Terry R. Roberts, Jeremy S. Dyson, and Michael C. G. Lane

JSC International,OsborneHouse,20 VictoriaAvenue,Harrogate,
NorthYorkshireHG1Say, United Kingdom,and Environmental
Safety,Jealott'sHill InternationalResearchCenter,Syngenta,
Bracknell,BerkshireRG426E, UnitedKingdom

Reprintedfrom
Volume50, Number13, Pages3623-3631

JOURNAL

OF

J. Agric.Food Chern.2002, 50,3623-3631 3623

AGRICULTURAL
~

REVIEWS
Deactivationof the Biological Activity of Paraquatin the Soil
Environment: a Reviewof Long-TermEnvironmentalFate
TERRYR. ROBERTS,t
JEREMYS. DYSON,;ANDMICHAELC. G. LANE*';
JSC International. OsborneHouse. 20 Victoria Avenue. Harrogate. North Yorkshire HG15QY, United Kingdom. and
Environmental Safety. Jealott's Hill International ResearchCenter. Syngenta.Bracknell. Berkshire RG426E, United Kingdom

During the many years of paraquat usage, wide ranges of investigations of its environmental impact
have been conducted. Much of this information has been published, but key, long-term field studies
have not previously been presented and assessed. The purpose of this review is to bring together
and appraise this information. Due to the nature of paraquat residues in soils, the major part (some
99.99%) of a paraquat application that reaches the soil within the typical Good Agricultural Practice
(GAP) is strongly adsorbed to soils of a wide variety of textures. This is in equilibrium with an extremely
low concentration in soil solution. However, the paraquat in soil solution is intrinsically biodegradable,
being rapidly and completely mineralized by soil microorganisms. The deactivation of the biological
activity of paraquat in soils, due to sorption, has been investigated thoroughly and systematically. It
is recognized that the determination of total soil residues by severe extraction procedures provides
no insight into the amount of paraquat biologically available in soil. Consequently, the key assay
developed for this purpose, namely, the strong adsorption capacity-wheat
bioassay (SAC-WB)
method, has proved to be valuable for determination of the adsorption capacity relevant to paraquat
for any particular soil. This method has been validated in the field with a series of long-term (>10
years) trials in different regions of the world. These trials have also shown that, following repeated
applications of very high levels of paraquat in the field, residues not only reach a plateau but also
subsequently decline. This demonstrates that the known biodegradation of paraquat in soil pore water
plays an important role in field dissipation. The biological effects of paraquat in the field have been
assessed under unrealistically high treatment regimes. These trials have demonstrated that the
continued use of paraquat under GAP conditions will have no detrimental effects on either crops or
soil-dwelling flora and fauna. Any such effects can occur only under extreme use conditions (above
the SAC-WB), which do not arise in normal agricultural practice.
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INTRODUCTION

The herbicideparaquat(1,1'-dimethyl-4,4'-bipyridiniwndichloride) has been widely used in agriculture for over 40 years. It
is approvedfor use in morethan 100countries,asa nonsystemic
contact herbicide for green vegetation. Paraquat is a total
vegetative control herbicide that is very strongly adsorbedto
soil and, as a result, biologically deactivated.
Its usesare extremelyvaried; examplesinclude the protection
of soybeans,cereals,and cotton in North America; rice in China;
and plantationcrops suchas oil palm in Malaysia. potatoesand
greenvegetablesin the United Kingdom, and coffee in Brazil.
* Correspondi~g
author(e-mailmike.lane@syngent:l.com).
t JSC

international.

* Syngenta
Limited.

crop effects;

Paraquatis also used in reduced-tillagesituations,for example,
in pineapple plantations.
The deactivationof the chemical in soil is important because
it hasallowedthe introductionof many precisionusesin addition
to broadcastapplications, examples being the use of hooded
sprayersin root and vegetablecrops in Brazil, Malaysia, and
Ghana as well as in Europe.
Adsorption rapidly reducesthe bioavailability of paraquatin
the soil environment. There is ample evidenceto demonstrate
that adsorption is capable of deactivating the equivalent of
hundredsor eventhousandsof paraquatapplicationsovera wide
range of soils. This also means that paraquatis effectively
immobile in soils with no leaching to ground water.
Althou
g h P araquat

is

characterized

..

by

strong

adsorption

to

soils, it also undergoes metabolism and degradation under a
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range of conditions. Chemically. paraquatis stable in acidic or
neutral solutions but is hydrolyzed at pH > 12. More relevant
to environmental conditions is its rapid photodegradationon
surfacesexposedto light. an examplebeing plant surfaces(1).
Paraquatalso undergoesphotolysis in aqueoussolution at 257
nm to form the N-methylbetaine of isonicotinic acid and
subsequentlymethylamine hydrochloride (2).
A numberof studieshave shownparaquatto be intrinsically
biodegradableby soil microorganisms.including a variety of
both bacteria and fungi (3-6). Although there are few reports
of microbial speciescapableof metabolizng paraquatas a sole
source of carbon (7. 8). there are many examples of cometabolism in the presenceof another carbon source (e.g. see
ref 6). It is likely that degradationoccurs via demethylation
followed by ring cleavage because 14CO2was releasedfrom
ring-labeled paraquat(9). Appreciablemicrobial degradationof
sorbed paraquaton leaf surfaceshas also beenobserved(10).
The photolytic and microbial transformation of paraquatis
summarized in Figure 1 (11).
The behavior of paraquatin soil is therefore characterized
by strong adsorptionthat rendersthe major part of it biologically
unavailable.but this fraction is in equilibrium with an extremely
small concentrationin soil solutionthat is subjectto biodegradation.
Paraquat adsorption and the deactivation of its biological
activity in soils have been the subject of many and varied
investigations. The purpose of this brief review is to bring
together information on the behavior of paraquat in the soil
environment with particular emphasison updating the literature
using additional data from laboratory and field investigations
in severalregions of the world.
NATURE OF PARAQUAT RESIDUES IN SOIL

