift plant) into the atmospheric compartment involves sev-

during application or, subsequently, volatilization from - g4 steps, including not only these phase transformations

soil, plants or surface water and by wind erosion. Pesti- )+ a|so transport processes. The terahatilization as
cides may still be observed in the atmosphere after the ;sed nere represents the global outcome of all the pro-

treatment period has apparently ended in aregion. Manycesses leading to the transfer from the soil or plant com-
observations and experimental studies highlight the CON-partment into the atmosphere.

tribution of volatilization to atmospheric contamination. ) N e
Indeed, this process may continue for several days or As illustrated in Figure 1, volatilization is one of the
weeks after treatment, and even go on for several monthg?@thways of the pesticide after it has penetrated the soil
in the case of particularly persistent pesticides (organo-©"_Plant. The involved processes include interactions
chlorines for example). As a result, it causes the transferWith the soil matrix, and transport and transformation
of significant fractions of applied chemicals [40] from Processes. Some of these processes are competitive,
the treated surfaces into the atmosphere. Once they entef€ading to the restriction, delay or conversely, promotion
the atmosphere, chemicals may be transported over largé! Other processes. Pesticides are low-volatile to semi-
distances. In some cases, (e.g. atrazine, mecoprop o°latile compounds (except fumigants, which are vola-
azinphos-methyl), subsequent atmospheric deposition_tlle). They are therefore distributed into all phases: sol-
may significantly contribute to surface water pollution 1dS liquids and gases. This partition depends on the
[12]. physico-chemical properties of the compound. It deter-
Before going any further, the definition of the term mines the main routes of the pesticide transport. The vol-
volatilization as used in this paper should be clarified. atilization process can thus be expected to be directly and
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Figure 1. Major processes involved in the behavior of pesticides after their application to soil or plgn®,. &hd G represent the
pesticide concentrations in the gas, agueous and solid phases respectively.
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indirectly controlled by physico-chemical, environmen- counted for as much as 90% of the application dose, de-
tal and management-related factors. pending on the compound and environmental conditions.

Most of the studies on pesticide volatilization from For some compounds, such as trifluralin or lindane, as
soil or plants were carried out in the USA in the early Much as 90% of the application dose was lost within a
1980s [13, 18, 35, 40...]. They provided some informa- weekthrough volatilization. For others, such as atrazine,
tion on the behavior of certain compounds, such as thethe cumulative losses after 24 days corresponded to
organochlorine pesticides, for instance. New compounds@bout 2% of the application dose. This behavior could
may now be in use, which means that further investiga- partly be e>_<p_|a|ned by the physico-chemical characteris-
tions are called for. Since the early 90s, Van den Berg tics of pesticides, such as vapor pressure or Henry’s law
[41], Pattey et al. [31], Bor et al. [7] and Stork et al. [38, constant (which is the partition coe.ff|C|ent. between gas-
39] extended the study of the volatilization process. €0Us and aqueous phases), as will be discussed below.
However, these studies were done under different condi- The volatilization of trifluralin or lindane is more intense
tions and using different methods which makes it diffi- than that of atrazine or simazine, presumably because of
cult to synthesize the different results obtained. large differences in the|r_ Henr_y’s law constant (4.03 and
.134 Pam®mol™ for trifluralin and lindane respec-
vely, versus 2.8% 10 and 3.43x 10™ for atrazine

aper focuses on the order of magnitude of the emissionand simazine respectively [25]). Even for a given chemi-
pap 9 cal, total losses may differ due to differences in environ-

flux and its time span. The second part of this paper ad- mental conditions or agricultural practice (e.g. soil water

dresses.question_s.about the factors — metgorological an%ontent soil type, tillage). For example, the cumulative
pedological conditions, management practices — YOVern- atilization of chlordane within 2 days reached 50% in

:/Uﬁ’l i?e t\cl)ogitsmvi:r“?hnegerzocjzzti%r;\i fgi'ﬁér}}eg?(gf'?ﬂzxge the case of a moist fallow silt loam soil compared to only
y d 9 2% from a dry fallow sandy loam [40].

ferent behavior patterns observed experimentally.

The purpose of this paper is to address the questions;)i
related to pesticide volatilization. The first part of this

Table | shows the values of average losses during the
day of application reported by various authors [49].
Quantitatively, pesticide volatilization rates ranged from
a few gha®d™ to nearly 2000 dha®d™, depending on
the considered pesticide and the application dose. Bor
et al. [7] used the aerodynamic method to estimate vola-

the volatilization of chemical compounds: micro-meteo- tiIi_zation for 14 days after application of triallate, para-
rological methods reviewed by Majewski [26], semi- thion and ethoprophos (applied separately) on a sandy
field systems (volatilization chambers or wind-tunnels) SOIl- The highestfluxes were found on the day of applica-
and laboratory systems. Comparison of the results ob-ti0n and can be summarized as follows: the order of mag-
tained by these different experimental methods (recently Nitude of the measured fluxes estimated with a 1-h
discussed by Van den Berg et al. [43] falls outside the S&MPling on the day of application, one day after and 2-h
scope of this discussion. Volatilization can occur as soon SaMPling fourteen days later were respectively for
as the surface has been sprayed. Little is known aboutt'ia/late 42 gha™h~, 6 gha™h ,a[?und 1 ¢ha™h(for

this early flux, as measurements do not usually begin " application dose of 14801gr’); for ethroprophos

