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Abstract

Aldicarb (Temik) is a systemic pesticide that has
been used in the Maritimes primarily on potato crops
carb possesses the three characteristics necessary for
a chemical to be considered as a serious potential
threat to ground-water supplies. It is highly toxic,
. mobile, and persistent in the environment.

* Aldicarb was first detected in domestic wells on

Long Island, New York, in 1979. Aldicarb has since
been detected in domestic wells in a number of U.S.
states and Canadian provinces, including Prince
Edward Island (PEl). Three field sites were estab-
lished on PEI to investigate the processes controlling
the fate of aldicarb in the local sandstones. The field
sites were instrumented and hydraulically tested, and
a five-year (1985-89) ground water quality monitoring
program was conducted. Results indicate that aldicarb
residues -are persisting much longer than had been
expected. Aldicarb concentrations were high
(maximum = 16.4 ppb) and relatively consistent over
the five-year period, despite the fact that there were
only one or two pesticide applications at the field sites
during this time. ' -

Field data suggest that a relationship may exist
between high levels of aldicarb and nitrate. In 10 of
the 11 samples where aldicarb was found in excess of
its maximum acceptable concentration (9 ppb), nitrate
was also in excess of its maximum acceptable limit
(10 mg/L NOs3- as N). Simulations with PHREEQE
(a geochemiical reaction model) suggest that the oxi-
dation of ammonium-based fertilizer applied to the
- field sites may be inhibiting the degradation of the aldi-
carb residues. o '

A one-dimensional- solite transport model,

LEACHMP, was chosen to investigate the processes

that are most influential in controlling the fate of aldi-
carb in the unsaturated portion of the PEI sandstone.
- Attempts to calibrate the model by minimizing the dif-

ferences between predicted and observed field data .

were unsuccessful. The inability of the model to repro-
duce observed concentrations, and the persistent na-
ture of the pesticide in the field suggest that there may
be a storage mechanism at work that acts to retain the
nondegraded pesticide, slowly releasing the pesticide
to the water table over time. LEACHMP was also used
in a sensitivity study. The total aldicarb concentration
predicted by the model was found to be most sensitive
to the degradation rate constants, the date of applica-
tion, and the dispersivity value. '

i

'Résumé

L'aldicarbe (Temik) est un pesticide systémique.
qui a été employé dans les Maritimes, principalement
dans les champs de pommes de terre pour lutter con-
tre les pucerons et le doryphore. Il a les trois carac-
téristiques voulues pour constituer une menace
sérieuse pour les eaux souterraines. Il est trés
toxique, mobile et persistant dans I'environnement.

L’aldicarbe a été décelé pour la premiére fois
dans des puits a Long Island (New York) en 1979. ll a
depuis été retrouvé dans des puits d'un certain nom-
bre d'Etats américains et de provinces canadiennes,
dont I'le-du-Prince-Edouard (1.-P.E). Trois stations
d'étude ont 6té établies dans Ille-du-Prince-Edouard
pour obtenir plus de données sur les processus déter-
minant le devenir de I'aldicarbe dans les formations de
grés de la région. Ces stations ont été équipées de di-
vers instruments, ont été soumises a des essais hy-

. drauliques et ont fait l'objet d'un programme de
surveillance de la qualité de 'eau pendant cing ans

(1985-1989). Les résultats obtenus indiquent que la
persistance des résidus d'aldicarbe est beaucoup plus
élevée que prévue. Les concentrations d'aldicarbe
sont demeurées élevées (maximum de 16,4 ppb [par-
ties par milliard]) et ont varié relativement peu au
cours de la période d'étude, malgré le fait qu'il n’y a
eu qu'un épandage ou deux de pesticide aux em-
placements d’'étude pendant cette période.

