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Degradation and Binding of Atrazine in Surface and Subsurface Soils

ELENA BLUME,T8 MARIANNE BiscHOFRT THOMAS B. MOORMAN,* AND
RoNALD F. Turco*:t

Agronomy Department, Purdue University, West Lafayette, Indiana 47907-1150, and National Soil
Tilth Laboratory, Agricultural Research Service, U.S. Department of Agriculture, Ames, lowa 50011

Understanding the dissipation rates of chemicals in unsaturated and saturated zones of subsurface
soils will help determine if reductions of concentrations to acceptable levels will occur. Chemical
properties and microbial biomass and activity were determined for the surface (0—15 cm), lower root
(50—105 cm), and vadose (175—220 cm) zones in a Huntington silty clay loam (Fluventic Hapludoll)
collected from an agricultural field near Piketon, OH. The rates of sorption, mineralization, and
transformation (formation of bound residues and metabolites) of atrazine were determined. Microbial
activity was estimated from the mineralization of 1*C-benzoate. We observed decreased levels of
nutrients (total organic carbon, N, and P) and microbial biomass with depth, while activity as measured
with benzoate metabolism was higher in the vadose zone than in either the surface or the root zones.
Sorption coefficients (K;) declined from 8.17 in the surface to 3.31 in the vadose zone. Sorption was
positively correlated with organic C content. Rates of atrazine mineralization and bound residues
formation were, respectively, 12—2.3-fold lower in the vadose than in the surface soil. Estimated
half-lives of atrazine ranged from 77 to 101 days in the surface soil, but increased to over 900 days
in the subsurface soils. The decreased dissipation of atrazine with increasing depth in the profile is
the result of decreased microbial activity toward atrazine, measured either as total biomass or as
populations of atrazine-degrading microorganisms. The combination of reduced dissipation and low
sorption indicates that there is potential for atrazine movement in the subsurface soils.
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INTRODUCTION must be transported through the vadose zone to reach ground-
In the north-central United States, high atrazine (2-chloro- water, an understanding of the sorption, degradation, and trans-

4-(ethylamino)-6-isopropylamino-s-triazine) usage combined formation processes in the vadose zone is essential.

with hydrologic factors (seasonal runoff and subsurface drain- Frevious studies of atrazine degradation in the subsurface
age) have resulted in water contamination by atrazine and enV|rpnmentd|§pI§yarange of result.s. Relgtlve to surface soll,
atrazine metabolited ¢ 5). The detection of pesticides in surface trazine was significantly more persistent in most vadose and

water and groundwater has increased the public’s concern aboufaturated zone materials (8—13). However, in some subsurface
the impacts of agriculture on the environment (1). Atrazine Materials, atrazine degradation rates were not reducgd$).
remains one of the most widely used pesticides for control of In some studies with vadose zone soils, mineralization removed

broadleaf and grassy weeds in corn. between 1% and 10% of the applied atrazidé,(16). The
Atrazine can be degraded by isolated bacteria and fungi or formation (4,16) and degradation of metabolitd{ seems to

by mixed communities in soils, resulting in the dealkylated P€ SOil type and soil depth dependent. Few of these studies have

metabolites DEA (deethylatrazine), DIA (deisopropylatrazine), examined the influence of soil properties on atrazine fate.

and DEDIA (dealkylatrazine). The microbial dechlorination of 1€ objectives of this study were to (i) estimate the capacity
atrazine can result in the formation of HA (hydroxyatrazine) of subsurface soils to degrade, bind, and sorb atrazine at different

and the dechlorinated analogues of DEA, DIA, and DEDE ( concentrations, (ii) estimate the rates of these various processes,

Abiotic degradation by hydrolysis to hydroxyatrazine can also @1d (iii) determine the effect of physical, biological, and
occur (7). Atrazine transport is governed by the interaction of chemical factors on atrazine transformation processes. To gain

both degradation processes and sorption, which is controllediNcreased insight on the biological processes governing atrazine

by organic C content, pH, and clay contePt Because atrazine fate, we used two different concentrations!¢E-atrazine and
B several different measures of microbial biomass and activity.
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Table 1. Mean Physical and Chemical Properties of a Huntington Silty Clay Loam near Piketon, OH

