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FATE OF I4C-ATRAZINE IN A SILT LOAM SOIL 

B. A. SORENSON’, W. C. KOSKINEN**, D. D. BUHLER.’, 
D. L. WYSE’, W. E. LUESCHEP and M. D. JORGENSON’ 

‘Depurtment of Agronomy and Plunt Genetics, University of Minnesota, St. Puul, M N  
55/08 USA. ’Soil atid Water Management Research Unit, U.S. Department of 

Agriculture, Agricultural Research Service, I991 Upper Buford Circle, St. Puul, MN 
55/08 USA. -‘Nationul Soil Tilth Laboratory, US. Depurtment of Agriculture, 

Agriculturul Reseurch Service, 2150 Pummel Drive, Ames, IA 5001 I USA. ‘Southwest 
Experiment Stution, University of Minnesota, Lamherton, M N  56 152 USA 

(Rrcriveil. 10 Seplemhrr IYY.<: iiifincilfi)rtn, 22 Deiwnher 1994) 

Formation of’ “C-atrazine degradation products and their distribution in the top 90 cm of a silt loam soil was 
determined during 16 months in the field. After 16 months, 68% of the applied “C was still present in the soil. 
By 12 months after treatment (MAT), “C leached to 70-80 cm. Atrazine accounted for 24% of the applied “C 
remaining 16 MAT, and was the predominant “C-compound below 10 cm through 16 MAT. Hydroxyatrazine 
(HA) was the major degradation product in the top 10 cm of soil comprising 13% of “C present I MAT and 
increasing to 24% by 12 MAT. Predominant degradation products at depths greater than 10 cm were HA and 
deethylatrazine (DEA). Deisopropylatrazine (DIA) accounted for less than 6% of the radioactivity recovered at 
any soil depth. Deethyldeisopropylatrazine (DEDIA) was detected in soil extracts 2 MAT indicating further 
degradation of DIA and DEA. The proportion of DEA and DIA increased while the proportion of HA 
decreased at increasing soil depths indicating that DEA and DIA are more mobile in soil than HA. The large 
amount of “C remaining in the soil 16 MAT. and the depth within the soil profile at which it is found. suggest 
that atrazine and its degradation products have the potential to persist and move deeper in the soil and possibly 
contaminate ground water supplies. 

KEY WORDS: Leaching, ground water quality, “C-herbicides. 

INTRODUCTION 

Detection of atrazine in ground and surface water supplies in the United States has raised 
concern about atrazine degradation products and their potential to contaminate water 
supplies’.’. Atrazine degradation products in soil result from chemical and microbial 
processes. Chemical hydrolysis results in the formation of hydroxyatrazine 
Microbial degradation results in N-dealkylation’-“’ to form deethylatrazine (DEA), 
deisopropylatrazine (DIA), and deethyldeisopropylatrazine (DEDIA)”. Further 
degradation of dealkylated products results in formation of 4-amino-2-chloro- 1,3,5- 
triazine”. Hydroxylation of dealkylated products or dealkylation of hydroxylated 
products results i n  the formation of deethylhydroxyatrazine (DEHA), 

* Corresponding author. 
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2 B. A. SORENSON rt cil. 

deisopropylhydroxyatrazine (DIHA) and deethyldeisopropylhydroxyatrazine 
(DEDIHA)h.X'. Complete degradation of atrazine to COz has been observed through 
continued hydroxylation of the triazine ring to form ammiline, ammelide. and cyanuric 
acid prior to ring cleavage". 

Atrazine residues appear to be very resistent to degradation following field 
application. Capriel and Haisch13 reported 83% of the initial radioactivity was present 8 
years after application of "C-atrazine to a sand. Following field application of "(2- 
atrazine to a sandy loam'', more than 75% of the radioactivity was still present 16 
months after application. Such long-lived residues have a potential to leach through soil. 