Paraquatis strongly adsorbed in all types of soil, but its
interaction with different soil components such as the clay
minerals and organic matter varies. Such interaction was
demonstratedin a seriesof studiesconducted in the 1960s(4).
Typical results (12) showed that whereasa soil adsorbed300
mgikg of paraquation/kg of soil, the clay minerals kaolinite

Figure2. Equilibrium
for paraquatbetweensoilandsoilsolution.
and montmorilloniteadsorbed2500- 3000 and 7500-8500 mgi
kg, respectively.The greateradsorptionto montmorillonite was
attributedto the greatersurfaceareaof its expandingclay lattice
structure comparedto that of the nonexpandingclay lattice of
kaolinite. Interestingly, at high paraquat concentrations,ammonium ions were found to be capable of partly replacing
paraquatin both soil and kaolinite, but to only a very limited
extent in montmorillonite. This is presumablydue to adsorption
occurring via severalmechanisms.Other research,for example,
that of Knight and Denny (J 3), has provided insight into the
mechanismsof paraquatadsorptionusing X-ray diffraction, and
much of this work has been succinctly reviewed elsewhereby
Summers(4).
The important conclusion from these adsorption studies is
that the extent to which any particular soil adsorbs paraquat
will be influenced by the amount and type of clay minerals
presentin soil and,to a lesserextent,the amountof soil organic
matter. There is also ample evidenceto show that the kinetics
of adsorptionare important and that the process is biphasic.
Initially the majority of the paraquatcoming into contact with
the soil is rapidly adsorbed,and this is followed by a slower
adsorptionphasethat results in stableequilibrium. This second
phase is thought to involve slow diffusion to less readily
accessibleadsorptionsites.
The role played by the different clay minerals and organic
matter in the behavior of paraquatclearly dependson several
different mechanisms.The primary rapid adsorptionof paraquat
is via cation exchange,with the positively charged paraquat
molecules being attracted to the negatively charged minerals
and organic matter in soil. Other processeshave also been
reported, namely, van der Waals forces, formation of charge
transfer complexes,and hydrogen bonding. These processes
serve to enhance the adsorption beyond the simple cation
exchange reaction. This situation has resulted in the terms
"tightly or strongly bound" and "loosely bound" to distinguish
the strengthsof adsorption(4).
Once equilibrium is established(see Figure 2), paraquatat
typical environmentallyexpectedconcentrationsis presentas a
strongly adsorbedresidue that is biologically unavailable due
to having an extremely low concentration in soil solution.
Clearly, methodsof analyzing soils for paraquatresiduesneed
to take this strong binding into account.
DETERMINATION OF PARAQUAT RESIDUES

Bearing in mind the presenceof strongly adsorbedparaquat
in soil in equilibrium with a small concentrationin soil solution,
various approachesto the analysisof paraquatresiduesin soils
have beendevelopedand used.
Chemical extraction is most appropriate for determination
of total residues in soil, although early chemical extraction
methodsdid attempt to differentiate between "tightly bound"
and "loosely bound" residues.The chemicalextraction method
most widely used is that developed by Syngenta (14). The
methodinvolves refluxing soil with 6 M sulfuric acid followed
by filtration througha cation exchangeresin, which retainsthe
paraquatand some soil constituents.After an acidic wash,the
paraquatis eluted from the column with ammonium chloride.
The paraquatis then determined by treating an aliquot with
sodium dithionite in alkali and measurementof the light
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absorption resulting from fonnation of a free radical. This
methodresults in destructionof the soil in order to releasethe
very strongly bound paraquat residues and is therefore not
typical of pesticide analysis. It is possible due only to the
stability of paraquatunder these very acidic conditions.
Chemical extractionmethodsprovide little or no infonnation
on the adsorption status of the paraquatnor do they provide
infonnation on the bioavailability of the paraquat in various
soils analyzed. For this reason bioassays have also been
developedto provide infonnation on the levels of bioavailable
paraquatin soil solution.
Bioassaysusing plants exposedto paraquatin solution have
shown that the herbicide is highly active against plant roots,
with wheat roots being particularly sensitive (15). In view of
this biological activity, the availability of soil residuesto plants
has been the subject of many investigations (4, 15). The
availability to plants of paraquat present in soils appearsto
depend on the nature of the soil, its adsorption capacity, and
the concentrationof paraquatin soil solution, the latter being
available for uptake by roots.
This concepthasresultedin developmentof severaldifferent
bioassays.For example,Damanakis et aI. developedan assay
based on the effect of paraquaton Lemna (16, 17). This was
basedon the growth of dry weight of Leln11a,
which was found
to be a more consistentresponsethan monitoring chlorosis of
Lemna fronds by Funderburk and Lawrence (18). A breakthrough was achieved,however,by Riley et al. (15) with the
introduction of the strong adsorptioncapacity (SAC) bioassay.
A bioassay for paraquatin soils should ideally be a simple
but reproducible method for predicting residue levels in any
soil thatcan bereachedwithout harm to plantsor soil organisms.
Theseconcentrationswill vary from soil to soil depending on
the soil constituents.In view of the widespreadgeneric use of
bioassays,it is important to know whether the capacity of a
wide variety of soils to deactivateparaquatapplicationscan be