Les résultats semblent indiquer la possibilité
d'un rapport entre les concentrations élevées d'aldi-
carbe et de nitrates. Dans 10 des 11 échantillons ou Ia
concentration de l'aldicarbe dépassait la concentration

~ acceptable (9 ppb), celle des nitrates (NO3-) dépassait

aussi la limite, qui est de 10 mg/L (en N). Les simula-
tions faites avec le modéle PHREEQE (un modéle
des réactions géochimiques) indiquent que I'oxydation
de Pengrais & base d'ammonium épandu a ces en-
droits pourrait inhiber la dégradation des résidus
d'aldicarbe. ‘

: Un modgle unidimensionnel du transport des
solutés (LEACHMP) a été choisi pour étudier les pro-
cessus influant le plus fortement sur le devenir de lal-
dicarbe dans la partie non saturée de l'aquifére dans
le grés a Ille-du-Prince-Edouard. On a essayé sans
succés d'étalonner le modéle & prévoir les concentra-
tions mesurées, ajoutée a la rémanence observée du
pesticide sur le ferrain, indique la possibilité d'un
mécanisme de stockage qui conserverait le pesticide
a I'état non dégradé et le libérerait lentement dans la
nappe phréatique. Le modéle LEACHMP a également
été employé pour une étude de la sensibilité. Ses
prévisions pour la concentration totale d'aldicarbe se
sont révélées particulierement sensibles aux con-
stantes pour la vitesse de dégradation, a la date
d'épandage et 2 la valeur pour la dispersivité.
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INTRODUCTION

The widespread use of agricultural chemicals
poses a serious threat of contamination to ground-
water supplies. The contamination of groundwater by
agricultural chemicals presents additional problems
not generally associated with the more obvious
“souices of pollution such as landfill leachate, chemical
or petroleum spills, or industrial discharges. These
sources are typically considered as quasi-point
sources of pollution and can often be traced to a
single source. it may then be possible to isolate and
contain the source, eliminating any further poliution.
Remedial action may also be taken to remove or less-
en the effects of the pollutants that have entered an
aquifer.

The areal extent to which agricultural chemicals

are applied shifts these contaminant sources from
. quasi-point to nonpoint sources of contamination. In
the event of groundwater contamination, the contami-
nant cannot be traced to a single source; making con-
tainment of the source and remedial action (e.g.,
‘pumping and treatment) impractical.

When faced with the possibility of groundwater
contamination from nonpoint sources, the emphasis
must be placed on prevention rather than on remedial
action after the contamination has occurred. Preven-
tion of groundwater contamination by agricultural
chemicals requires that the. physical, chemical,
and biological processes involved in the fate and
migration of these chemicals in the subsurface be
thoroughly understood before these chemicals are
‘applied.

It is too late to apply this reasoning to the appli-
cation of the pesticide Temik (active ingredient:
aldicarb) to potato fields on Prince Edward Island
(PEI). Temik (aldicarb) has been applied to potato
crops on Prince Edward Island since 1978 and, as a
result, a number of domestic wells have been found to
contain residues of the pesﬂcnde (Matheson ef al.
1987).

- A postmortem study of the fate and migration of
aldicarb in the sandstone aquifer of Prince Edward
Island has been undertaken by Environment Canada
. and the University of New Brunswick. The results of
a portion of this study, along with numerical simula-
tions of the physical and geochemical processes

CHAPTER 1

that control the fate of aldicarb in the subsurface, are

presented in this report.
A GENERAL DESCRIPTION OF ALDICARB )

A chemical must possess three characteristics
before it is considered to be a serious threat to ground-
water supplies. It must be highly toxic or carcino-
genic, mobile, and persistent in the environment.
Aldicarb possesses all three of these characterstics.

Aldicarb (2-methyl-2-[methylth|o]proplonaldehyde '
O-[methylcarbamoyl}-oxime) is the active ingredient in
the systemic pesticide Temik, developed and manu-
factured by Union Carbide Agricultural Products
Company, Inc. (now Rhone Poulenc). Temik be-
Iongs to the oxime carbamate insecticide family and
is-one of the most toxic pesticides registered for
agricultural use today (Dierberg and Given 1986;
Matheson et al. 1987). Aldicarb is effective as
an insecticide because it acts as an inhibitor of
the cholinesterase enzyme, which is necessary for
the proper functioning of the nervous system
(Rothschild et al. 1982; Moye and Miles 1988). The
oral LDso (rats) for aldicarb is 0.9 mg/kg (Ware
1978).