The extent of leaching is dependent on the nature of the residues and the physical and 
chemical properties of the soil. For instance, during a 16-month column leaching study in 
the field, I4C-residues were not detected in sandy loam soil deeper than 40 cm", and no 
radioactivity was detected in leachate collected from a I-m deep monitoring column. As 
the "C-residues moved deeper in the soil, the proportion of HA decreased while the 
proportion of atrazine, DEA, and DIA increased, suggesting that atrazine, DEA, and 
DIA, were more mobile than HA. Several studies indicate that HA is strongly sorbed to 
the soil and does not Schiavon" reported only trace levels of radioactivity were 
detected in leachate following application of "C-hydroxyatrazine of soil also indicating 
that HA is not mobile in soil. However, hydroxylated atrazine derivaties contributed as 
much as 21 % of the radioactivity in  leachate following I4C-atrazine application, 
suggesting hydroxylated products resulted from in situ degradation of previously leached 
residues and not from leaching through the soil. I4C-DEA-treated soil resulted in the 
most radioactivity collected in leachate and appeared to be the most persistent 
metabolite, indicating its potential to contaminate ground water by leaching through the 
soil ". 

Generalizations regarding pesticide leaching with respect to soil type suggest that 
coarse textured soils have greater potential for pesticide leaching than fine textured soils. 
However, rapid water infiltration and short water residence time in coarse textured soil 
may result in less pesticide being leached than in finer textured soils. To evaluate 
pesticide movement in soil, factors such as water holding capacity, water infiltration rate, 
soil water content, and soil structure must be considered. For instance, atrazine moved 
deeper in a silt loam than in a sand following application to packed, field lysimeters even 
though OC content of the silt loam was nearly two times higher and had greatcr atrazine 
sorption than the sand'*. Greater leaching in the silt loam was attributed to wetter soil 
conditions caused by the higher water holding capacity, and slower infiltration rate 
allowing atrazine more time to desorb and move with the water through the soillx. 

To evaluate the effect of soil characteristics on formation and movement of atrazine 
residues in soil, studies were initiated to determine the amount of major atrazine 
degradation products in the top 90 cm of a silt loam soil over a 16-month period, and 
compare these data with those obtained from previous research on a sandy loamN4 and a 
clay loam soil". 

MATERIALS AND METHODS 

Chemicals and solvents 

Atrazine (98.7% purity), DEA (99% purity), DIA (98% purity), DEDIA (90%. purity), 
HA (97% purity), DEHA (97% purity), and DIHA (95% purity) were obtained from 
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3 FATE OF "C-ATRAZINE 

Ciba-Geigy Corporation* (Greensboro, NC 274 19). "C-uniformly ring-labeled atrazine 
(0.38 GBq mmol I )  was purchased from Pathfinder Laboratories (St. Louis, MO 63178). 
Technical grade methanol, chloroform, ethyl acetate, dichloromethane, and scintillation 
grade toluene were used as received. 

Field 17 rocrdu res 

The experiment was conducted at the Olmstead Country Water Quality Research Plots at 
the Steve Lawler Farm, Rochester, MN 55901 on a Port Byron silt loam (Hapludoll) 
(Table I ) .  Sections of 0.3 m dia poly-vinyl chloride (PVC) pipe (wall thickness of 
I .2 cm) 0.9 m long, with one end sharpened were coated with vegetable oil, and inserted 
into the soil with the front end loader of a 955L Caterpillar trackscavator in October 
1987. Compression of the soil inside the columns following insertion was less than 5 cm. 
Additional columns 0.7 m deep were inserted into the soil at each location and equipped 
with a water collection device'" to monitor movement of I'C from the bottom of the 
column. Water sampling was conducted following each rainfall or imgation event and 
prior to each sampling. 

After insertion, an additional 9 cm section of pipe was attached to the top of each 
column to prevent water from flowing across the treated soil. A fence was constructed to 
control access to the plots. C-atrazine (0.85 MBq) in 5 ml methanol was applied to the 
center 10 cm of the column, 2.5 cm below the soil surface on May 20, 1988 as 
previously described". Maximum soil and air temperatures on the day of application 
were 24 and 27°C. Following application, three corn (Zeu muys L.) seeds were planted in 
the center of each column. Corn was planted in the rest of the plot area at 60,000 seeds 
ha-', and atrazine, alachlor, and dicamba were applied as a tank mix to the entire plot 
area at 2.2, 3.4 and 0.7 kg ha?. respectively. After emergence, corn was thinned to I 
plant per column. Irrigation was applied to the columns in 2.5 cm increments as needed. 

I4  

Table I Characteristics of Port Byron silt loam soil. 

0 - 10 5.4 2.4 23 68 9 
10 - 20 5.9 2.2 24 67 9 
20 - 30 5.9 2.2 26 67 7 
30 - 60 6.0 I .3 26 68 6 
60 - 90 5.9 0.5 25 64 I I  

* Mention of a trade name or company name is for information only and does not imply a recommendation or 
endorsement by USDA-ARS or University of Minnesota. 
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4 B.  A. SORENSON rr NI. 