exceeded.
In the remainderof this review, the amountof paraquatthat
can be renderedunavailable in field soils is determinedusing
the SAC-wheat bioassay(SAC-WB). The SAC-WB procedure
(14) involves shaking a mixture of soil (10 g) and water (0.2
L) with different amountsof paraquatfor 16 h. The mixture is
then centrifuged,and pregerminatedwheatplants are grown in
the supernatant solution over 14 days under appropriate
controlled conditions of light and temperature.The maximum
root length at eachdose level (including a control) is measured
and plotted on a dose-responsecurve. The value of the SACWB (expressedas milligrams of paraquation per kilogram of
soil) is determinedas the dose that reducesthe growth of wheat
roots by 50%. An example SAC-WB dose-response curve
generatedusing these methods is shown in Figure 3. The
concentrationof paraquatin the aqueousphase,which results
in this 50% inhibition of root elongation, is --"'0.01mg of

paraquat/L.
This assayis based on the initial short-tenDdeactivationof
paraquatin soil, becauseit involves a 16 h adsorptionincubation
period.As indicatedearlier,however,the initial rapid adsorption
of paraquatis followed by a slower, further adsorptionphase.
Consequently,the adsorption capacity for soils with "aged"
residuesof paraquatwill be higher than indicated in the SACWB assay. This also explains why, even though the test
detennines the adsorption capacity at the 50% effect level,
effects have not been observed in soils containing paraquat
residuesup to the SAC-WB level.

J. Agric.Food Chern.,Vol. 50,No. 13,2002 3625

0

20

40

60

80

Paraquat Fonifk:8l..,

100

120

140

160

LeveJ (mWkg)

Figure3. ExampleSAC-WBdose-response
curvewith indicationof
residuelevelscorresponding
to GAP.
DEACTIVATION OF PARAQUAT IN FIELD SOILS

A series of investigations of the field behavior of !paraquat
has been conducted with various objectives. Initially the aim
was to validatethe SAC-WE assayunderfield conditions.Trials
were also establishedto investigate accumulationof residues,
any effects on crops, and ecotoxicological effects. The trials
conducted are summarized in Table 1, and the range of mtes
used is given in Table 2.
!
Validation ofSAC-WB under Field Conditions. Following
its introduction, the SAC-WE methodhas beenusedas the key
reproducible and simple method to determine the capacity of
soils to deactivatethe biological activity of paraquatresidues.
Wheat has been used becauseit is a sensitive plant and also
because,asexpectedfor a herbicide,plantsare the mostsensitive
organisms to paraquatresidues in soil. The wide use of this
assayhas shownthat SAC-WE valuesof soils vary considembly
(further details are given in the following section).
The SAC-WE method (initially developed in If74) has
proved to be valuable as a labomtory assayfor the prediction
of residuelevels of paraquatin soil that can be reachedwithout
causing any harm (i.e., safety thresholds).In parallel with this
laboratory work, a seriesof long-tenDfield trials were initiated
in the early 1970s with the initial aim of validating t~e SACWE method under field conditions as a predictor of! safe use
conditions (14).
Soil Dissipation and Accumulation, Once the ~AC-WB
method was fully validated, trials were also con~ucted to
detennine whether the long-tenD use of paraquatcould ever
exceedthese safetythresholds. For example,trials in ~ustmlia
provided valuabledata to demonstratethat a plateauc~ncentration of paraquatin soil was reached.
Crop Effects and Ecotoxicity. Trials in the United Kingdom,
The Netherlands. Australia. the United States,Malaysia, and
Thailand were designedto observeany effects on croI/sand on
soil ecology and microbiology.
'
DESIGN OF AND RESULTS FROM LONG-TERM TRIALS

U.K. Trials. The fate of paraquatin soils has beenthe subject
of extended study in the United Kingdom under a variety of
conditions, including treatments that are orders of magnitude
in excessof the recommendeduse conditions,for example,Good
Agricultural Practice (GAP). Trials initiated in 1971 at Frensham,U.K., have provided valuable long-term data on the fate
and effectsof paraquat(14). The site had a moderateSAC-WB
value (120 mg of paraquation/kg of soil), and four treatment
levels were used, namely, rates correspondingto 0, 50, 110,
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Table 1. Long-Term ParaquatTrials Reviewedin This Paper

Table2. Soilsand Paraquat
Application
Ratesin Long-Term
Trials

U,K.