nitrogen phosphorus
mineral? TKN total available
depth (cm) sand (%) silt (%) clay (%) pH TOC (%) (mgNkg™) (mgNkg™) (mg P kg1 (mg P kg1
0-15 16.02 46.0 38.0 6.9 2.1 18.3 1980.0 291.0 2.3
(5.3) (2.0) 4.0) (0.3) (©0.1) (2.4) (108.2) (22.5) (0.4)
50-105 15.3 46.7 38.0 7.0 0.8 74 1056.7 186.3 0.8
(3.1) (3.9) (0.0) 0.2) (0.02) (0.4) (56.9) (0.6) 0.2)
175-220 11.3 53.3 35.3 7.5 0.5 6.0 746.3 173.0 11
(3.1) (3.1) 12) 0.2) (0.05) (0.9) (56.1) (10.1) 0.2)

aValues are means over the three sites with the standard deviations beneath the means in parentheses. ? Sum of nitrate, nitrite, and ammonia forms of N.

(MSEA). The MSEA lies adjacent to the Scioto River, near Piketon, 1 M NaOH, capped, and incubated for 50 days. The shell vials were
OH. Three field locations at the MSEA field station were chosen within then removed, scintillation cocktail was added, and @O, was
a field cropped to a corn, soybean, and wheat-hairy vetch rotation. Threetrapped by the NaOH determined by LSC. The vials were scored as
soil cores (220 depthx 10 cm), 2 m apart from each other, were (+) when the evolved“CO, exceeded 2 times the background and
collected using a truck-mounted GSRP-S (The Giddings Machine Co., (—) otherwise.
Fort Collins, CO) hydraulic soil coring unit. The cores were divided Atrazine Sorption. Atrazine sorption in the soils collected from
into sections that constitute the three depths used: surface zone (O—the different field locations and depths was determined by batch
15 cm), lower root zone (56105 cm), and vadose zone (17820 isotherms. Two replicates of 3 g of air-dried soil were equilibrated for
cm). To control contamination, the exterior 1 cm of each section was 48 h in 20 mL of 0.01 M CaGlcontaining a mixture of nonlabeled
removed. The sections were placed in sterile plastic bags and transportecind 14C-ring-labeled atrazine (67 B¥C-activity per tube) at total
to the Purdue Soil Microbiology Laboratory where the soil from each concentrations of 1.4, 7, 14, and AM. After centrifugation (10 000
section was mixed, passed through a 4-mm sieve, and storefiGat 4  rpm for 15 min), a 1 mL aliquot was removed from the supernatant
for no longer than 2 months. Biomass extractions (see below) were for LSC. Values ofK; were calculated from fitting the Freundlich
started within 1 h ofcore collection; determination of microbial activity, sorption equationx/m= K; CN, wherex/mis the concentratiornumol
MPN measurement of atrazine degraders, and atrazine mineralizationkg-1) of the herbicide sorbed to the soiG. is the equilibrium
were begun within 2 months of soil collection. concentration (umol LY) in solution, andK: and N are the sorption

Table 1 shows the physical and chemical characterization of the capacity and the sorption intensity empirical indexes, respectively.
materials collected at the different depths. The particle size was analyzed  Atrazine Mineralization. Atrazine mineralization and transformation
by the pipet method, pH in 4D (1:1 soil/solution), total organic carbon  were determined using atrazine applied at 0.1 and 1.0 mg $wjl.
(TOC) by the Leco total carbon analyzer, after removal of inorganic Two replicates of 25 g of soil (oven-dry basis) were treated with the
carbon with a 10% phosphoric acid solution. Total N and total P were two concentrations of‘C-atrazine (1682 Bq of*C-activity per flask),
determined by acid digestion followed by analysis of soluble N and P and the water content was adjusted-83 kPa equivalent and incubated
by colorimetric flow analysis with a Technicon Auto Analyzer under the same conditions as the benzoate. Atrazine mineralization was
(Technicon Inc., New York, NY). Mineral N and available P were estimated fromt“CO, evolution over a period of 205 days. The vials
extracted with 2 M KCI and analyzed with the Technicon Auto with the NaOH trapping solution were exchanged weekly for the first
Analyzer. month and biweekly thereafter.