Columns were replicated three times in a completely randomized design. Soil columns 
were removed immediately following "C-atrazine application, and 1, 2, 4, and 6 months 
after "C-atrazine treatment (MAT). Prior to removing each column, the corn plants were 
removed and bagged. The column was capped with a PVC pipe cap. The columns were 
removed as previously des~ribed '~,  transported to a freezer, and stored at -15°C until 
processing. 

During the second yr, columns were removed 12 and 16 MAT. Following the 12 
MAT sampling, 3 corn seeds were planted into each of the remaining columns on May 
22, 1989. After emergence, corn was thinned to 1 plant per column. Corn was planted in 
the plot area at 60,000 seeds ha-', the remaining columns were covered and a tank mix of 
atrazine, alachlor and dicamba was applied to the entire plot area, as done during the first 
year. At 16 MAT the plants and the columns were removed as previously described. 

Laboratory procedures 

Each column was sectioned into 10 cm depth increments". Soil samples were weighed 
and mixed for 15 min in a jar mill type mixer. Separate subsamples were taken to 
determine soil moisture, total radioactivity, and degradation products. Soil moisture was 
determined by oven drying a 20 g subsample at 110°C for 24 hr. If the soil was too wet 
for mixing, samples were air dried for 24 hr and soil moisture content determined again. 
Corn plants were removed from the freezer and dried at 40°C for 48 hr. The samples 
were ground to pass a 6 mm screen using a Wiley type mill. 

To determine total radioactivity in soil, three subsamples (0.3 to 0.5 g) from each soil 
depth sample, were combined with an equivalent weight of microcrystalline cellulose 
and oxidized using a Packard 306 sample oxidizer (Packard Instruments Co. Downers 
Grove, IL 60515). To determine total radioactivity in plants, three subsamples (2.0 g) 
were oxidized for 0.5 min as previously describedt4. Radioactivity was determined by 
liquid scintillation spectroscopy (LSS) using a Packard 1500 Tri-carb liquid scintillation 
analyzed (Packard Instruments Co. Downers Grove, IL 605 15). I4CO2 was trapped with 
6 ml Carbosorb I1 and combined with 16 ml Permablend I11 scintillation cocktail for both 
soil and plant tissue. The efficiency of oxidation for both plant and soil samples was 
determined to be 0.90 f 0.03. 

C residues were extracted from soil as previously described" by refluxing three 
times in methanol and water. "C-compounds were separated and quantified using thin 
layer chromatography (TLC) with 20 x 20 cm 0.25 mm silica TLC platesI4. Rf values of 
analytical standards following two elutions in 110:2:2 ch1oroform:methanol:formic acid 
(v:v:v) were 0.88, 0.66, 0.59, 0.23, and 0.03 for atrazine, DEA, DIA, DEDIA, and 
hydroxylated derivatives, respectively. To quantify the chlorinated products and total 
hydroxylated residues, plates were scanned for 10 min on a Berthold linear plate 
analyzer (Berthold Scientific Instruments Company, Pittsburg, PA). Peaks were 
integrated, backgrounds subtracted, and retention times compared to analytical standards. 
To isolate hydroxylated derivatives the plates were developed in a second solvent system 
(75:20:4:2, ch1oroform:methanol:water:formic acid v:v:v), Rf values of analytical 
standards were 0.98, 0.093,0.90,0.71, 0.62, 0.38, 0.32 for atrazine, DEA, DIA, DEDIA, 
HA, DEHA, and DIHA, respectively. Plates were rescanned, peaks integrated and 
retention times compared with those of analytical standards. Statistical analysis of the 
data was conducted by calculating the mean and standard error of the mean from the 
three replicates. 
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FATE OF “C-ATRAZINE 5 

RESULTS 

Total “C 

Recovery of total ’“C from the soil 1 and 2 mo after I4C-atrazine application was 96 and 
8 1 % of that applied, respectively (Table 2). “C remaining in the soil decreased to 64% of 
that applied 4 MAT and did not decrease further during the remainder of the study; 68% 
remained 16 MAT. 