1 -1 11 11 ;
until a few minutes after the treatment. Consequently 28 $ha™n™, 2.5 gha _'P ,around 1 gha™h (ap_Fi“(i?'
we cannot attempt to include the transfer occurring tion dose of 1660 &ia”) and for parathion 5 ga-h™,

11 1l o
immediately after application in the discussion that fol- 0-> gha™h™ and 0.4 gha™h™ (application dose of
lows. Fumigants are not included in this discussion. 1720 gha’). At the end of the observation period, vola-

tilization can continue, because a substantial fraction of

pesticide remains in the topsoil.

2.1. Volatilization from soils Three weeks after application, Glotfelty et al. [15] ob-
served a volatilization rate from bare soil of about
Taylor and Spencer [40] summarized cumulative 2 gha™d™ for alachlor, 0.6 ¢ha™d™ for atrazine,
losses, expressed as a percentage of the application dos®,5 gha™.d™for simazine and 11-ga™*d™ for toxaphene.
from studies carried out by several authors, mostly in the However, as the environmental conditions on that day
USA. Several of the compounds involved (such as the were unfavorable for volatilization, these values can be
organochlorines) are now banned. Volatilization ac- considered as low fluxes.

2. OBSERVED VOLATILIZATION RATE

Various methods have been developed for studying
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Table I. Fluxes observed from soil just after treatment (within 12 to 24 h) after Woodrow et al. [49].

Compound Flux Application Wind Temperature Method of

(g-hat.d™ Dose (gha?) (m-s™) (°C) determination
Herbicides
Trifluralin 1440 2840 ns* 19-30 Micro-meteorological
Atrazine 20 2500 0.08 5-35 Residue analysis
Insecticides
Fonofos 1919 5300 ns 11-32 Micro-meteorological
Diazinon 6 1500 0.8-1.3 ns Micro-meteorological
Lindane 242 1500 0.8-1.3 ns Micro-meteorological
Chlorpyrifos 22 1500 0.8-1.3 ns Micro-meteorological
p.p’ DDT 11 1300 1.6-1.7 30-34 Micro-meteorological
Prometon 3 ns 0.3 25 Residue analysis
Dieldrin 69 2500 0.08 5-3 Residue analysis
Fungicides
PCNB 958 2500 0.08 5-35 Residue analysis

/ Residue analysis of treated matrix.
* ns: not specified.

Using the Relaxed Eddy Accumulation method, mental conditions were unfavorable to pesticide volatil-
Pattey et al. [31] measured fluxes on the day of applica- ization from soil. Riidel and Waymann [32] found that 38
tion of about 23 gha®h™ (for an application dose of to 58% of the application dose of lindane was volatilized
1150 gha™) for trifluralin, and 31 gha®h™ (application from bean leaves versus 28% from soil in a wind tunnel.
dose: 1700 dna’) for triallate, without incorporation.  Rudel [33] found that the volatilization rates of methyl
Maximum fluxes were observed during the 1-h sampling parathion, endosulfan and fenpropimorph were 5 to 13
period following application by Cessna et al. [9], who re- times greater from plants compared to soil. For lindane
ported a value of 6.3-ga™h™ after trifluralin incorpora- and trifluralin, this ratio was only to 2 and 1.5 respec-
tion into the soil (application dose of 656hgr™). tively. Several possible explanations for these differ-

ences in the volatilization from soils and crops have been
proposed [45]:

— turbulence above and inside the foliar coverage in-
creases the convection exchange rate between leaves
Pesticide volatilization from plant surfaces may occur  and air;

very quickly after treatment [47]. Volatilization of more  _ hagicideleaf interactions may be different from pesti-
than 90% of the application dose was observed. Even  ige/soil interactions, with a much higher adsorption
though the rate of volatilization from plants seems to be  , soil than on plants. This explanation is also sug-
higher than that from soil, little data is available, as gested by Boehncke et al. [6];

pointed out by many authors [43]. Gottschild et al. [16]
reported data collected by Siebers in 1993 showing that™
volatilization of lindane within the first 24 hours after
treatment is much greater from sugar beet leaves than
from bare soil (89% and 13% of the application dose re-  Cumulative volatilization fluxes, as a percentage of
spectively). Similar results were reported by Boehncke the application dose, were given by Jansma and Linders
et al. [6] for deltamethrin and lindane, but the interpreta- [19]. The authors quoted values for mevinphos, lindane
tion of their data is hindered by the fact that the experi- and deltamethrin obtained by Boehncke et al. [6] using

2.2. Volatilization from plants

water evaporation may also be different from leaves
and soil (due to differences in temperature or moisture
levels).
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anindirect method (residue analysis). Whatever the char-versus 2.4 dna™h™, 6.6 hours after treatment (aerody-
acteristics of the crop (species, canopy structure, planthnamic method). Seven days after application, fluxes
age), the volatilization kinetics of lindane or mevinphos ranged from 0.07 $ia*h~ to 0.19 gha™h™, and para-
showed a similar pattern. 30 to 50% of lindane may dis- thion residues on foliage were low, suggesting that vola-
appear within one hour after treatment. This fraction rose tilization may have been complete. For chlorothalonil,
to 88—97% after three days. These data were all obtainedshortly —after application fluxes were around
in the same study, which makes it possible to compare0.62 gha™h™ and decreased to 0.41.hgrh™ seven
the behavior of deltamethrin, lindane and mevinphos. days later. At the end of the experiment, chlorothalonil
The degree of volatilization seemed to be quite closely residues on foliage were still high, suggesting that vola-
correlated with vapor pressure (vapor pressure was aboutilization could carry on. These results show that
2x 10° 5x 1073 8x 102 Pa, respectively). Boehncke chlorothalonil behaves quite differently from any of the
et al. [6] pointed out this correlation, which may only ex- previously mentioned compounds.

ist just after application. Over longer periods, the nature | some cases, no volatilization was detected. Kubiak
of the leaves seems to interfere. et al. [22] studied the volatilization of isoproturon
sprayed on French beans both in the field and in a volatil-
ization chamber. No fluxes were detected in the field, and
only a low flux in the volatilization chamber.

Woodrow et al. [49] reported volatilization rates
(Tab. I) observed on the day of application (within 12 to
24 h). The range of values is large. For a given chemical,
these rates cannot be compared directly to the fluxes
given in Table | for volatilization from soil, as the condi-
tions and measurement methods are different (exceptfor 3. FACTORS GOVERNING
p,p’—DDT). THE VOLATILIZATION PROCESS

Smelt et al. [34] found a volatilization rate of

fenproprimorph from sugar beet leaves of 20.7ag-h™ Most of the pesticide volatilization rates and time
during the first hour after treatment. This flux decreased courses described above were observed in the field. Con-
slightly with time on the day of application (under rather sequently, they reflect the combined influence of several
constant meteorological and crop management condi-factors: the physico-chemical properties of the com-
tions) and more rapidly on the next day (2.h@>h™). pounds, the environmental conditions and the manage-
Van den Berg et al. [42] observed that the rates of volatil- ment practices. Figure 2 summarizes the main factors
ization of parathion applied to potato were highest just involved in volatilization from soil. A similar diagram
after application: 14 ¢na™-h™ one hour after application  could apply to volatilization from plant foliage. As these

Table Il. Fluxes observed from plants just after treatment (within 12 to 24 h) Woodrow et al. [49].

Compound Flux Application Wind Temperature Method of
(g-hatd™) dose (gha?) (m:s? (°C) determination
Herbicides
2,4-D (wheat) 160 500 2.6 23-31 Micro-meteorological
Pendimethalin (turfgrass) 247 3400 ns* 22 Micro-meteorological
Trifluralin (weedy turf) 381 2500 ns ns Residue analysis
Insecticides
Diazinon (dormant peach orchard) 218 4500 0.8-1.1 ns Residue analysis
p.p’— DDT (cotton) 11 1300 1.6-1.7 30-34 Micro-meteorological
Toxaphene (cotton) a47.7 3730 1.6-1.7 30-34 Micro-meteorological
Dieldrin (weedy turf) 41.25 2500 ns ns Residue analysis

/ Residue analysis of treated matrix.
* ns: not specified.
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parameters are closely linked and interact with each characteristics vary by several orders of magnitude from
other, their combined effects on the volatilization pro- one compound to another: betweer"land 100 Pa for
cess are far from linear. We will now analyze the contri- saturated vapor pressure and between™ land
butions of the main factors determining the volatilization 10* mg.L™ for water solubility. The importance of the
rate and dynamics. This will be done on the basis of data physico-chemical properties of the pesticide can be out-
obtained in semi-field systems such as volatilization lined using the screening model developed by Jury et al.
chambers [35], micro-agroecosystems [27—30] and wind [20]. According to these authors, the duration, intensity
tunnels [17, 22, 33, 38, 39, 42, 45]. These systems allowand time course of the volatilization process from moist
the study of the determinism of the process of soil depends mostly onthe Henry’s law constant, ®n
volatilization. The data obtained may be representative this basis, Jury et al. have defined 3 categories of pesti-
of fluxes on the field scale, provided some precautions cide: category | comprises highly volatile pesticides,
are taken. with a non-dimensional K>> 2.65x 107 category II,
moderately volatile pesticides with intermediate values
of K, and category lll, slightly volatile pesticides with,K
<< 2.65x 10°° For pesticides with a high K(category
), the volatilization rate is highest just after application,
The physico-chemical characteristics of the com- and then decreases at a rate dependent on whether soil
pound play a key role in determining how it behaves af- water is evaporating or not. Most organochlorine pesti-
ter application. Vapor pressure, water solubility (and cides belongto category |. Pattey et al. [31] found that the
thus the Henry’s law constant) and adsorption coeffi- volatilization fluxes of trifluralin and triallate (class I)
cient (soil/water partition) are the most relevant. These decreased by a factor of three within 4 days. Such