Microbiological Analysis. Soil microbial biomass was estimated Atrazine Transformation. To determine atrazine transformation,
from phospholipids-P©content of the soils following the extraction  jars from the mineralization experiment were sacrificed at seven
of microbial phospholipids (18). Biomass extraction was done on five different times over a period of 205 days. After removal of the NaOH

replicates of approximately 5 g of soil and was initiated withih of vials, the jars were stored frozer-20 °C) until extraction. Frozen
core collection. samples were thawed, and the soils were immediately extracted with a
Soil microbial activity was estimated from the mineralizatiod“af- 4:1 (v/v) methanol:water solution at a 3:1 solvent:soil ratio, by shaking

benzoate. Three replicates of 25 g of soil (oven-dry equivalent) were for 2 h, sitting overnight, and then shaking for another 30 min. The
treated with an aqueous solution of analytical grade benzoate, 99%soils were then centrifuged (5000 rpm for 30 min), the supernatant
purity, fortified with “C-ring-labeled benzoate (specific activity of 4.9  was removed, and the soils were reextracted with the methanol:water
x 108 Bg mmol™) (Sigma Chemicals, St. Louis, MO). A concentration  solution by shaking for 1 h. After centrifugation, the extracts were
of 1.0 mg kg* soil with 420 Bqg of'“C-activity was applied per flask. combined, and 1 mL was sampled to measure the total extraétgble
Samples were adjusted with sterile water to a water content equivalentThe methanol was evaporated with a rotary evaporator0 and

to —33 kPa. A vial containing 10 mL of 0.5 M NaOH as a @apping the aqueous phase was centrifuged (10000 rpm for 15 min) to remove
solution was placed inside the incubation jar, and the jars were incubatedsuspended sediments. After acidification with 1 mL of 30% HCI,
at 22°C. The NaOH solution was exchanged periodically, and 1 mL atrazine and metabolites were separated from the suspension by
of the solution was mixed with 15 mL of scintillation cocktail (Ecolume, partitioning three times with 50 mL of chloroform. The solvent extracts

ICN Biochemicals Inc., Costa Mesa, CA). THC activity was were combined and evaporated in a rotary evaporator’(30 The

measured in a liquid scintillation counter (LSC) (Tri-Carb 1600 TR, extracts were resuspended in 5 mL of acetonitrile, filtered through 0.45

Packard Instruments, Downers Grove, IL). um nylon membrane filters, and concentrated to a final volume of 2
Atrazine degrading microorganisms were enumerated by“the mL under a stream of nitrogen. The samples were storee2at°C

most probable number metho8, (L9). The culture medium consisted  until analysis by high performance liquid chromatography (HPLC). The
of a basal salt solution, 100-fold diluted nutrient broth, sterile trace methanol-water extractions removed approximately 95% of added
elements, and atrazine. The final concentration of atrazine was 1.0 mgatrazine, but recovery after the evaporation and filtration steps declined
L~ (nonlabeled analytical grade atrazine, 99% purity) (ChemService, to 55%. This loss represents the formation of nonextractable residues,
West Chester, PA), pludC-ring-labeled atrazine (specific activity of ~ polar metabolites, and nonpolar metabolites in samples treated with
4.3 x 10° Bqg mmol) (Sigma Chemicals, St. Louis, MOYC-activity atrazine and frozen immediately after treatment and losses in extraction
of 84 Bq was used per vial. Serial dilutions of the soils were prepared process. The data showing atrazine remaining over time are corrected
to remove the bacteria from soil particles, and aliquots of the dilutions for this recovery.

and the medium were transferred to shell vials in five replicate sets.  Atrazine and the formation of the metabolites deethylatrazine (DEA),
Each shell vial was placed into a scintillation vial containing 1 mL of deisopropylatrazine (DIA), and dealkylatrazine (DEDIA) was deter-
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Figure 1. Soil microbial biomass from phospholipids-PO, for three soil
depths at three field locations. Bars indicate standard deviation of the
mean.