A small amount of “C is presumeably lost due to volatilization and plant uptake. 
Potential volatilization losses were minimized by applying the I4C-atrazine below the soil 
surface. The maximum amount of applied “C recovered in the corn plant was 5.2% 2 
MAT. The rest of the 14C was assumed to be lost by mineralization to I4CO2 rather than 
leaching out of the lysimeter, discussed below. 

Leaching cf“C 

Between application and 1 MAT, the soil received 5.0 cm of irrigation water and 0.6 cm 
rainfall resulting in “C leaching to 30- to 40-cm depth (Table 2). Between the 1- and 2- 
MAT sampling, 8.3 cm of rainfall was received and 10.0 cm of irrigation water was 
applied. During this time I4C in the 10- to 20-cm depth increased from 4.5 to 8.1%, but 
was not detected deeper than 40 to 50 cm. Between 2 and 4 MAT, 7 cm of rainfall was 
received in 7 rainfall events, all less than 2.5 cm, and 10 cm of irrigation water applied in 
four 2.5 cm applications, however no increase in C in the 10- to 20-cm depth or 
leaching beyond 40 to 50 cm was observed at 4 MAT. 

“C was detected to the 60- to 70-cm sampling depth by 6 MAT (Table 2). “C 
collected in leachate between the 4- and 6-MAT sampling indicated that some I4C 
(< 0.002% of applied) had moved through the soil with the water during this period. I4C 
was detected in leachate (700 ml) collected from the monitoring column between 6 and 
12 MAT. Atrazine was the only compound detected in the leachate. I4C at the 10- to 20- 
cm depth increased to 12.5% of applied at 12 MAT and I4C was detected throughout the 
80 cm deep soil column. From 6-12 MAT 18.2 cm precipitation was received as snow 
and rain. Distribution of I4C in the soil profile at 16 MAT was the same as at 12 MAT 
except I4C was only detected to 50-60 cm. 

14 

Atrazine degradation 

Compounds detected in soil during the course of the study were atrazine, HA, DEA, 
DIA, DEDIA, an unidentified product (UP), possibly 4-amino-2-chloro- 1,3,5-triazineI2, 
and some unidentified polar metabolites (Table 2). Each compound is represented as a 
percentage of radioactivity recovered at each depth to evaluate relative proportions of 
each compound at each depth over time. 

Atrazine present i n  the top 10 cm of soil decreased from 88% of recovered 
immediately following application to 58 and 37% 1 and 2 MAT, respectively (Table 2). 
The proportion of I4C as atrazine decreased to an average 27% at 4 to 6 MAT. Decreased 
proportion of atrazine over time was accounted for primarily by increased levels of 
unextracted residues, HA, and DEA and to a lesser degree by DIA, DEDIA, and the UP. 
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Unextractable residues in  the top 10 cm of soil increased from 4% of total I4C 
measured immediately following application to 33% at 2 MAT and remained constant 
through the remainder of the study. The proportion of HA in the top 10 cm increased 
from 5.6% immediately following application to a high of 26%, 12 MAT. The maximum 
proportion of microbially dealkylated metabolites DEA, DIA, and DEDIA in the top 10 
cm were 7, 3, and 3%, respectively, throughout the 16 mo incubation period. The 
maximum proportion of I4C present as an UP in the top 10 cm of soil was 1.7% at 16 
MAT. 

At depths greater than 10 cm, the proportion of atrazine decreased with time 
indicating the potential for degradation of atrazine in the soil below the plow layer. For 
instance, the proportion of atrazine present in the 10- to 20-, 20- to 30-, and 30- to 40- 
cm depths was 56, 75 and 68%, respectively, 1 MAT (Table 2). The proportion of 
atrazine decreased to 18, 37, and 20% for the same depth increments, 16 MAT. The 
decreased proportion of atrazine at depths greater than 10 cm was associated with 
increased proportion of DEA, HA, and unextracted residues. 

DISCUSSION 

Leachate collected from monitoring columns in the silt loam in this study and a clay 
loam” and sandy l0amI4 indicated that water moved through the soils and was available 
for leaching 14C-compounds. Radioactivity was detected throughout the columns and in 
leachate collected from the silt loam and clay loam”, but not deeper than 40 cm or in 
leachate from the sandy loaml4. It is interesting that more leaching occurred in the silt 
loam and clay 1oamI9 soils than in the sandy 1oarnl4. Generalizations regarding the 
leaching potential of a specific soil based on its sand content may not be very good 
predictors of the potential for leaching to occur in a given soil and climate. Many factors 
determine the mobility of a specific pesticide i n  soil, which preclude making 
generalizations based on one soil factor. 