3.1. Physico-chemical characteristics of pesticides

Active ingredient

- Water content

- Temperature

- Soil density

- Clay content

- Organic Matter content
- pH

Soil properties Application date

characteristics
Henry’s law
- Vapour pressure constant
temperature, - Solubility
- Adsorption coefficient
- Molecular mass
- Chemical nature and
reactivity
Agricultural
Meteorological practices
conditions Volatilization rate :
- Temperature - Transfert coefficient - Application dose
- Solar radiation - Concentration at - Application date
- Rain/dew a given location - Ploughing
- Humidity - qumulatlon.
- Wind/turbulence choice

Figure 2. Parameters involved in the volatilization rate from soil. Arrows represent the different interactions. As vapor pressure, solubil-
ity or adsorption coefficient are temperature-dependent, an arrow joins the ‘meteorological conditions’ box to the ‘active ingredient
characteristics’ box.
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behavior in a study lasting two days has also been re-flux during the first few hours after application often cor-
ported by Cessna et al. [9] for trifluralin, and by relates with the vapor pressure of the compound [49].
Majewski et al. [24] for trifluralin and triallate. Accord- However, using this kind of correlation, Jansma and
ing to this model, pesticides belonging to category Ill Linders [19]found discrepancies with experimental data,
tend to accumulate on the soil surface as water evapo-and concluded that further investigations are needegd. K
rates from soil, so that volatilization increases with time, is also an important parameter that must be taken into ac-
or slowly declines if water evaporation does not occur. count in describing the sink process of adsorption by
Spencer et al. [36] and Spencer and Cliath [37] validated plant foliage.
t_his classification into 3 categories for prometon and  ag 4 whole, the correlations between physico-chemi-
lindane. cal characteristics and the flux rates may be valid on the
Vapor pressure is also expected to be a key parametefirst day after application, because of the wide range of
governing pesticide volatilization. Nash [27] investi- the physico-chemical characteristics of pesticide. They
gated its effect on the volatilization rate from soil, usinga give an order of magnitude of the flux occurring after ap-
so-called “micro-agroecosystem”. He found that all pes- plication. However, if one wants to describe its time
ticides behaved similarly immediately after application, course, on the diurnal scale for example, environmental
with the volatilization rate being halved after 8 hours. conditions need to be considered, as described in the next
Compounds with higher vapor pressures (heptachlor,section. These correlations are also limited by the fact
trifluralin and lindane) had initially high volatilization  thatthe pesticides applied to soil or crops are commercial
fluxes, (>30 gha'.d™) which decreased rapidly. In con- formulations, whereas vapor pressure, aqueous solubility
trast, the volatilization of pesticides with lower vapor and adsorption coefficient are characteristics of the ac-
pressures (dieldrin, eldrin, DDT) was initially lower tive ingredient. Since little is known about the differ-
(<10 gha®d?) and then decreased more slowly. All ences between the physico-chemical properties of the
these pesticides belong to Jury’s category |, and the be-applied formulation versus those of the active ingredient,
havior observed by Nash is consistent with Jury’s classi- Volatilization predictions are highly uncertain.
fication.

Bor et al. [7] found that volatilization rates correlated
with pesticide concentration in the air phase of the soil,
but not with vapor pressure at 26. Using the average
daily volatilization rates, they estimated the following . .
cumulative losses after 14 days: triallate (29%)>  3-2.1. Atmospheric conditions
ethoprophos (24%) > parathion (4%), (triallate belongs
to Jury’s category |, whereas ethoprophos and parathion
belong to class Ill). However, the cumulative fluxes
shortly after application were not directly related to their
Henry's law constant. According to the authors, this may
be due to the three pesticides not being applied at exactl
the same time. Consequently, the adsorption of the first
pesticide applied to soil matrix may have already begun,
limiting its volatilization.