Australia
U.S.A.
U.S.A.
TheNetherlands
TheNetherlands
TheNetherlands
Malaysia
Malaysia
Malaysia
Thailand
Thailand

Frensham
Meckering
Goldsboro
Goldsboro
VaJthermond
Wieringerwerf
Breezand
Melaka
ParitSulong
Ponlian
Rayong
Sattahip

18-144
0.25and7
1.0

90-720
annuallyat 1.25and35
annuallyat5

28-114

140-570

19-153
100-810

95-763
507-4052
316-2520
59-469
27-142
15-166

63-504
12-94

5-28

3-33
15-122

44-358

77-614
224-1790

5.5
1.3
~.o

~.O

5.5
5.5
5.5
2.8
2.8
2.8
2.8
2.8

aAssumes 20~'oparaquation per liter. Applk:ationsmade in a single dose unless statedother.vise. bGood AgriculturalPractice; values quoted are relevantto GAP
applk:ationsin countriesin which trials were conducted.

and 400% of the SAC-WB value. These ranged from 90 to 720
kg/ha incorporated to a depth of 15 cm, and the residue levels
in soils were monitored for 20 years. After the treatments, the
trial site was cropped with cereals or a grass lea over the 20
year duration of the trial.
The fate of the resultant paraquat soil residues was followed
for 20 years, until 1991. Soil samplings for all of the trials
discussed in this review used similar methods. In general, the
pattern of soil sampling was 20 cores (~2.5 cm diameter) taken
from each replicate of each treatment application. The cores
were sectioned into a number of depths (e.g., 0-10, 10-20,
and 20-30 cm depending on normal cultivation depth), and
the samples from each depth appropriately combined. The
resultant samples were analyzed for paraquat soil residues using
the methods described previously. Of all the trials performed
in this series, this trial has been the most extensively investigated
with respect to soil flora and fauna. It therefore forms a useful
basis for general discussion of the fate and impact of paraquat
residues in soil resulting from high application rates.
Cereal crops (spring barley) were used to monitor for
biologically available concentrations of paraquat in soil. During
the fifSt six years after application, the highest rate treatments

resulted in severe effects on crop yield. Barley is as sensitive
as wheat to root uptake of paraquat. but as these rates of
application corresponded to 400% of SAC-WB. it is not
surprising that such effects were observed. However. 17 years
after application. effects on yield in these plots had been reduced
to < 10%. Yields from all other treatments were similar to. or
occasionally above. those in the control (untreated) plots from
year 2 onward. No residues were observed in either the barley
grain or straw (limits of determination of 0.01 and 0.02 mg/kg.
respectively).
Assessment of earthworm populations. using methods similar
to those described by Raw (19). showed that there were effects
on populations and distributions of species at the 110 and 400%
of SAC-WB (198 and 720 kgiha paraquat ion). However. the
residues were dissipated to such an extent that by six years after
application there were only effects at the highest treatment rate.
and these effects were limited to changes in earthworm species
with total weights remaining unaffected (see Figure 4). These
differences were mainly attributed to vegetation changes rather
than direct effects on the earthworms. The relatively low
populations of earthworms. even in the control samples. one
year after application are very likely the result of the severe
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cultivation methods required to incorporate the paraquatinto
the soil after application. Of course. these cultivations were
replicated on the control plots. even though no paraquatwas
applied. Analysis of earthworms from the different treatments
for paraquatresiduesshowedthatthe earthwormsdid not adsorb
paraquatresidues from soil.
Microarthropod populationswere sampledtwo monthsbefore
application and four months. one year. and six years after
treatmentin direct-drilled barleycrops.The only effect directly
attributable to the applications made was a reduction in the
numbersof someCollembolaand Gamasinaat the highestrates
of application one year after application. These were likely to
have been as a result of reduced vegetation rather than from
direct chemicaltoxicity. The Insecta-Collemboladatagenerated
six years after applicationare shown in Figure 5. The data are
split into the category of surface-dwelling (epigeal) and soildwelling (hypogeal) organisms. The apparent increase in
populations of hypogeal organisms six years after application
at the two highestratesof application(198 and 720 kg/ha) was
very largely attributable to a single species (Cryptopygus
thennophilus). Although there were larger numbers of this
species in the highest rate treatments(e.g.. an averageof 191
individuals/m~). the populations were not statistically significantly different from thosein the untreatedplots (e.g..an average
of 118 individuals/m~).
Microbial populationsand biomasswereassessedsevenyears
after application of the chemical. The treatments caused no
major differences in the number of microorganisms. total
propagules.algae.bacteria.fungi. and actinomycetes.Biomass
was determinedby soil A TP determination.and no differences