Aldicarb also has a hig‘h _dermal toxicity
(LDso = 5 mg/kg for rabbits [Ware 1978]) and is formu-
lated as a granular pesticide to reduce the risk of ex-
posure during application. The granules are
incorporated into the soil, where they dissolve in the
soil moisture, mobilizing the active ingredient (aldi-
carb) in the soil water. Aldicarb is taken up by the
plant through its root system and is distributed
throughout the portion of the plant above ground
surface. Pests are killed as they begin to ingest
the plant. Systemic pesticides must possess high
water solubilities to function effectively; aldicarb has
a solubility of 6000 mg/L at 25°C (Carsel ot a/.1985).
This property is indicative of the mobility of the
pesticide

Upon dissolution, the degradation of aldicarb
may follow two possible pathways: oxidation and hy-
drolysis. The parent pesticide (aldicarb) may be
quickly oxidized to aldicarb sulfoxide (2-methyl-2-
[methylsulfinyl]propionaldehyde O-[methylcarbamoyl]-
oxime). This oxidation reaction generally occurs quickly,



and the parent pesticide is rarely found in sampling
programs. Aldicarb sulfoxide may then be oxidized
“to aldicarb’  sulfone  2-methyl-2-[methyl-sul-
fonyllpropionaldehyde O[methylcarbamoyl]oxume)
(Figure 1). Aldicarb sulfone is also known by
the name aldoxycarb. These two transformation
products (daughter products) are also highly toxic,

mobile, and persistent in the environment, and,

therefore, must be considered in any study of
aldicarb. The solubilities and oral LDso (rats)
values for aldicarb sulfoxide and aldicarb sul-
fone are 28 000 and 7800 mg/L (Carsel et al.
1985) and 0.9 and 24 mg/kg, respectively (Jones
1986). In this report, aldicarb is abbreviated as
AS, aldicarb sulfoxide as ASO, and aldicarb sulfone as
ASO,. -

The second degradation pathway for aldicarb is
via hydrolysis of the three aldicarb species (parent
pesticide and two daughter products) to their respec-
tive oxime and nitrile species. The hydrolysis products
of the three aldicarb species are much less toxic
(see Figure 1) and are no longer a major environ-
mental concern.

The rate of the detoxrfylng hydrolysis reactlon is
dependent on a number of physical and chemical con-
ditions and will be highly variable from one location to
another, and also from one time to another, at a given
- site (Jones 1986; Moye and Miles 1988). nghtfoot
et al. (1987) found that aldicarb was most persistent in
acidic soils (pH = 5-6) with low soil temperatures.
Jones (1986), in _s'ummarizing the work conducted on
aldicarb degradation in both the saturated and
unsaturated zones, reported hydrolysis half-lives
ranging from less than two weeks to more than two
years.. .

Aldicarb, as Temik, was first registered for use in
the United States in 1970. Primary target pests in-

cluded nematodes, mites, and aphids, and application

‘rates ranged from approximately 2 to 11 kg of active
ingredient (a.i.) per hectare (Moye and Miles 1988).

- The application of aldicarb is presently restricted to
-.emergence applications in the United States.

In Canada, aldicarb is registered for application
at planting only, and a minimum 90-day application-to-
harvest interval must be observed. A number of U.S.
states and Canadian provinces have enacted addi-
tional legislation to QOVern_the application of aldicarb.
This legislation often requires that applicators of the
. pesticide be registered with a government agency. It

‘'may also restrict the amount of aldicarb that can be
- applied, the timing of the application, the distance
from the nearest domestic well for which it can

(Moye and Miles 1988).

be applled and the timing between successive ap-

. plications of the pesticide.

CONTAMINATION OF GROUND WATER BY
ALDICARB

Aldicarb ’was first detected in domestic well
water on Long Island, New York, in 1979. Prior to this

‘date, aldicarb had been wndely used on the majonty

of the more than 8000 ha in active potato production
on Long Island (Pacenka -et al. 1987). A sampling
program conducted in 1979 found that 76 (23%) of
the 330 wells tested in the survey contained aldicarb
levels in excess of the 7 ppb total toxic residue (TTR:
concentration. of AS +ASO +ASOy) drinking water
guideline recommended for aldicarb and estab-
lished by the National Academy of Sciences for the
State of New York (Moye and Miles 1988). The rec-
ommended drinking water guideline of 10 ppb set by
the Environmental Protection Agency (EPA) Health
Advisory has been accepted by all other U.S. states.
A larger sampling program on Long Island found that
1121 (13.5%) of the 8404 wells tested were in excess
of the 7 ppb recommended guideline level, with the

* highest detected concentration being 515 ppb (Moye

and Miles 1988). The results of the sampling pro-
grams on Long Island led the manufacturer, Union
Carbide, to withdraw the pesticide from the Long Is-
land market in February 1980 (Wartenberg 1988).