3.2. Environmental conditions and agricultural
practices

A higher air temperature tends to favor volatilization
from plants and soils, because the vapor pressure of the
compound over an aqueous solution is exponentially
temperature dependent. A 10 increase in temperature
yIeads to a three- to four-fold increase in vapor pressure

for most pesticides [37]. Nevertheless, interactions with
soil temperature and humidity may limit this effect as
will be discussed below. In the case of an application on
vegetation, an increase of6 can lead to an increase in

When the adsorption of the pesticide molecules on the the volatilization rate by a factor of 8, in the case of 2,4-D
soil matrix is significant, the adsorption coefficienj &t applied to barley [8]. A similar pattern has also been ob-
Ko.must be taken into account (ks defined as the parti-  served by Van den Berg et al. [42] for parathion applied

tion coefficient of the pesticide between the agueous andto a potato crop in a volatilization chamber and by Smelt
the solid phases of the soil s the partition coefficient et al. [34] and Stork et al. [38].

related to soil organic carbon). For this reason, Woodrow
etal. [49] and Jansma and Linders [19] includeghken

determining a relationship between the volatilization rate
and the physico-chemical characteristics of the pesticide.

The volatilization rate increases with wind velocity.
Waymann and Ruidel [45] found that for wind velocities
increasing from 0.4 to 1.7 1=, volatilization from soil
increased from 12 to 31% of the application dose for

To our knowledge, no such classification has yet been lindane. Wind speed seems to have the same influence on
derived for volatilization from plants. The volatilization pesticide volatilization from plants as from soil: an
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increase in wind velocity increases the volatilization rate, triallate), unless infiltration becomes significant and
even if atmospheric concentrations are lower. Waymannleaches the pesticides downward [7]. Rain washes out
and Rudel [45] found 62% of lindane volatilized from pesticide present on the leaf surface to an extent which is
French beans over 24 h at a wind velocity of Ztver- inversely proportional to the time between the applica-
sus 52% at a velocity of 0.4 11 A similar pattern was  tion and the occurrence of rain. The amount of rainfall
also observed by Breeze et al. [8] for 2,4-D applied to seems to determine the degree of pesticide washoff from
barley leaves. The impact of turbulence was observed byplants to a greater extent than its intensity, especially if it
Harper et al. [18], who noted that in the case of toxapheneoccurs within 24 hours after application. In the case of
and DDT applied to cotton crop, lower turbulence led to methyl parathion and fenvalerate applied to cotton fo-
lower volatilization. liage, the mean amounts of pesticides washed off were
related to the square of the mean insecticide loads on the
plants and decreased with time [48]. Rain can also en-
hance pesticide penetration into the leaves, depending on
the amount of rain, the time between its occurrence and
treatment, the solubility of the pesticide or its formula-
tion and the nature of the leaf [47]. This penetration pro-
cess competes with the volatilization process.

Air humidity seems to favor volatilization from soil:
Grass et al. [17] observed that at relative air humidities of
31, 49 and 78% in a wind tunnel, the percentage of
trifluralin volatilized over the first day was 66, 64 and
96% respectively. However, we can assume that this ef-
fect is rather complex, and is related not only to relative
humidity but also to surface dryness. When pesticide is
applied to a crop, a low relative humidity will cause the
leaves to dry out more quickly than they would at a
higher air humidity. This favors adsorption of pesticide
molecules on the leaf surface [42]. Higher air humidity
therefore promotes both adsorption of the pesticide by  The temperature is a key parameter influencing pesti-
plants and its volatilization. cide volatilization as pesticide physico-chemical proper-
. . e ties are temperature-dependent. A temperature increase

Solar radiation affects pesticide volatilization from .o, e expected to enhance volatilization, however this
soil and plants and this aspect is discussed in the sectior, o qyior s limited by soil dryness. Soil drying tends to
dealing W|th the diurnal c_:ycle. It is also involved in the promote the adsorption of the pesticide onto the soil ma-
photochemical degradation of the molecules on the sur-yjy ths limiting its availability for transport to the soil
face, which is a sink process. surface. Taylor and Spencer [40] pointed out the complex

The impact of atmospheric factors all together may be interactions between pesticide vapor density and temper-
non-linear. Data collected during one day in the case of ature. They showed that, for a given increase in tempera-
trifluralin applied to bare soil in a wind tunnel reveal ture, pesticide vapor density in the soil increases less
complex interactions between wind speed, air tempera-above saturation than at saturation. Alvarez-Benedi et al.
ture and air humidity [17]. The lowest volatilization rate [1] investigated the competition between sorption and
occurred under intermediate climatic conditions. Harper volatilization of terbutryn from two soils (a sandy and a
et al. [18], studying toxaphene and DDT volatilization loamy soil) and at two temperatures (15 and’@$, in a
from cotton plants, found that correlations between flux volatilization chamber for 50 days. The volatilization
density and microclimate variables appeared to be rate was clearly enhanced by an increase in temperature
weaker thirty days after application than during the first (cumulative loss of about 6% at 26 versus less than
few days after treatment. According to the authors, 1% at 15°C for a sandy soil). Nash and Gish [29]
volatilization at this stage seems to be governed more byobserved that, between 5 and®5 an increase of 1tC
pesticide residue on leaves and its distribution than by at-in  soil temperature increased the volatilization of
mospheric variables. Moreover, any decrease in wind ve-halogenated pesticides applied to moist soil by a factor of
locity increases the temperature of the leaves (a priori 1.8. Similarly, Harper et al. [18] found a hyperbolic rela-
increasing volatilization), but at the same time it modi- tionship between the volatilization rate (per unit of pesti-
fies the rates of transpiration and the evaporation of sol- cide load) of toxaphene applied to a cotton crop and the
vents in the herbicide droplet. The effects of these factors leaf temperature {=0.79).
on pesticide uptake by leaves remain to be elucidated [8].

3.2.2. Soil and leaf temperature

Temperature gradient in soil is expected to influence
Rain and dew modify soil humidity by rewetting the pesticide volatilization because of its effect on water and

soil surface, thus increasing pesticide volatilization (as pesticide movement. According to Jansma and Linders

observed by Majewski et al. [24] for trifluralin and [19], there is a lack of data dealing with this process.
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3.2.3. Soil water content and water transfer observed, and that the key factors governing this cycle
are primarily solar radiation and atmospheric stability,

Volatilization tends to increase with increasing soil and also soil surface moisture: in a moist soil, the volatil-
water content. Several authors noticed this behavior [7, jzation rate is higher around midday and early afternoon;
14, 21, 23, 37, 40]. Using a volatilization chamber, \hereas in dry soils, the rates are higher in the early
Chérif and Wortham [10] found that after 26 days 11% of morning or evening hours due to greater surface water
the lindane initially adsorbed had volatilized from a wet cgntent due to dew formation or capillary flux. Pattey
soil versus 0.8% from the dry soil. When the soil is dry, et al. [31] found a correlation between the volatilization
volatilization is generally low and may become negligi- of triallate or trifluralin and latent heat flux, both peaking
ble, leading Jansma and Linders [19] to mention a “dra- jn the morning. These authors gave no indication of soil
matically” reduced rate under dry conditions. The mojsture. During their 5-day experiment, Majewski et al.
explanation for this is not straightforward and depends [24] found a diurnal pattern, with high volatilization rates
on the chemical nature of the pesticide. The increase induring the ear'y morning hours just after Sur""ise7 a de-
volatilization with soil moisture may be a consequence of crease throughout the day and then a slight rise again just
a decrease in the number of adsorption sites available oryfter sunset. This pattern was related to the moisture con-
the soil matrix (some being occupied by the polar water tent of the topsoil layer, to dew formation in the morning
molecules) or due to the fact that these adsorption sitesang, in the early evening, to an increased movement of
are not accessible, due to the presence of a water film,sj| moisture to the surface. Clément et al. [11] observed
and that pesticide molecules, which have low water solu- 5 diurnal pattern for atrazine concentration in the atmo-
bility, cannot reach them. According to Nash [27], the gphere, with a peak value at mid-day (with no indication
soil water content seems to have a greater impact ongpout soil moisture), as did Glotfelty etal. [15], when soil
nonionic pesticides with low vapor pressures than on \as moist. When the soil was dry, Glotfelty et al. [15] did
pesticides with high vapor pressures. not observe any decrease of the flux at midday for

Water transfer contributes to pesticide transport in- atrazine applied as a wettable powder formulation. How-
side the soil matrix. The dynamics of the volatilization ever, in this case the transfer of pesticide into the atmo-
flux is therefore influenced by all the parameters that sphere was not due to post-application volatilization but
govern water transfer. Stork et al. [38], studying the vola- to wind erosion. The mechanism underlying this process,
tilization of terbutylazine and parathion methyl (Jury’'s which is primarily mechanical, is totally different from
category IIl) applied to bare soil, observed a diurnal pat- that of volatilization and so the factors involved can be
tern following soil water evaporation (in a wind tunnel). expected to be quite different.

However, Grass et al. [17] could not find any correla-
tion between trifluralin volatilization from soil and water
evaporation rate in a wind tunnel. In this case, high water
evaporation rates were associated with partial drying out
of the upper layer of moist soil, and this could have led to
a decrease in the volatilization rate.

Air temperature determines the evaporation of water
from soil and consequently the pesticide volatilization
rate for the pesticides which are primarily influenced by
water transfer in the soil. This has been reported by Stork
et al. [38] for terbuthylazine (Jury’s class Ill) applied to
i _ - ) bare soil, observing a diurnal pattern, with a higher vola-

The influences of atmospheric conditions, soil water tjjization rate during the day due to a higher temperature.
content, water and heat transfer on pesticide volatiliza- \/q|atilization is often assumed to be negligible [7] dur-

tion are therefore all closely interrelated. ing the night time.
_ A diurnal pattern has also been observed by Harper et
3.2.4. Consequences of the diurnal course al. [18] for the volatilization of DDT and toxaphene from
of the volatilization flux cotton, with peak fluxes occurring midafternoon. Corre-

lations were found between the rate of volatilization and
On the diurnal scale, a cycle has been reported by sevtemperature (air and leaf temperature), wind velocity,
eral authors for the volatilization of pesticides applied to and net radiation. Van den Berg et al. [42] also found a
soil, except on the day of application, when a peak of vol- higher volatilization rate from a potato crop in the after-
atilization just after the treatment may mask a possible noon of the first day after application, which was linked
diurnal cycle [7]. Studying alachlor, toxaphene, atrazine with high net radiation. Stork et al. [38] point out a simi-
and simazine volatilization, Glotfelty et al. [15] con- lar pattern for the volatilization of fempropimorph and
cluded that different patterns of diurnal behavior may be parathion-methyl from dwarf beans in a wind tunnel.
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However, this diurnal cycle is not always observed. Waymann and Ridel [45] under semi-controlled condi-
The complex interactions between the various parame-tions. The flux expressed in terms of mass per unit areais
ters governing the volatilization process lead to various proportional to the application dose, whereas the flux ex-
outcomes which may blur this general pattern. For exam- pressed as a percentage of the application dose does not
ple, Bor et al. [7] did not observe any diurnal cycle for increase with the dose. The interpretation of such results
triallate; this can be attributed to the climatic conditions is based upon the hypothesis of the existence of a thin
with low radiation. layer at the soil surface through which transport is medi-

ated solely by molecular diffusion. The validity of such a
representation, in which a layer becomes saturated with

3.2.5. Factors related to the nature of the saill pesticide is discussed by Van den Berg et al. [43].

or the plant

Some guidelines have been issued regarding condi-

Soil organic carbon content governs the adsorption of tions of application for several pesticides. For example,
Weak|y p0|ar or nonionic pesticides by the soil matriX, trifluralin must be incorporatEd into the soil within 1 day
which conditions their availability for transport to the after application. Whether the pesticide is incorporated
soil surface. Using a laboratory system, Lembrich et al. Or not will change its volatilization, as shown by results
[23] compared the behavior of terbutylazine applied to obtained in different studies reported by Taylor and
two types of soil: a Brown soil (weakly loamy sand) anda Spencer [40], and Jury and Ghodrati [21]. After incorpo-
Regosol (loamy sand). The first soil had a higher adsorp- rationto a depth of 2.5 cm, trifluralin losses by volatiliza-
tion coefficient for terbutylazine (i of 304 and 136 re-  tion reached only 22% in 120 days [40], which is rather
spectively), but its lower organic carbon content (1% 0w compared to the 90% losses for a surface application
versus 2.2% for the Regosol) resulted in a lower adsorp-©n moist soil referred to in the first part of this paper.
tion capacity. This could explain a greater cumulative o ] ]
volatilization. Over 10 days, 23% of the pesticide was ~ Formulation is also an important factor affecting the
volatilized from the Brown soil versus 7% from the Volatilization potential of an active ingredient [40, 46].
Regosol. Clay minerals are involved in the adsorption of Microencapsulation, for example, seems to limit the ex-
more polar or ionic pesticides. Alvarez-Benedi et al. [1] tent of volatilization [40]. Using drop or spray applica-
found that at a temperature of 28, volatilization was  tions can lead to different volatilization rates, as pointed
enhanced against sorption in a sandy soil compared to &2Ut by Lembrich etal. [23]. Under laboratory conditions,
loamy one. Other factors, such as pH or the bulk density the cumulative losses of terbutylazine from bare soil has

of the soil, can indirectly affect pesticide volatilization ©€en found to be higher after drop application than after
from soil. spray application (11.4% vs. 9% respectively). Droplet

size governs the competition between absorption by
Splant surfaces and volatilization: small droplets tend to
evaporate more quickly than larger ones, and larger ones
tend to be absorbed faster [3, 8].

Regarding pesticide volatilization from plant sur-
faces, pesticide persistence on foliage depends on it
wettability which is a function of the nature and age of
the leaf, the stage of development of the leaf surface
(waxy cuticle) and_the denSity and hei_ght of th'? canopy. Tillage modifies soil properties such as the porosity,
As a!'feady mentloned n _th_e section dealing with the organic carbon content (incorporation of plant resi-
physico-chemical characteristics, pesticide may adsorby a4y “the soil moisture distribution and the soil tempera-
on plant surfaces [40], and this is dependent on the Char'ture. So it can be expected to have an impact on the

acteristics of the lea. intensity or the dynamics of pesticide volatilization [14,
46].
3.2.6. Agricultural practices Pesticide distribution on foliage governs the intensity
of volatilization: while the pesticide deposit still forms a
Crop management includes the date and dose of appli-continuous film over the whole surface, the volatilization
cation, the choice of the formulation, spray droplet size, flux is expected to depend only on the vapor pressure of
irrigation, pesticide incorporation and ploughing. The the compound and on its molecular diffusion properties,
application date may be important with regard to atmo- whereas once the deposit breaks down and forms little is-

spheric conditions. The effect of the application dose on |ands, the volatilization flux will depend on the amount
volatilization from soil has been investigated by remaining [40].
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4. CONCLUSION observed experimentally calls for the development of
mechanistic models. These are particularly relevant in
the case of pesticides, due to the large number of com-

The studies reviewed in this paper show that the pesti- pounds used. These models can be expected to be helpful

cide mass transfer occurring by volatilization is a major in deriving a pesticide volatilization classification sys-
dissipation pathway for some compounds, sometimes ac-tem.
counting for as much as 90% of the application dose. The  Acknowledgements: The authors would like to thank La
general pattern of volatilization has been reported for société de Secours des Amis des Sciences for their contribution
several compounds under particular sets of conditionsin funding this work.
(environmental, agricultural practices). Volatilization
may last for a period of several days to a few weeks (or
sometimes even longer), and sometimes exhibits a diur-
nal cycle. The main factors affecting this process a few
days after treatment have been identified as the physico-
Chemlpal characteristics of t.he cqmpound, environmental [1] Alvarez-Benedi J., Tabernero M.T., Atienza J., Bolado
Condl_tlons (t_emperature, S_O'I moisture) a_nd managements_’ A coupled model representing volatilization and sorption of
practices. Diurnal pattern is correlated with temperature, soil incorporated herbicides, Chemosphere 38 (1999)
solar radiation and atmospheric stability, but also with 1583-1593.
soil moisture in the case of volatilization from soil. [2] Asman W.A.H., Modelling atmospheric transport and
However, several questions remain. It is sometimes deposition of pesticides up to 2 km from a source, National Envi-
difficult to identify a single dominant factor. It is often ~"°NMental Research Institute, Roskilde, 1999.
difficult to compare data — sometimes due to a lack of  [3] Barthélémy P., Bouvier J.L., Jouy L., Technique de pul-
data — such as the dose actually applied, or the environ-vérisation : Comment limiter la dérive ? Perspect. Agric. 194
mental conditions of observation. A useful classification (194 79-87 _ _
of the different pesticides on the basis of behavior pat- _ [4] Bedos C., Cellier P., Calvet R., Barriuso E., Occurrence
terns therefore remains to be produced. Some pesticideggpigt'c'des in the atmosphere in France, Agronomie 22 (2002)
are persistent in the soil after being applied. We stilldo =~ o S
not know whether they can be transferred into the atmo- __[5] Bidleman T.F., Exchange of pesticides, Water Air Soil
sphere a long time after their application, as discussed byPOHUt' 115 (1999) 115-166.
Bidleman [5] in the case of organochlorine compounds.  [6] Boehncke A., Siebers J., Nolting H.G., Investigations of
Even though volatilization seems to occur to a greater ex- the evaporation of selected pesticides from natural and model
. surfaces in field and laboratory, Chemosphere 21 (1990)
tent and at a faster rate from plants than from soil, there ;149 1704,
have been fewer studies on plants. We have also found [7] Bor G., Van den Berg F., Smelt J.H.. Smidt R.A., Van de
that few fungicides have been investigated. Virtually oo 0 0 A E. Leistra M., Volatilization of triallate, etho-
nothing is known about the volatilization of metabolltes.. prophos and parathion measured with four methods after
The effect of adjuvants is poorly documented, and this spraying on a sandy soil. SC-DLO, Agricultural Research Depar-
leads to some difficulties in interpreting the observa- tement, Winand Staring Centre for Integrated Land, Soil and
tions. Even the physico-chemical properties of the active Water Research, 1995, 61 p.
ingredient are sometimes not well established and the [8] Breeze V.G., Simmons J.C., Roberts M.O., Evaporation
ways they depend on temperature are not known with anyand Uptake of the Herbicide 2,4-D-Butyl applied to Barley Lea-
accuracy. According to Asman [2], uncertainty by a fac- ves, Pestic. Sci. 36 (1992) 101-107.
tor of 10 is not uncommon. The lack of reliable data is [9] Cessna A.J., Kerr L.A., Pattey E., Zhu T., Desjardins
pointed out by several authors, such as Bidleman [5] for R.L., Field comparison of polyurethane foam plugs and mini-tu-

example, who adds that these data are usually provideddes containing Tenax-TA resin as trapping media for the aerody-
for only one temperature. namic gradient measurement of trifluralin vapour fluxes, J.

Chromatogr. A 710 (1995) 251-257.

Progress could be made by means of a global ap- 10 cherif S., Wortham H., A new laboratory protocol to
proaC_h covering all the processes Of_ transport, sourcesmonitor the volatilization of pesticides from soils, Int. J. Envi-
and sinks that interact with volatilization. They have to ron. Anal. Chem. 68 (1997) 199-212.

be taken into account when attempting to identify other [11] Clément M., Arzel S., Le Bot B., Seux R., Millet M.,

factors which may directly or indirectly affect volatiliza- ~ Adsorption/thermal desorption-GC/MS for the analysis of pesti-
tion. The interpretation of the different behaviors cides in the atmosphere, Chemosphere 40 (2000) 49-56.
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