between treatments were found. The only minor change
observedwas in the plots receiving the highest treatmentrate,
in which the populationsof the yeast(Lypomycesstarkeyi)had
increasedslightly. Further extensive investigationswere made
into indirect measures(e.g., carbondioxide evolution from soil
organic matter,glucoseand wheatmaterial,and ammonification
and nitrification of lucerne). None of these parametersshowed
any effects from the paraquatapplications.
Residueswere shownto be dissipated,although asdiscussed
previously the rate was relatively slow. This is consistentwith
the conceptthatthe residueswere largelyadsorbedand therefore
not available to the microorganisms for degradation. It was,
however, apparentthat the rate of degradationincreasedwith
increasingrate of application. This is again consistentwith the
concept that availability of the chemical controls the rate of
degradation.
Australian Tri~ Dysonetal. (20) recentlypublishedresults
from a seriesof long-termtrials conductedin Australia between
1971 and "983. The trials involved both repeated annual
applicationsandexcessive-ratetreatmentsin orderto deliberately
exceed the SAC-WB value of the soil. These trials were
conductedin Meckering,WesternAustralia, on a soil containing
".3% organic matterand4% clay, which had an SAC-WB value
of 15 mg/kg of soil, an extremely low figure comparedto the
typical range of 50-5000 mg/kg. The objectives were to test
the validity of SAC-WB values for the prediction of paraquat
deactivation in the field and, more importantly, to determine
long-term safety.
Two treatmentregimeswerefollowed. Normal-ratetreatments
comprised24 annualapplicationsof a mixture product ("Spray'
Seed")applied at the recommendedrate of 0.25 kg of paraquat
ion/ha. On separateplots, excessive-ratetreatmentsat up to 7
kg/ha/year were applied from 1971 to ..983 (giving a total of
48 kg/ha) in order to exceed the SAC-WB value of the soil,
followed then by annual applications at the normal rate (0.25
kg/ha) from 1983to 1995.The whole trial was cropped with a
wheat-clover rotation until 1978and a wheat-lupin rotation
thereafter.
The normal-rate treatmentplots had a maximum paraquat
residue in the upper 20 cm soil layer of 1.8 mg/kg, representing
only 12%of the SAC-WB value for this soil. Crop yields were
not significantly different from thoseof untreatedcontrol plots.
Moreover, there were no residuesdetected in the crops (limit
of determinationof 0.05 mg/kg).
For the excessive-treatment
plots, the maximum paraquatsoil
residue was 180% of the SAC-WB, which was considerably
less than that expected from the quantity applied. This was
attributed to the degradationof paraquat(pathways in Figure
1). It is importantto note that even with the excessive-treatment
regime, which exceededthe SAC-WB value, no significant
effects on crop yields were observed,with the exception of a
higheryield in 1975.dueto suppressionof wild-oat competition.
In addition. there were no effects on crop emergence,root
development,crop height,wheat-earlength. or tiller counts. As
with the normal-ratetreatmentsthere were no residues«0.05
mg/kg) detected in grain or straw from wheat or lupin crops.
This long-term study at the excessiverate has shown that
SAC-WB valuesderived in the laboratoryprovide a conservative
estimate of the capacity of soils to deactivate paraquatin the
field. More significantly. becausethe trial was conducted in a
soil with "low" adsorptioncapacity(asindicatedby a laboratoryderivedSAC-WB value),it has clearly shownthatrepeatedlongterm annual applications of paraquat according to normal
agricultural use did not result in effects on crops.
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u.s. Triah. Other long-tenDtrials have confinned that the
SAC-WB is equally applicable to soils throughout the world.
In trials conductedin Goldsboro,North Carolina, between1979
and 1991, the soil SAC-WB value was also low, namely, 25
mg of paraquation/kg of soil. The trial comprisedfive paraquat
treatments replicated on four blocks, including an annual
treatment(1 kg/ha),three single high-ratetreatmentsat 50, 100,
and 200% of the SAC-WB value (namely, 28, 57, and 114kg!
ha incorporatedto 15 cm depth),and an untreatedcontrol. Crops
grown were bennudagrass,corn, wheat,and soybean.
Paraquatresidueswere not detected «0.05 mg/kg) in any
of the grain crops.As in the Meckering trial, the annualparaquat
treatmentdid not adverselyaffectcrop yields,stand counts,plant
heights, or grain weights. The only effects noted at high-rate
treatmentswere some significant effects on wheat yields. but
theseoccurred only when residuesof paraquatwere close to or
above the SAC-WB value of the soil.
The Goldsboro trial showed that the residues, following
repeated applications. reached a plateau compared with the
theoretical accumulationpossible (as shown in Figure 6).
The Netherlands Triah. In 1986trials were initiated in The
Netherlandswith the aim of confirming that the SAC-WB can
predict field deactivation of paraquat(14). Three sites were
selected.one with a peat soil with high organic matterand two
with light sandysoils. All soils were agronomically important
and had relatively low SAC-WB values (detennined in the
laboratory). On the basisof the SAC-WB values,eachplot was
treated with paraquatas Gramoxoneat highly exaggeratedrates
equivalent to 15, 30, 60, and 120% of the SAC-WB value
(within a predetennineddepth of soil) together with a control.
The effect of the resulting residueson the growth of crops was
then observed over a five-year period after treatment.
Assessmentsof crop growth and yield made during the first
one to two years after treatmentshowedthat some effects were
observed when paraquatresidues were present at or close to
the SAC-WB value. At the highest treatmentrate. in excessof
the SAC-WB value. crop effects were marked during years 1
and 2. However, in subsequentyearsthe biological activity of
the residues declined to the extent that paraquat residues
generally had no significant effect on crop growth unless the
SAC-WB value of the soil was still exceeded(see Figure 7).
In addition to confirming that laboratory-derived SAC-WB
valuescan provide an adequatemeasureof a soil to deactivate
paraquat,the trials provide useful evidence that the bioavail-