Several factors may have contributed to the
leaching of aldicarb to the water table on Long Is-
land. Aldicarb was applied at high rates (5.6—7.8 kg/ha
a.i.) on successive years to sandy soils with low or-
ganic matter contents and shallow water table depths.
Applications occurred at planting (and also at emer-
gence), which coincided with heavy spring rainfall,
suggesting high mobility with little attenuation of the

.pesticide. In addition, Soil temperatures, pH, and micro-

bial aclivity levels were low, lea’ding to slow degradation
rates and greater persistence in the soil envuronment
(Harkin etal 1986).

Aldicarb contam_ination of groundwater has also
been a problem in the Central Sands area of Wisconsin.
Sixty-nine (19%) of the 363 wells tested in a survey of
Wisconsin well water contained- detectable levels of
aldicarb, with 5% in excess of the 10 ppb guideline.
The maximum concentration detected was 111 ppb

Conditions similar to those found on Long Island
also exist in Wisconsin. However, the average an-
nual precipitation is much lower in Wisconsin, and
the ‘soil and groundwater tend to be more alkaline.
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Figure 1. Degradation pathways ;)f aldicarb (X mg/kg - acute oral LDso [rats] (after Jones 1986).




The higher pH of the soil and groundwater favours
faster degradation of aldicarb and its. metabo-
lites, and, as" a result, the contamination in Wis-

consin has generally been confined to shallow -

aquifers in areas where the pH remains low (Harkin
etal 1 986).

On a larger scale, a review of sampling. programs
in 34 U.S. states, involving over 28 000 different potable
wells, found aldicarb TTR levels above the EPA
recommended concentration of 10 ppb in 2735
wells (9.7%) in 8 of the 34 states (Moye and Miles
1988).

Detection of aldicarb residues in domestic. well
water has also been reported in several Canadian
- provinces, including Prince Edward Island. Aldicarb

was first used on PEI in 1978, and by 1983, it was
estimated that between 5000 and 10 000 kg of active
ingredient was applied to 3000 ha of potatoes annu-
ally (Matheson et al. 1987). On Prince Edward Island,
aldicarb is applied to potato crops to control aphids,
flea beetles, and the Colorado potato beetle. Applica-
tion rates are low (1.8—-2.3 kg/ha a.i.) compared to
the application rates in other areas.The pesticide
is applied to the soil in bands along with the seed
potato at planting and is incorporated to a depth of
approximately 10 cm.

The Environmental Protection Service (EPS)
of Environment Canada and the PE! Department
of Community and Cultural Affairs conducted a joint
study to assess the presence of aldicarb in the
groundwater of Prince Edward Island (Matheson et al.
1987). - The study conducted between June 1983
and November 1984 consisted of the analysis. of
water samples from 103 domestic wells. Aldicarb
- residues were found in 20 (19%) of the wells tested.
All levels, however, were found to be below the
Canadian maximum acceptable concentration (MAC)
of 9 ppb (Health and Welfare Canada 1988).The
maximum concentration detected was 5.4 ppb, and
the majority. of the measured values were in the
range of 1.3-2.2 ppb. Many of the factors contribut-
. ing to the leaching of aldicarb on Long Island and
in Wisconsin also apply to the situation on PEL

Although application rates were much lower than |

those on Long Island, the pesticide was applied at
planting to soils of low pH, temperature, and organic
matter content (Matheson et al. 1987).

Aldicarb use on Prince Edward Island has
declined sharply in recent years as reports of aldicarb
contamination of groundwater have been publicized
and legislative restrictions have been |mposed on its
application. :

4 .