14C-CO, EVOLVED (% of applied)

mined with a Waters 510 HPLC (Waters Corp., Canberra, Australia).
The HPLC was equipped with a Nova-Pak C18mM, 10 cm column,
a Waters 490E programmable multiwavelength detector, and a Radi-
omatic Flo-one/Beta Series A280 radio-chromatography detector. The
mobile phase consisted of deionized water (unmodified pH 5.5) and
acetonitrile (75:25), with a flow rate of 1.0 mL mih Unlabeled
standard mixes of atrazine and metabolites were run to define retention
times with UV detection at 220 nm. After HPLC separation of the o | . | ‘ | ' ] .
components, the effluent was passed from the UV detector to the radio- 0

. - 0 10 20 30 40 50
chromatography detector and was mixed with a Packard formulated
continuous flow scintillation cocktail (Flo-Scint A) at a ratio of 1:3 INCUBATION TIME (days)
mobile phase:cocktail (3.0 mL mifAflow rate) and counted in a 2500  Figure 2. Microbial activity from 14C-benzoate mineralization for three
uL LSC flow cell. soil depths at three field sites. Bars indicate standard deviation of the

The bound residues of atrazine were defined as the radioactivity mean.

remaining in the soil following extraction. The extracted soils were

air-dried and finely ground, and 0.5 g was mixed with 0.3 g of cellulose Assuming 50 nmol of phospholipids phosphate for 2.00°
acetate. This mixture was combusted in an oxidizer (Pac_kard Instrumentce”S (23), the average number of bacteria was>2.2(°, 3.5
Co., Downers Grove, IL), and tHéC-carbon was trapped in Carbosorb 108 and 1.5x 1CP cells ot drv soil for the surface. lower
E, mixed to Permafluor € and counted in LSC. x ! -IX g y ! . u , [OW
root, and vadose zone, respectively. Estimates of the number

The degradation processes were quantified by fitting zero and first- . -
order kinetic models to the data and choosing the model with the best ©F Pacteria are higher than the ranges reported B 10° (24,

fit. The linear and nonlinear procedur@g)(were used to fit the model ~ 2°) for surface soils and $010° bacteria g* dry soil (25—

parameters to the observed data. 27) for subsurface soils. However, these estimates are based
on plate counts that rely on the ability of the organisms to grow
RESULTS AND DISCUSSION on the selected media and tend to underestimate the actual

population size.

Soil Properties. Table 1shows selected soil physical and  General microbial activity was estimated from the mineraliza-
chemical properties of the field sites and depths studied. Thetion of 4C-benzoate (Figure 2). Benzoate was chosen as a
percentage of sand, silt, and clay varied from 8 to 22, 44 to 56, model compound representative of the general aromatic con-
and 34 to 42, respectively, with little variation among sites and stituents of soil organic matter (28). At the initial sampling time,
depths. As expected, a general increase in pH was observednineralization was higher in the surface than in the subsurface
with depth. pH values ranged from 6.58 to 7.76. TOC, N, and soil and there was little difference between the lower root and
P decreased with depth. The decrease was greater from thehe vadose zone samples. Mineralization of benzoate was
surface to the lower root than from the lower root to the vadose greatest in vadose zone soils at the end of the incubation. Total
zone. benzoate mineralization was highly correlated to microbial

Microbiological Analysis. Microbial biomassFigure 1) was biomass (= 0.97), TOC (r= 1.00), mineral N (= 1.00), and
estimated by extracting and measuring soil microbial phospho- total P (r= 0.95). Initial benzoate mineralization, estimated by
lipids-PQ,. There was a significant decline in biomass with the amount mineralized at the first sampling point, is likely the
depth, but there were no differences among sites within a depth.best indicator of in situ activity. Like microbial biomasagure
Biomass was highly correlated with TOC, N, andrP>(0.95) 1), initial microbial activity fFigure 2) decreased with increasing
but not with sand, silt, and clay contents or pH. The magnitude depth. However, the decline in activity was less than the decline
of the decrease in microbial biomass was greater from the in microbial biomass size. The same was observed for other
surface to the lower root zone<{®-fold) than from the lower soils (21) and led to the conclusion that each soil has a unique
root to the vadose zone (13-fold). This pattern of decline  distribution of biomass and activity throughout the profile.
was similar to the pattern of decline in TOC, N, and P in the Normalizing benzoate mineralization at the first sampling time-
profile. Other studies show similar depth-related trends in point by the number of cells, estimated from the phospholipid-
phospholipid biomass in the shallow subsurfate, 1, 22). PO, analysis, an estimate of the in situ specific activity was
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Figure 3. Sorption coefficients (Ki) of atrazine for three soil depths at = T ]
three field sites. Bars indicate standard deviation of the coefficients. 1 _|
4 FAY
calculated. The average specific activities obtained were<1.5 -
104, 6.5 x 107° and 1.3 x 103 ng benzoate ceif 0 50 100 150 200

mineralization for the surface, lower root, and vadose zone, INCUBATION TIME (days)

respectively, thus increasing with depth. The subsurface popula-figure 4. Mineralization of atrazine at two concentrations for three soil
tions were an order of magnitude more active toward benzoate depths at three field sites. Bars indicate standard deviation of the mean.
than the surface population, agreeing with another report (29)

that microbial activity toward succinate, acetate, and salicylate Table 2. Mineralization Rates of Atrazine at 0.1 and 1.0 mg kg~* Soil
increased with increasing depth although the total number of Application Rates for Three Soil Depths at Three Field Locations?
bacteria decreased. This implies that many of the microbes

- i i ati -1 —1
detected in the surface soil were inactive toward the compounds _ applcation rate mineralization rate (ng kg™* day %)
tested, have other substrates available, or are unable to take up®® (mg kg™ 0-15(cm)  50-105(cm)  175-220 (cm)
the chemical because it reacts with soil organic matsé).( 1 01 11 16 8
Differences in degradation were a function of the size of the L0 (11102‘71012) (15%;36-3) (7-1(1’63-10)
biomass and imp_ly that the subsurface microbial pop_u_lations : (1260-1290) (125-141) (95-106)
were not metabolically hampered or suppressed. Additionally, 2 0.1 102 150 7
surface organisms may have incorporated more of the compound (99-104) (144-157) (6.0-7.1)
into biomass, whereas vadose zone organisms used it as a 10 1240 120 80
maintenance energy source. 3 01 (1222;%270) (1101:1121) (76;87)

_Atrazine Sorpt_ion_._As would be e>_<pected, atrazine sorptior_l ' (124-131) (13.5-14.6) (8.4-9.4)
(Figure 3) was significantly greater in the surface zone than in 1.0 1550 130 160
the lower root and vadose zones. In general, for any depth (1510-1580) (127-141) (139-176)
increment, there was no difference in sorption among sites.
Sorption coefficients (K ranged from 7.84 to 8.47 for the @Numbers in parentheses are the confidence intervals for rates.
surface, from 3.1 to 3.42 for the lower root, and from 2.82 to
3.77 for the vadose zone. Thevalues ranged from 0.71 to Linear models gave a strong fi#generally higher than 0.98)

0.81. TheKs values in the subsoil are generally larger than those to the mineralization data and were used to estimate the rates
reported at other midwestern USA sited€(31, 32), but this of atrazine mineralization (Table 2). Increasing the rate of
appears to be due to the greater organic C content in theapplied atrazine from 0.1 to 1.0 mg atrazine kgoil increased
Huntington subsoil. Th&; values were highly correlated with  the rates (calculated on a mass basis) at the different depths
TOC (r = 0.98), but poorly correlated with clay content=fr (Table 2). Linear mineralization rates can be indicative of zero-
0.49). Some studies show the same correlati88}, put others order kinetics 85, 36) and indicate that pesticide concentration
found a poor correlation between adsorption and organic C butin soil is in excess of the capacity of the nongrowing microbial

a reasonable correlation & 0.64) with clay (27). community to degrade the pesticide. However, the increase in
Atrazine Mineralization. Overall, mineralization of atrazine  mineralization ratesTable 2) with increasing concentrations
was low, especially in the root zone and vadose s&ilgure of atrazine is inconsistent with zero-order kinetics. The increase

4). The decline in mineralization paralled the decrease in TOC, in mineralization rates with increasing concentration is consistent
N, and P Table 1) and the reduction in overall biomass size with first-order degradation kinetics. We suggest that the
(Figure 1) with increasing depth. The atrazine mineralized after apparent linear mineralization rates observed represent the early
205 days of incubation averaged 25.6% for the surface, 3.3% phase of a first-order process in which degradation will occur
for the lower root, and 2.5% for the vadose. The amounts and over a very long time period. If we use the first-order equation
pattern of mineralization are similar to other atrazine mineraliza- C/Co = e Kwith C defined as the initial atrazine concentration
tion results obtained at this sit84). Mineralization values twice  and C as the applied atrazine minus the fraction mineralized
as high (11) and approximately 10 times lower (16) have been over time ), we estimate atrazine mineralization half-lives (time
reported for other sites. Soil physical factors affecting the required to produce 50% mineralization) that are greater than
availability of atrazine for degradation as well as microbial 1000 days. These estimates should be considered provisional
populations with differing sizes and activities may account for because first-order mineralization rate constants cannot be
these differences. accurately estimated without the plateau phase of the
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mineralization curve. In contrast, others observed a generally
higher4C0O, evolution when subsurface soils were treated with
atrazine at 0.02 instead of 0.1 mgH®g11). Other chemicals,
such as metribuzin, have shown an increase in the percentage
mineralization observed when surface soil was treated with 0.1
instead of 1.0 mg kgt, but not in subsurface soil®%). These I —
. . . . . . h . 50 100 150 200 © 50 100 150 200
results may be indicative of different kinetic constraints affecting
the mineralization process. Therefore, rates present&dhie

2 must be regarded as empirically descriptive and not indicative Figure 5. Bound residues of atrazine at two concentrations for three soil
of a defined kinetic model. depths at three field sites. Bars indicate standard deviation of the mean.

Significantly diff(_arent mineralization rates were obtained for 5nother study, surface soils that were more acidic and with less
all depths, decreasing about 10-fold from the surface to the |°Werorganic carbon also showed similar resul&8)( Increased
root and about 2-fold from the lower root to the vadose zone. fomation of bound residues with time and decreasing depth
Different rates of mineralization were also observed among sites, a5 also observed with atrazine metaboliteg 89). However
with site 3 having the greatest rate of mineralization in surface e rate of formation was greater, implying that metabolites react
soil followed by sites 1 and 2. Atrazine mineralization rates taster with soil particles than does the parent compound.
were highly correlated to microbial biomass$ 1.00) and |ncreased bound residue concentration with the loss of one or
activity (r B 0.96), as well as to TOQ (= 0.99), N (r= 1.00), two alkyl groups from atrazine has been attributed to the higher
and P ( = 0.97), but not to soil particle size or pH. The  4qsorption coefficients of the metabolite#0). In general, a
correlation of atrazine mineralization with TOC probably reflects slightly greater, but not statistically significant, amount of bound
the dependence of the microbial biomass on TOC because thgeasique formation was observed for site 3 at the lower
Kr values (Table 3) show that atrazine would be less sorbed in ¢oncentration than for the other sites and the higher concentra-

the subsurface soils than the surface soils. However, theijon of atrazine. Increased bound residue formation at lower
Freundlich isotherms show that as the total atrazine concentra-.oncentrations of atrazine has been observed (41).

tion decreases, the fraction of atrazine adsorbed to the soil would Kinetics of bound residue formation were explained with the

Increase. use of a zero-order model for the lower root and vadose zones
The“C-MPN procedure detectédC-chain-labeled atrazine  (r2 > 0.91). Although bound residue formation in the surface
degraders only in the surface and lower root zones at densitiessoils is better described by a first-order regression model, we
of 2212 and 1253 cells g dry soil, respectively. The procedure  used the zero-order model for purposes of comparison to the
failed to detect any ring-labeled atrazine degraders, althoughsubsurface soils. The zero-order model fit the surface soil data

mineralization of“C-ring-labeled atrazine was observed in the reasonably well withr2 between 0.76 and 0.85. Significant
soils Q:igure 4). This difference may reflect the fact that atrazine differences were not observed between the rates of bound
may be degraded by a consortia of organisms and thatresidues formation for the different sites, but increasing the
consortium was disrupted by the MPN procedure. Consortium atrazine application rate from 0.1 to 1.0 mg kincreased the
degradation of atrazine has been reportgd).(It could also  rate of formation of bound residues. At 0.1 mg Kkgthe rates
indicate the MPN medium was unsuitable for growth of atrazine- of formation of bound residue were 1.4810~4 mg kg ! day !
degrading microorganisms in these soils. A positive correlation for the surface, 9.5% 105 mg kgt day 1 for the lower root,
(r? = 0.88) between atrazine ethyl side-chain degraders andand 6.63x 105 mg kg day! for the vadose zone. At the
mineralization of“C-ethyl-atrazine has been observay put higher application rate (1.0 mg k§, the rates of formation of
the population of organisms able to degrd#fe-ring-labeled-  bound residue were 1.46 103 mg kgt day 2 for the surface,
atrazine was generally 10-fold less than the population’s ability 8.70 x 1074 mg kg day? for the lower root, and 6.10
to degradé“C-ethyl-atrazine and were nondetectable in two of 104 mg kg ! day ! for the vadose zone. The rates of bound
the six soils examined. residues formation were highly correlated to atrazine mineraliza-
Atrazine Transformation. After 205 days, the formation of  tion rates ( = 0.96), atrazine sorptiorr (= 0.95), microbial
bound residues (Figure 5), expressed as a percentage of thebiomass (= 0.97) and activityi(= 1.00), and TOCr= 0.99),
applied atrazine, averaged 39.3 for the surface, 23.4 for the lowerindicating a strong interrelation. To our knowledge, kinetics of
root, and 16.5 for the vadose zone. Bound residue formation bound residues formation have not been previously reported.
decreased with depth but increased with time at all three depths. Atrazine was less persistent in the surface sbigre 6)
In a soil with chemical characteristics similar to those used in and increasingly more persistent in the lower root and vadose
this study, 58.2% of the applied atrazine was recovered as boundzones. Estimated half-lives of atrazine (1.0 mgRdn surface
residues at the surface and 19.8% at a 120 cm dd@h (n soils were 87 days for site 1, 77 days for site 2, and 101 days

Table 3. Freundlich Sorption Coefficients and n Values for Each Site furface, . 10mgkg’
and Depth \Z/g;ic? gggier model ]
site depth (cm) K n
1 0-15 8.2 0.72 B
50-105 31 0.81 g
175-220 2.8 0.80 §
2 0-15 8.4 0.75 <
50-105 33 0.75 3
175-220 33 0.77 =
3 0-15 7.8 0.75 %
50-105 34 0.74 N
175-220 37 0.79 @
a
4]
e
.
/m

®
AN L

INCUBATION TIME (days)
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Figure 6. Recovery of atrazine (determined by HPLC) applied at two
concentrations for three soil depths at three field sites. Bars indicate
standard deviation of the mean.

INCUBATION TIME (days)

Figure 7. Formation of metabolites DEA (deethylatrazine), DIA (deiso-
propylatrazine), and DEDIA (dealkylatrazine) from atrazine applied at two

for site 3. The increase in atrazine persistence with depth hasconcentrations for three soil depths. Bars indicate standard deviation of
been observed in several other studies (U2,16). Estimated  the mean for the three sites.

atrazine (1.0 mg kg) half-lives for the vadose zone were 1700 ) . )
days for sites 1 and 2 and 990 days for site 3. The increasedStrate, benzoate, which suggests that the rarity of atrazine-
persistence in the lower root and vadose zones is attributed todegrading microorganisms is the key factor governing atrazine
the decreased microbial biomass or activity, expressed eitherdeégradation in the subsurface. ,

as total biomass, benzoate mineralization, or as atrazine- Ve also show that bound (nonextractabl€) residues are
degrading microbial populations. Sorption does not appear to &n important d|'SS|pat|on mechanism in th_e subsurface. Bound
be a factor in limiting subsurface atrazine degradatigvalues residue formation accounted for approximately 20% of the

in the subsurface soils are less than half of those found in the @PPlied *“C, which was as great an amount as the sum of
surface. metabolites and thé“CO, production. Similar patterns of

Metabolites accounted for less than 15% of the applied &trazine dissipation (percentages present™@0,, bound
atrazine in all of the surface soils and less than 5% in the esidues, remaining atrazine, and metabolites) were found when

subsurface soils (Figure 7). Percentages recovered as atrazinéirazine was applied at either 1.0 or 0.1 mgkgoil. Some
and metabolites did not account for all of the radioactivity in differences in rates of atrazine mineralization and degradation
the nonpolar fraction. This could indicate that part of the activity Were found between the three sites, indicating that there is a
was composed of residues not identified in this study. Concen- small-scale variation in these processes within the field. The
trations of DEA. DIA. and DEDIA tended to increase as increased persistence of atrazine in the vadose and shallow
metabolites were formed and then decreased over time as thefaturated zones in combination with the low sorption of atrazine
were degraded. A similar degradation pattern, but little differ- t© these subsoils indicates that any atrazine leaching from the
ence between the amount of metabolites formed in surface andSurface would be largely available for further leaching in these
subsurface soils, has been shown with metribuzin metabolites,Subsurface zones.
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