Year
-6-

-.Meesured

Pa,aqua' Residue-Predlc'ed

Pare.ue'

Res;due (Assumes no DeO'ada'on)

Figure8. Residue
datafor paraquat
in soil fromthe Meckering
trial.
ability of paraquatresiduesdeclines with time, presumablydue
to a combination of further adsorptionand degradationof the

herbicide.
The overall conclusion drawn from these investigations is
that the SAC-WB value provides a conservative prediction of
safetythresholds,andthis hasbeenvalidatedacrossa wide range
of field soils.
Summary of Field Trials. As described earlier, the longterm trials describedhere were conducted for severalreasons.
In some cases (e.g., The Netherlands),the objective was to
validate the SAC-WB assay, but many trials have provided
valuable information on the long-term dissipation of paraquat
in the field following singleor repeatedapplications.Information
on effects in crops, earthworms,and microarthropodshave also
beenobtained.
The resultsof the Meckering,AustraIia,trial referredto earlier
(see Figure 8) have clearly shown that there is a decline in the
concentration of paraquat with time whether the rate of
application was excessive (7 kg of paraquat ion/ha/year) or
normal (0.5 kg of paraquation/ha/year). This dissipation is
assumedto be the result of degradation of paraquat in soil
solution and otherprocesses.That the concentrationof paraquat
in soils not only reacheda plateau but also declined provides
reassurancethat the herbicide can be safely used in the long
term.
The results from the Frensham,U.K., trial provided data on
the effectsof paraquaton soil microorganisms,microarthropods,
and earthworms. Soil plots were treated with paraquatat rates
of 90, 198, and 720 kg of paraquation/ha, equivalent to 50,
110,and 400% of the SAC-WB. The barley crops were direct
drilled. Microarthropodswere monitoredtwo monthsbefore and
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four months,one year,and six years after treatment After seven
years of monitoring, these treatmentshad not resulted in any
statistically significant differences in the numbersof microorganisms(total propagules,algae,bacteria,fungi, actinomycetes,
and the yeastLipomycesstarkeyi) or in the A TP concentration
for the 90 and 198 kg/ha treatments.Even for the 720 kg/ha
treatmentthere were only minor statistically significant differencesin the numbersof fungi and L starkeyi. It was concluded
from these high-rate studies that repeated applications of
paraquatto soil will not adverselyaffect the numberor activity
of soil microorganisms,especiallyat recommendedapplication
rates close to 1 kg/ha.
Rather different investigations have been conducted in
Malaysia,where three trials were performed in 1990to predict
the relationship between the capacity of Malaysian soils to
deactivate paraquatin the field and the laboratory-determined
SAC-WB values (14). Within these trials, treatmentswere up
to 120% of the SAC- WB, and some information on the effects
on soil biomassand earthwormswas obtained. The microbial
biomass values across all treatmentswere consistent,and the
variability observed was well within that expected for such
measurements.
Therewereno statisticallysignificantdifferences
betweenearthwormpopulations in treated and control plots.
In addition, data are available from U.K. trials on the effects
of paraquaton earthworms.When paraquatwas applied at high
rates (equivalent to more than 100 normal applications), no
effects were observed,although at the very high rate of 720
kg/ha there were some effects (up to 35% reduction in total
numbersof earthworms)some six years after treatment On the
basisof thesedata,it can beconcludedthatrepeatedapplications
of paraquatat rates within the GAP will not affect earthworm
populations.Similar resultswere obtained for microarthropods
(14).
Combining the outcomesfrom all of these trials, it has been
shown that paraquat residues can and do increase in soils
receiving repeatedapplications to reach a plateau. However,
such plateau levels have been shown to be well below the
concentrationsthat would be required to markedly affect either
crops or soil organisms.The SAC-WB value has been shown
to be a conservativeestimate of threshold concentrationsfor
effects to occur.
Furtherwork has beenconductedto elucidatethe contribution
of various soil constituents to deactivation and to gain an
understandingof whether the SAC-WB is ever likely to be
exceededfollowing the normal use of paraquat.
CONTRIBUTION OF SOil CONSTITUENTS TO
BIOLOGICAL DEACTIVATION
As indicated earlier, the SAC-WB values of soils can vary
considerably. depending primarily on the amount and type of
clay and, to a lesser extent, the organic matter content. The
influence of clay type was initially demonstrated in studies on
a limited range of pure clay minerals (4). For example, it was
shown that montmorillonite can adsorb, and hence deactivate,
appreciably more paraquat than kaolinite, due mainly to its larger
surface area. However, field soils comprise mixtures of clay
minerals and organic matter in organoclay complexes. There
has thus been a need to try to relate the SAC- WB values to a
wider range of combined soil constituents as they occur in field