- OBJECTIVES OF STUDY

The objectives of this study are to investigate the
fate and migration of aldicarb in the sandstone aquifer
of Prince Edward Island and to determine the physi-
cal, chemical, and biological processes that are most
influential in controlling the fate of the pesticide in the

-subsurface environment.

Specific objectives of this report are

1. to present the results of a tivé-yéar ground- -
water/aldicarb monitoring program at three
field sites on Prince Edward island;

2. 1o determine the local hydrogeological prop-
- erties of the field sites; '

3. toinvestigate the influence of the addition of
ammonium fertilizer on the persistence. of
aldicarb with the use of an equilibrium geo-
chemical reaction model, PHREEQE; and

4. to model processes involved in the transport
- and transformation of aldicarb in the unsatu-
rated zone.of the Prince Edward Island
sandstone aquifer with LEACHM (Leaching
Estimation And CHemistry Model) and to de-
termine which of the processes may be most
influential in the leaching of aldicarb to the .
water table.

A brief discussion of the major physical and
chemical processes that control the fate of a pesticide
in the subsurface follows in Chapter 2. This background

material is provided as a review of the processes that

must be considered in the study of the fate of aldicarb
and in the modelling simulations that are discussed
in a later chapter. A review of the results of previous
studies conducted on the pesticide aldicarb is also

“presented to provide insight into the processes that

may be most influential in controlling the fate of
aldicarb for the conditions found on Prince Edward
Island

‘Chapter 3 details the development of the three
field sites established on Prince Edward Island
and discusses the methods used in, and the results
obtained from, the five-year program undertaken to
monitor aldicarb concentrations in the groundwater
at the three field sites. The results of the ground-
water monitoring program (presented in Chapter 3)
provide the data base necessary for the calibration
and performance testing of the unsaturated zone pes-
ticide transport model (LEACHM), which was used to
simulate the fate of aldicarb under the conditions found



in the sandstone aquifer on Prince Edward Island..

A description of LEACHM and the results of the
calibration and performance testing efforts
are presented in Chapter 4. The influence of

the oxidation of ‘ammonium-based fertilizers on
the persistence of aldicarb is also investigated in
Chapter 4 with a geochemical reaction model
(PHREEQE).



CHAPTER 2

Theory of Transport and Transformahon in the

Unsaturated Zone

The transport and transfon'natlon of pesticides in
the unsaturated zone are controlled by many physical,
chemical, dnd biological processes. An adequate
knowledge of these processes must be gained before
any attempt is made to simulate the fate of aldicarb
in the subsurface. The unsaturated zone is a thiee-
phase system consisting of a solid (soil matrix), liquid

(soil solution), and gaseous (soil atmosphere) phase, -

the composition and properties of which may be
highly heterogeneous. Phenomena such as adsorp-
tion, surface tension, and dlsperSIon result from the

presence of the three phases and the interactions

between them. At present, an understanding of the

resulting phenomena is incom’plete and simplifica- .

tions. are often required in the mathematical repre-
sentation of the system if these processes are to be

-simulated.

‘ The transport and transformation of a chemical
in the unsaturated zone are controlled by two main
groups of processes. The first group consists of pro-

cesses and mechanisms that control the transport of

chemicals through the unsaturated porous media,
while the second group is composed of processes that
attenuate the movement of a chemical. These two
groups are discussed in the following sections.

TRANSPORT OF SOLUTES IN A POROUS
MEDIUM

Three mechanisms involved in the transport of

. solutes (e.g., pesticides) are advection (mass flow),
liquid diffusion/dispersion, and vapour diffusion.

The first, advection (mass flow), considers the
passive transport of dissolved solutes with the bulk
flow of water. In the unsaturated zone, emphasis is
placed on the vertical movement (leaching) of solutes
towards the water table. Secondary processes, such
as surface runoff, erosion, and volatilization, may be-
come significant in the transport of some solutes under
certain conditions. However, Donigian ‘and Rao (1986)
quote several references in concluding that runoff and
erosional losses of pesticides in agricultural applica-
tions generally account for only a small peroentage of the
total pesticide application. This finding is supported by
Carsel et al. (1988) and Jones et al. (1986).