Greater leaching of I4C in the silt loam and clay loam appears to be a function of the 
greater water holding capacity of these soils. Greater clay and silt contents in the silt 
loam and clay loam” soils compared to the sandy l0amI4 maintained higher soil moisture 
longer, allowing more time for desorption of atrazine residues to occur and leach with 
the water. Rapid water movement in the sandy loam did not allow sufficient time for 
residues to desorb from soil and move with water. Previous resultsin also showing greater 
atrazine leaching from columns packed with silt loam than sand may be to similar 
reasons. 

In the silt loam, initial leaching resulted in greater concentrations of residues in the 
10- to 20-cm depth, but leaching was limited to the top 40 cm. In contrast, initial 
leaching in the clay loam” was rapid and characteristic of macroporous flow as observed 
in previous 

In appears that soil factors such as texture, OC, and pH also affected availability of 
C-atrazine residues in these soils. Greater plant uptake of I4C from the silt loam than 

from the clay loam may have been due to lower OC and clay levels allowing atrazine 
residues to be more available to the corn plants. Research conducted on the affect of 
OCIs and soil pH”.’* indicate that sorption of atrazine and selected degradation products 
increased as OC increased and soil pH decreased. 

Atrazine residues were degraded more rapidly in the silt loam than in the clay loam or 
sandy loam soil during the first 4 MAT. Radioactivity in the silt loam decreased to 64% 
of applied 4 MAT, compared to 75 and 80% in the sandy l0amI4 and clay loam” soils, 
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respectively. A greater capacity for the silt loam to degrade the atrazine residues is 
evident by higher levels of unextracted products, PM, and more rapid decrease in  
atrazine concentration than in  the sandy loam" or clay loam". Higher levels of 
unextracted radioactivity may be due to formation of secondary degradation products not 
extracted from the soil. Higher levels of PM suggests continued degradation of residues 
to more polar products not extracted from the aqueous soil extract. Total radioactivity in 
the silt loam and sandy loam'' soils did not decrease after the 4-MAT sampling and was 
68 and 78%. respectively, 16 MAT. In the clay loam'', total radioactivity decreased from 
8 I to 64% between the 12- and 16-MAT sampling. During this time, HA in the top 
10 cm of the clay loam decreased from 20 to 1 I % ,  PM increased from 5 to 18% and 
DEA increased from 6 to 12%. 

HA was the major degradation product in  the upper 10 cm of soil at all three 
locations. Microbial degradation resulted in the formation of DEA, DIA, DEDIA, and 
UP. As residues leached below the top 10 cm of soil, the proportion of HA decreased 
while the proportion of DEA increased. This suggested that DEA was more mobile in 
soil or degradation of atrazine at depths greater than 10 cm favored formation of 
dealkylated products over hydroxylated products. Increased levels of DEA suggest that 
microbial breakdown was occurring and microbial N-dealkylation of hydroxylated 
residues to more polar compounds and "CO, may be occurring. These data are supported 
by Bowman'" who also observed greater DEA production with increasing soil moisture. 
Other research also indicates lower adsorption and greater mobility of DEA than atrazine 
and other degradation products2'-''. 

Detection of DEDIA and an UP in the silt loam and clay loam'' soils but not in the 
sandy loam'' indicates a greater capacity of silt loam and clay loam soils to degrade 
atrazine residues than the sandy loam. Detection of DEDIA and UP also indicates 
continued microbial degradation of atrazine residues because both compounds appear to 
be chlorinated derivaties and did not undergo chemical hydrolysis of the 2-chloro group. 

In  conclusion, significant levels of atrazine residues remained 16 MAT. Persistence of 
these residues i n  soil for a long time provides a pool of residues for potential 
contamination of ground water supplies. Detection of these residues in leachate collected 
from 70 cm deep monitoring columns indicates leaching did occur. Even though the 
amount leaching is extremely small, it appears that contamination of water supplies may 
occur by leaching through the soil. The extremely low atrazine levels detected in ground 
water supplies would require leaching of only < 0.1% of applied atrazine. It appears that 
contamination of ground water by atrazine and DEA can occur in silt loam soils. 

FATE OF "C-ATRAZINE 
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