soils.
Knight and Tomlinson (21) demonstrated that removal of
organic matter by hydrogen peroxide digestion generally reduced
the SAC values (as determined by an early chemical assay
technique). On average, 82% (range = 42-100%) of the SAC
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values of soils could be accounted for by clay minerals,
particularly the expanding clay minerals, for example,montmorillonite, illite, and vermiculite, rather than kaolinite (a
nonexpandingclay mineral) and allophane(an amorphousclay
mineral). Also, in a study by Constenla et al. (22), the SACWB valuesof 20 Costa Rican soils (range = 100- > 5000 mg/
kg) were poorly correlatedwith clay contentandorganic matter
content,due to major differences in clay mineralogy between
soils. For example, the highest SAC-WB value (>5000 mg/
kg) for a soil with a modestclay content(31 %) was due to the
dominatingpresenceof illite. However,the soil with the highest
clay content (62%)had one of the lowest SAC-WB values(150
mg/kg) becauseit contained only kaolinite and the aluminum
oxide ~bbsite.
In the most exhaustive investigation to date, Rana (23)
attemptedto relate the SAC-WB valuesof 27 field soils to their
individual soil constituents.The soils had their properties and
constituentsfully characterized,including particle-sizeanalysis,
pH, cation exchange capacity (CEC), organic matter content,
and clay mineralogyby differential thermal analysis(a quantitative method, which is also able to detect amorphous clay
minerals suchas allophane). Severalhypotheticalrelationships
betweensoil constituentsand properties were evaluatedusing
statisticalfitting procedures,from which a numberof conclusions can be drawn.
First, soil constituentscould account for up to 90% of the
variations in SAC-WB values. This is considerablymore than
could beaccountedfor using only simplepropertiesof soil alone,
such as clay content, organic matter content, and CEC,
particularlybecausewidely differing mineralo~cal profiles from
temperateand tropical soils were used in the investigation.
Second,most of the clay minerals (nine in total, including
some metaloxide minerals)contributed to the SAC-WB value.
However, only a few of theseminerals had a contribution that
was statisticallysignificant. When statisticalsignificancecould
not be established,it was due to the presenceof only small
amountsof theseminerals and/or the relatively low SAC-WB
values.
Third, correlationsoccurredbetweensoil constituents,notably
a negative correlation betweenorganic matter and individual
clay minerals. Hence, organic matter appearedto reduce the
SAC-WB value of soils. However, this result is not really
surprising,becauseclay minerals are coatedto various degrees
with organic films, effectively slowing the rate of adsorption
by restricting accessto the stronger adsorptionsites on clay
surfaces.This was illustrated by Damanakis(16), who showed
in a laboratory experiment that paraquatadsorbedto organic
matterwould gradually transferto strongeradsorptionsites on
clay minerals. Certainly, when clay minerals are not presentin
peat soils, SAC-WB values indicate a substantialcapacity to
deactivate paraquat. For example, SAC-WB values for 13
temperatepeatsranged from 25 to 560 mg of paraquation/kg
of soil (14), and Lane et al. (24) reportedan SAC-WB value of
70 mg/kg for a tropical peat.
The overall conclusion from the investigationof Rana (23)
is that SAC-WB values of other soils can be predicted at an
initial screening level. Such predictions will generally be a
refinementof (and hence be more precise than) the order of
magnitudevariations in typical SAC-WB valuesassociatedwith
eachbroad textural class of mineral soils (seeTable 3). More
importantly, perhaps,the investigationdemonstratesthat a wide
range of clay minerals are capable of deactivating significant
amountsof paraquatin field soils. Consequently,the precise
details of the clay mineralogy of a particular soil appearto be
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Table3. RangeofSAC-WBValuesfor Different
SoilGroupings

500-5000
150-1500
50-150
25-250

7500-75000
2300-23000
125-375
375-3750

Table4. Concentrationof ParaquatIon in the AqueousPhase of the
Soil/WaterSlurries
concnof
appliedpotassium
(mgikg)
0
1000
5000
10000
15000

cancnof paraquat
in theaqueousphase
(mgil)
0.0059
0.0059
0.0064
0.0072
0.0089

largely irrelev:mt for ensuring that the SAC-WB values will be
large enough to deactivate paraquat residues,becausetypical
SAC-WB valuesare equivalentto hundredsand eventhousands
of years of paraquatapplications.
LONG-TERM SAFETY OF PARAQUAT USE

It is thereforepossible to conclude from the trials considered
above that paraquat can be safely used over the long term
becauseit is highly unlikely that the SAC-WB values will ever
beexceeded.This is apparentfrom the normally very high SACWB valuesmeasuredcombinedwith the knowledgethatresidues
of paraquatare not accumulatedfollowing repeatedapplications.
Also. the residuesdecline after applications have ceased.
However. it is also important to understandwhetherthere is
any potential for releaseof adsorbedparaquatfrom soil through
a change in the adsorption equilibrium. The possibility that
cations introduced into the soil (e.g.. from fertilizers) could
compete with paraquat for adsorption sites and so shift the
adsorptionequilibrium betweenadsorbedandunbound paraquat
was investigated in two studies. Malquori and Radaelli (25)
studied the desorption of paraquat using a variety of clay
minerals with various concentmtions of paraquatand of socalled "releasing inorganic cations". Paraquatdesorptionfrom
clay was not detectedwhen its concentrationfell below a certain
limit, which varied with each type of clay mineml. This
concentmtionwas presumedto correspondto the SAC-WB of
the clay mineml.
A secondinvestigation(14)studiedthe desorptionof paraquat
from loamy sand soil. Soil was treated with aqueoussolutions
of paraquatat concentmtionsequivalentto 140mg of paraquat
ion/kg of soil. just above the SAC-WB of the soil. To this
mixture was added various concentrationsof potassium ion
(from 1000 to 15000mg/kg of soil). Paraquatwas not desorbed
by the steadilyincreasingconcentrationsof potassium.confmning that no detectable shift in adsorptionequilibrium occurred
with the changing chemicalconditions. As the results in Table
4 demonstrate.the addition of potassiumto soiVwaterslurries
had no effect on the adsorptionof paraquat.It should be noted
that an addition of 15000mg/kg of potassiumto soil would be
equivalent to ca. 400 years of normal agronomic pmctice.
Similar experimentsshowed that the conversewas true: that is.
addition of paraquat at rates up to 200 mg/kg of soil did not
have an impact on available potassiumconcentrations.
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It can thereforebeconcludedthat. in agriculturaluse,paraquat
will be released only through the equilibrium between the
adsorbedstate (typically more than 99.99% of residuespresent)
and the presenceof trace levels in soil solution. Paraquatin
soil solution is known to be degradedrapidly.
During more than 40 years of use in over 100 countries,
covering many and varied agronomic practices,there has been
no observationof the reactivationof adsorbedparaquatresidues
due to desorption.
PARAQUAT USE AND SUSTAINABLE CROP
PRODUCTION

The foregoing review has shown that paraquatis essentially
biologically unavailableto crops and soil organisms.However,
there is a school of opinion that demonstrationof the lack of
biological effects of a chemical does not provide sufficient
reassuranceof the absenceof some long-term effect. Consequently, it is appropriateto consider whether the presenceof
"unavailable" chemical (such as paraquat)in soil could affect
soil quality.
There are manydefinitions of "soil quality". The Soil Science
Societyof America (SSSA)defines soil quality as "The capacity
of a soil to function within ecosystemboundaries to sustain
biological productivity, maintain environmental quality, and
promote plant and animal health" and the Natural Resources
ConservationCentrequotesthe simpler definition "Soil quality
is how well soil does what we want it to do".
The latter goes on to describe the inherent and dynamic
qualities of soil. The inherent quality is the natural ability of a
soil to function. For example, sandysoils drain more rapidly
than clay soils. The dynamic soil quality is the mannerin which
soil changesdependingon how it is managed.
With this in mind, it is important to consider whether there
is evidence to show that paraquathas affected soil quality in
the 40 years of its widespreaduse.There appearsto be no such
evidence. In fact, since the first use of paraquat in the early
1960s,its use has played a major role in the way many crops
are grown throughoutthe world. It is relevantto note that in all
this time paraquathas been shown not to contaminate either
ground water or surface water and so meets the water quality
criteria laid down in the EuropeanUnion. This is againa feature
of its strong adsorptionto all soil types. With the launch of
paraquat,the modemconceptsof zerotillage and reducedtillage
were born (26) as a significant approachto addressconcerns
about soil erosion. Nowadays,the role of paraquatin reduced
tillage coversmillions of hectaresof land acrossthe globe, which
helps to prevent soil erosion,as well as conservetime and fuel,
improve levels of soil organic matter, soil aeration, and soil
structure,and help the proliferation of soil fauna.
The continued use of paraquatin agriculture will no doubt
provide further data upon which to continuously review its
environmentalimpact.
CONCLUSIONS

During the many years of paraquatusage. many and varied
investigationsof its environmentalimpacthave beenconducted.
Much of this infonnation has been published. but some key.
long-tenn field studieshave not previously beenpresentedand
assessed.It has long been known that the major part (some
99.99%) of a paraquat application within the typical GAP
remains strongly adsorbedin soils of a wide variety of textures.
in equilibrium with a low concentration in soil solution.
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Notwithstanding its strong adsorption,paraquatis intrinsically
biodegradable,so the DT50of paraquatin soil solution is shol1.
The deactivationof the biological activity of paraquatin soils
has been investigated thoroughly. It is recognized that determination of total soil residuesby severeextraction provides no
insight to available paraquatlevels. Consequently,the key assay
developed for this purpose,namely,the SAC-WB method,has
proved to be very valuable for the determination of the
adsorption capacity relevantto paraquatfor any particular soil.
This method has beenvalidated in field soil situations within a
seriesof long-term trials in different regionsof the world, most
of which are very long-term.
The conclusions from a review of the available data on
paraquatare that no effects of paraquat on subsequentcrops
and soil organisms are to be expected when the herbicide is
used according to GAP. In fact, it is clear that either single,
very large applications or repeatedapplications at high rates
are most unlikely to result in effects as long as the SAC- WB
value for a soil is not reached.
Finally, it is concluded that paraquatcan continue to be used
safely becauseit does not impair soil quality and, when used
according to GAP, continuesto be a valuable tool in reducedtillage agriculture.
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