Water flow in the unsaturated zone, as is the
case with saturated flow, occurs due to the presence
of a potential energy gradient. Flow occurs in the direc-
tion of the decreasing energy potential, and the rate of
flow (flux) is proportional to the potential gradient.

In the unsaturated zone, the soil water is sub-

" jected to negative (subatmospheric) pressure poten-

tials arising from the affinity of water for the surfaces
of the soil particles. The negative suction potentials
(¢) are generally reported as equivalent positive val-
ues and are referred to as matric suctions (), signify-
ing that the positive suction values actually represent
negative matric potentials (-¢ = ). With this conven-
tion in mind, the flow of water in the unsaturated zone
occurs from areas of low matric suction to areas of
high matric suction. The flow of water occurs in both
the pore spaces of those pores that remain saturated
at a given matric suction and also along the hydration
film covering the solid particles in those pores that are
no longer saturated (Hillel 1980b).

Thé most significant difference between satu-

" rated and unsaturated flow is the dependence of the

unsaturated hydraulic conductivity on the matric
potential of the soil. As conditions change from satu-
rated to unsaturated, the matric potential becomes
important. Capillary forces holding water in the larger
pores are exceeded as suction forces develop, and
water in the largest, most conductive pores is the first
to drain. As suction continues to develop, the capillary
forces holding water in successively smaller pores are
exceeded, and they in turn drain, further reducing the
size of the conducting pathways and the hydraulic
conductivity of the soil.

To complicate matters further, the conductivity
curve (relationship between the hydraulic conductivity
[K], and the matric suction [y]) is hysteretic, with differ-
ent curves for wetting and drying fronts (Fig. 2a). The

~ same phenomenon is observed in the retentivity curve

relating matric suction (y) to the volumetric soil-water
content (8) (Fig. 2b). The conductivity and retentivity

. curves shown in Figure 2 are complex for a given soil.

Simplified empirical equations describing these rela-

tionships have been developed by measuring these

parameters in the laboratory or under field conditions.
Hillel (1980b) reviews some of these relationships.
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Empirical regression equations have also been pro-

posed to facilitate the development of conductivity and
retentivity relationships based on a few pettinent soil

parameters (Hutson and Cass 1987; Wagenet and

~ Hutson 1987).

Once the conductivity and retentivity relationships
for a soil have been established, the advective flow
equation can be developed. Hille! (1980b) and Wagenet

and Hutson (1987) describe Richards’ development of -

the convective flow equation for unsaturated water
flow (now known as Richards equation), however, a de-
tailed discussion is not presented here. The approach
couples the continuity equation with Darcy’s law to
describe water flow in the unsaturated zone. The final
form of the one-dimensional transient . equation is
given as '

9 oh d « 9H
5 = ot €@ =37 (K®© -5 )iS zt) (1)
where
h = the soil-water pressure head (H-2),
C(8) = the differential water capacity,
K@) = the hydraulic conductivity,
0 = the volumetric water content,
H = the hydraulic head,
z = the depth,
t = time, and
S(z,t) = possible sources and sinks for water
gain or loss.-

The convective flux of solutes (e.g., pesticides)
in the soil solution is determined by assurhing that the
convective flux of a solute is proportional to the solute
concentration in the bulk soil solution. Diffusive and
dispersive fluxes are also included to account for.

‘chemical and mechanical mixing of the solute in

the solution. A more detailed discussion of the deriva-

“tion of this equation can be found in Hillel (1 980b)
"~ The general form of the solute . transport equation is

given by

3(0-- 8 _-9(qc) ,L 9 a¢c

ot - ez tazPeevI5H @

’where'

c = the dissolved solute concentration,

q = the flux across a unit area per unit time,

and '
D«0,v) = the diffusion/dispersion coefficient, which

is a function of the water content (8) .
and the average linear groundwater

velocity (v). -

ATTENUATION PROCESSES

Additional terms must be added to equation (2)
to account for the processes that attenuate the trans-
port of the pesticide. The transport equatlon is given
by

—9g-¢) ., 9

d(c-9) 9 Jac
+az(Dq ®,v)- 32 —)x8(3)

ot 9z

where
S = a source/sink term for the pesticide. \

Attenuation can occur as the result of one or more of
the following groups of processes:







