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Environ. Sci. Technol. 1998, 27, 134-139

Atrazine Degradation in a Small Stream in Iowa

Dana W. Kolpin and Stephen J. Kalkhoff*
U.S. Geological Survey, Box 1230, Iowa City, Iowa 52244

B A study was conducted during 1990 through an 11.2-km
reach of Roberts Creek in northeastern Iowa to determine
the fate of atrazine in a surface water environment. Water
samples were collected at ~1-month intervals from April
through November during stable low to medium flow
conditions and analyzed for atrazine and two of its initial
biotic degradation products, desethylatrazine and deiso-
propylatrazine. Samples were collected on the basis of a
Lagrangian model of streamflow in order to sample the
same parcel of water as it moved downstream. Atrazine
concentrations substantially decreased (roughly 256-60%)
between water entering and exiting the study reach during
four of the seven sampling periods. During these same four
sampling periods, the concentrations of the two biotic
atrazine degradation products were constant or decreasing
downstream, suggesting an abiotic degradation process.

Introduction

The production of abundant food crops in Iowa is ac-
complished by fertilization with chemical nutrients and
control of competing vegetation with herbicides. Atrazine
[2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine] has
a history of continual, widespread use as a corn (Zea mays
[L.]) herbicide in Iowa. A survey of pesticides used in Iowa
crop production in 1990 showed that 61% (roughly 3
million ha) of the corn was treated with atrazine, corre-
sponding to an application of ~3.4 million kg of active
ingredient to Iowa soils (Z). Results of recent studies show
that atrazine is present year round in streams in Iowa and
other midwestern states (2-4). These and other studies
have documented the widespread occurrence of atrazine
in surface waters in the midwestern United States, but
much is yet to be learned about the fate of atrazine once
it enters surface water.

There is a long history of research examining the fate
of atrazine in soils and aquifers (5-9), but substantially
less research on the fate of atrazine in surface waters.
Previous investigations suggest that atrazine may not be
conservative in small streams as it moves along surface
water pathways. During a study of a watershed in
southwestern Ontario, Roberts et al. (10) found that
atrazine residues were consistently larger at upstream sites
than at the mouth of the stream. Results of seepage
studies of a small stream draining agricultural land in
northeast Iowa during low-flow conditions (4, 11, 12)
showed a decrease in both atrazine concentration and load
downstream in sections of Roberts Creek. In laboratory
studies, Goldberg et al. (13) found that atrazine degraded
by indirect photolysis in water samples collected from the
Cedar River and its tributaries and Jones et al. (14) dem-
onstrated atrazine degraded in estuarine water/sediment
microcosm systems.

The purpose of this study was to examine the fate of
atrazine transported in a small stream draining agricultural
land during medium to low-flow conditions at various times
throughout an entire growing season (April-November).
This paper presents the results of that study and discusses
possible physical, chemical, and biological processes that
could affect atrazine in a stream environment.

Methods
An 11.2-km reach of Roberts Creek, extending from
sampling sites RC18 to RC22 (Figure 1) was chosen for
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study. This section of Roberts Creek is ideal for inves-
tigating the fate of chemical constituents in surface water
due to the simplified mass balance for this area. During
most times of the year, there are no surface water or
groundwater contributions to streamflow and thus no
dilution or addition of atrazine. Because of the absence
of chemical input, measured differences in chemical con-
centration should be due only to biotic or abiotic processes
acting within this section of the stream.

The study reach is in a karstic region of northeastern
Iowa, called the Big Spring Basin. Bedrock in the region
consists of jointed and fractured carbonates with evidence
of dissolution activity. The study reach has a contributing
drainage area of ~16 km? more than 50% of which is
planted in corn. The remaining land use in decreasing
percentage consists of cover crops (mainly pasture, alfalfa,
and oats), forests, and cultural features (urban develop-
ment, roads, and quarries). Vegetative cover within a
30-m-wide riparian zone along the study reach is described
by Kolpin and Kalkhoff (15)

The study reach consists of a pool-and-riffle sequence
common to many small midwestern streams. The stream
bed slopes ~0.19 m/km, and the channel width varies
from about 1.5 to 9 m through the study reach. Roberts
Creek flows over substantial sections of exposed bedrock
and has a layer of silt present in the ponded areas. Em-
ergent vegetation along the stream bed and banks affected
streamflow as the 1990 growing season progressed.

Previous studies (71, 16) have shown that the entire
study reach loses water from the stream into the under-
lying bedrock aquifer. Local residents have noted the
presence of sinkholes and fractures in the stream bed from
which the loss of streamflow could, at times, be observed.
There are seven intermittent streams that drain into the
study reach. These intermittent streams flow only during
periods of high runoff, which generally occur during
snowmelt and intense rainfall. No perennial streams
discharge into the study reach. There are no known field
tile lines draining into the study reach due to adequate
natural drainage in the area. Streamflow has been re-
corded continuously since March 1986 at a site (RC2) 3.9
km downstream of the study reach.

Sampling Scheme. The sampling scheme used in this
study was based on a piston flow or Lagrangian model of
streamflow in which water entering the study reach would
flow as a unit through the entire reach. In this model,
water in all parts of the stream travels at the same rate.
However, streamflow is much more complex than this.
The water in the center of the stream and the center of
the water column travels faster than water on the edges
due to decreased friction from the stream bed and banks.
This results in instream mixing of water that may alter
solute concentrations. However, if the amount of atrazine
entering the study reach is constant, instream mixing re-
mains constant, and the Lagrangian model becomes a good
approximation of flow in a small stream.

Atrazine concentrations do not appear to change rapidly
in the study reach during stable flow conditions. Kalkhoff
(11) found that during midsummer the atrazine concen-
tration in Roberts Creek was nearly constant during a 24-h
period. This short-term consistency of analyte concen-
trations at a site increases the acceptable margin of error
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Figure 1. Location of the study area and sampling sites.

in the computed travel times within the study reach.

Time of Travel. Predictive curves for the leading edge,
peak concentration, and the trailing edge of a pulse of
atrazine entering the study reach were obtained by con-
ducting two dye tracer tests at low- and median-streamflow
conditions. A more complete explanation of how these
tests were performed and how the predictive curves can
be used is presented by Kolpin and Kalkhoff (15). For this
study, a peak concentration predictive travel time and
discharge curve was used. Using the predictive travel time
and discharge curve, approximately the same parcel of
water can be tracked through the study reach.

Sampling Sites. Two sampling sites were emphasized
for this study (Figure 1). Sampling site RC22 is 11.2 km
downstream of site RC18. Water quality measurements
at these sites represent the concentration of atrazine en-
tering (RC18) and exiting (RC22) this system. Sampling
occurred at various times from April 11 through December
2, 1990, at ~1-month intervals. Several conditions were
required before samples were collected: (1) the streamflow
was at or less than median flow; (2) there had been no
significant rainfall for several days prior to the start of
sampling; (3) streamflow was stable or slowly decreasing;
(4) no major storm systems were in the 5-day extended
forecast. Due to the extremely wet spring and early sum-
mer of 1990, it was difficult to find a sampling opportunity
that met all of the criteria. Several sampling periods were
started during stable flows only to have rain move into the
area before the sampling period ended. Seven sampling
periods that met the criteria were finally completed, and
their relation to the discharge at site RC2 is shown in
Figure 2. Discharge and water quality data were collected
for three sites located between RC18 and RC22 and are
published elsewhere (12).

Sampling. Each sampling period began with a stream
discharge measurement at the upstream site (RC18).
When the discharge was determined at this site, the pre-
dictive travel time and discharge relation was used to
calculate the time required for a parcel of water to travel
downstream to site RC22.

Samples were collected, and stream discharge was
measured at the calculated time for each site. Samples
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Figure 2. Relation between sampling period and discharge at site RC2
(vertical shading represents duration of each sampling period).

for herbicide analysis were collected from a single point
in the center of the stream using a dip method and stored
in amber, baked-glass bottles. This single sample collected
from the center of flow is an appropriate representation
of the streamwater quality at the sampling site during base
flow conditions. Differences in the concentrations of
atrazine, desethylatrazine, and deisopropylatrazine were
less than 5%, well within analytical error, from replicate
samples collected one-quarter of the stream-width distance
from each bank. Once collected, each sample was filtered
through a 1-um glass-fiber filter to remove particulate
material detrimental to the solid-phase extraction method.
Filtered samples were chilled immediately and stored in
an ice chest for shipment to the laboratory. Unfiltered
samples were collected and preserved with sulfuric acid
for the analysis of nitrate. Suspended-sediment concen-
trations were determined from depth-integrated samples
if the stream had sufficient depth or from a dip sample
if the stream was too shallow. Stream discharge at each
site was measured using standard current meter methods
(17).

Laboratory Analysis. Herbicide samples were sent to
the U.S. Geological Survey laboratory in Lawrence, KS,
for the analysis of atrazine and two of its initial degrada-
tion products, desethylatrazine [2-amino-4-chloro-6-(iso-
propylamino)-s-triazine] and deisopropylatrazine [2-
amino-4-chloro-6-(ethylamino)-s-triazine]. These analytes
were isolated by solid-phase extraction and analyzed by
gas chromatography/mass spectrometry (GC/MS) (18).
The GC/MS minimum reporting limit for the analytes is
0.05 pg/L. Results of the analyses of eight duplicate
samples showed that the variation in the analyses was 12%
or less for atrazine, 15% or less for desethylatrazine, and
33% or less for deisopropylatrazine. The largest analytical
variation was for samples that contained concentrations
near the reporting limit. The mean of duplicate samples
was used for interpretation. Samples also were analyzed
for alachlor, ametryn, cyanazine, metolachlor, metribuzin,
prometon, prometryn, propazine, simazine, and terbutryn
at similar reporting limits. Results of these analyses are
published elsewhere (12).

The analysis of samples for nitrate as nitrogen was done
by the University of Iowa Hygienic Laboratory using U.S.
Environmental Protection Agency method 353.2 (19). The
minimum analytical reporting level for this method is 0.1
mg/L.

Results

Table I shows the changes in atrazine concentration as
water entered and exited the study reach. Atrazine con-
centrations decreased substantially (about 25-60%) for
four sampling periods, decreased slightly (12%) for one
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Table I. Travel Times and Results of Water Quality Analyses for Each Sampling Period

cumulative stream
site sample time travel time discharge

(Figure 1) date (24 h) (h) (m?/s)
RC18 4-11-90 1330 0 0.238
RC22 4-13-90 0730 42,0 0.089
RC18 6-06-90 1200 0 0.244
RC22 6-07-90 2005 32.1 0.162
RC18 7-13-90 1845 0 0.204
RC22 7-15-90 1705 46.4 0.099
RCi18 8-06-90 1930 0 0.238
RC22 8-08-90 0515 33.8 0.177
RC18 9-11-90 0900 0 0.264
RC22 9-12-90 1300 28.0 0.213
RC18 10-09-90 1245 0 0.165
RC22 10-12-90 1040 69.9 0.109
RC18 11-28-90 1230 0 0.147
RC22 12-02-90 0430 88.0 0.086

conen (ug/L)

nitrite + atrazine
nitrate desethyl- deisopropyl- half-life
(mg/L) atrazine atrazine atrazine (h)
2.9 0.69 0.16 0.05
2.5 0.48 0.18 0.07 80.2
7.2 4.85 0.87 0.34
7.3 8.94 1.05 0.45 a
3.8 0.37 0.21 <0.05
3.0 0.15 0.07 <0.05 35.6
6.2 2.49 0.77 0.25
5.2 1.83 0.69 0.19 76.1
6.7 0.24 0.21 0.08
6.0 0.21 0.19 0.06 145
3.4 0.40 0.14 0.06
2.4 0.30 0.17 0.06 168
3.5 0.09 0.10 <0.05
3.1 0.09 0.10 <0.05 b

Increasing concentration, could not calculate. ®No concentration change, could not calculate.

sampling period, increased (84%) for one sampling period,
and remained unchanged for one period as the parcel of
water traveled from site RC18 to site RC22. Based on the
analyses of duplicate samples, a concentration difference
greater than ~20% should constitute real differences not
caused by laboratory variability.

Concentrations of the two atrazine degradation products
analyzed remained essentially unchanged downstream
during most sampling periods. The desethylatrazine
concentration decreased substantially (67%) downstream
only during the July sampling period and varied little
during most other sampling periods. However, concen-
trations of desethylatrazine increased (57%) downstream
during the June sampling period. The deisopropylatrazine
concentration was near or less than the minimum ana-
Iytical detection limit during five of the seven sampling
periods and did not change substantially downstream
during these times, Only the August sampling period had
a substantial decrease (24%) in deisopropylatrazine con-
centration downstream through the study reach. The June
sampling period had a 32% increase in concentration.

Atrazine, desethylatrazine, and deisopropylatrazine
concentrations increased from site RC18 to site RC22
during the June sampling period (Table I). This contrasts
with other sampling periods during the study. The June
sampling period is unique in that the sample collection
occurred soon after a storm (Figure 2) following the ap-
plication of herbicides. The runoff generated from this
storm flushed large concentrations of atrazine and atrazine
metabolites into the stream. The increased stream levels
associated with this storm generated bank storage of water
containing these large concentrations. Although there was
a net loss of streamflow in the study reach from seepage
into the stream bed (Table I) during the June sampling
period, there was some input from a release of water from
bank storage. This release from bank storage was the most
likely origin of the apparent input of atrazine and atrazine
metabolites in the study reach during this time.

Discussion

Atrazine is not conserved in the study reach of Roberts
Creek. Atrazine concentrations in water entering the study
reach (RC18) are generally greater than concentrations in
the same parcel of water as it exits the study reach (RC22)
during stable flow conditions. There are four possible
explanations for the decrease in atrazine concentration:
(1) removal by sorption to sediment, (2) dilution, (3)
volatilization, and (4) degradation. The process of sorption
does not appear sufficient to explain the observed amount
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of atrazine loss. Researchers have documented that only
trace amounts of atrazine are associated with suspended
sediment (2, 20). About 99% of the compound is reported
to reside in the dissolved phase. The exact amount of
atrazine sorped to suspended sediment in this study could
not be determined because the filtering process removed
some suspended sediment from the samples. Dilution is
not a plausible explanation for the decrease in atrazine
concentration because, except for the June sampling pe-
riod, there was no surface water or groundwater contri-
bution to the study reach during the sampling periods. A
consistent decrease in discharge between the sampling sites
and the water-level gradient between the stream and the
fractured bedrock aquifer underlying the stream (16) in-
dicates that there is only a small likelihood of groundwater
contributions to streamflow. Although volatilization is an
important process in loss of atrazine from soils (21-23),
little work has been done investigating its importance in
surface water. Research on other organic compounds (24)
suggests that some volatilization of atrazine across the
air/water interface may take place, but it is thought to be
a minor process in this environment. The remaining
process that could account for the amount of decrease in
atrazine concentration is degradation.

The documentation of atrazine degradation in surface
water under field conditions is a significant finding. Be-
cause a majority of midwestern streams have been found
to contain atrazine (3), the atrazine degradation reported
in Roberts Creek is likely occurring in many small streams
in this region. Many of these small streams also have
physical characteristics, land use patterns in the watershed,
and aquatic and riparian vegetation similar to that of
Roberts Creek. The amount of atrazine degradation that
may be occurring in these streams may be difficult to
measure because, unlike this section of Roberts Creek,
most have groundwater or surface water sources contrib-
uting to streamflow. Although this reported atrazine
degradation may not be extrapolated to large rivers with-
out further investigation, it is streams the size of Roberts
Creek which drain directly into these larger rivers or their
tributaries. Thus, the amount of atrazine in these larger
rivers is indirectly affected by the degradation of atrazine
that appears to be occurring in small streams.

Atrazine Degradation. Atrazine can be degraded by
either biotic or abiotic processes (25-27). The biotic
degradation of atrazine generally results in N-dealkylation
of the atrazine structure to initially produce either dese-
thylatrazine or deisopropylatrazine (26). Research has
shown desethylatrazine to be the more stable and domi-



nant initial biotic degradation product (8, 28). Laboratory
experiments using bacteria and microbes have shown
atrazine to be recalcitrant to microbial degradation in
aqueous solutions (28, 29). Laboratory research also has
shown that there is limited uptake and metabolism of
atrazine by algae (30-32). The abiotic degradation of
atrazine results in the hydrolysis of the atrazine structure
to form an initial degradation product of hydroxyatrazine
[2-hydroxy-4-(ethylamino)-6-(isopropylamino)-s-triazine]
(33). Laboratory research has documented rapid degra-
dation of atrazine in aqueous solutions and surface water
samples by photolysis (13, 34, 35). This laboratory research
suggests that indirect photolysis of atrazine may be a more
important mechanism than direct photolysis in the deg-
radation process (13). Research has also shown atrazine
to degrade by particle-catalyzed hydrolysis (14, 36), al-
though this process may be more important in soil com-
pared to aqueous environments due to the substantially
greater soil to water ratio.

Results of the Roberts Creek study indicate that sub-
stantial instream degradation of atrazine occurred during
four of the sampling periods. An examination of the
atrazine metabolite concentrations available may provide
clues to the type of degradation process taking place. The
transformation rates of the two initial biotic degradation
products of atrazine are not clearly defined. If these
transformation rates are relatively slow and biotic degra-
dation of atrazine is taking place, the concentrations of
desethylatrazine and deisopropylatrazine should be in-
versely related to the concentration of atrazine. Decreasing
atrazine concentrations downstream would be accompa-
nied by increasing biotic degradation product concentra-
tions. During this study, when atrazine concentrations
decreased, the concentrations of the initial biotic degra-
dation products of atrazine either remained unchanged or,
at times, were decreasing. Because the concentrations of
desethylatrazine and deisopropylatrazine do not have an
inverse relation to atrazine, either (1) abiotic activity is the
primary atrazine degradation process in the stream en-
vironment, which seems to agree with previously described
laboratory work, (2) there is rapid transformation of de-
sethylatrazine and deisopropylatrazine to the next degra-
dation product in the degradation chain, or (3) the nu-
merous aquatic plants present are removing atrazine from
the system through internal degradation or temporary
storage within the plant structure. Without data con-
firming an inverse relation between atrazine and hydrox-
yatrazine concentrations, for which the analysis was not
available, the occurrence of abiotic degradation of atrazine
can only be inferred.

Atrazine Half-Life. The degradation rate of atrazine,
as determined from the atrazine half-life, varied
throughout the study (Table I). To determine atrazine
half-life, an assumption of no input of new atrazine within
the study reach was made. The geohydrologic conditions
of the study reach, absence of surface water and ground-
water contributions to streamflow, generally make this
assumption valid. Atrazine half-life was calculated, as-
suming pseudo-first-order kinetics, by first determining
the reaction constant (&), using the following equation:

k =-In (A/Ap)t 1)

where A is the atrazine concentration at the downstream
site (in ug/L), A, is the atrazine concentration at the up-
stream site (in ug/L), and ¢t is the travel time from up-
stream to downstream site (in h). The reaction constant
(k) then was used to determine atrazine half-life (T ,):

T1/2=1n 2/k (2)
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Figure 3. Relation of atrazine half-life to date of sample collection.
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A seasonal pattern in atrazine half-life is shown in Figure
3, with the maximum degradation rate (minimum half-life)
occurring during the July sampling period. This seasonal
trend in atrazine degradation rate provides no indication
as to whether it is biotic or abiotic degradation that is
occurring. Both processes most likely would exhibit similar
trends through a single season, with the seasonal increase
and subsequent decrease of water temperature and pho-
tosynthesis affecting the rate of biotic atrazine degradation
and the seasonal increase and subsequent decrease of
daylight hours affecting the rate of photolytic atrazine
degradation.

There were no direct measurements of either biotic
activity or photolytic activity for this study, although water
temperature and day length may be used as a indirect
measurement of biotic and abiotic degradation rates.
There was no significant (p > 0.05) relation between
atrazine half-life and the water temperature (Figure 4).
Atrazine half-life had a significant (p < 0.05) inverse re-
lation with daily hours of sunlight during each sampling
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period (Figure 5). The shortest half-life occurred during
the July sampling period, when there was ~15 h of sun-
light, and the longest half-life occurred during the No-
vember sampling period, when there was ~9 h of sunlight.
These results support the inference that the amount of
sunlight is an important factor in atrazine degradation in
streams and that photolytic degradation may be occurring.

Laboratory experiments by Goldberg et al. (13) con-
cluded that atrazine degraded by indirect photolysis and
that the rate of photolytic atrazine degradation increased
(half-life decreased) with increasing nitrate concentrations
in the water. The nitrate ions acts as a catalyst by pro-
ducing hydroxyl radicals in water in the presence of sun-
light. These hydroxyl radicals then attack the atrazine
structure to form hydroxyatrazine, which initiates the
abiotic degradation chain for atrazine. During this study,
there was no statistically significant (p > 0.05) relation
between the atrazine half-life and the average nitrate
concentration in the study reach (Figure 6). This absence
of a significant relation between nitrate and atrazine
half-life does not contradict Goldberg’s findings. The
strong seasonal pattern in atrazine half-life likely masks
any potential relation between nitrate concentration in the
water and the rate of atrazine degradation.

Conclusions

Atrazine was not conserved in Roberts Creek, a small
stream in northeastern Iowa, during stable low- to medi-
um-flow conditions. It is felt that the decrease in atrazine
concentration between water entering the system and that
leaving the system was due to instream degradation pro-
cesses. Concentrations of desethylatrazine and deiso-
propylatrazine, two initial biotic degradation products,
were generally constant or decreased between water en-
tering and leaving the system. The lack of an inverse
relation between the concentrations of atrazine and the
biotic degradation products analyzed suggests that abiotic
degradation processes may be occurring in the stream. The
atrazine degradation rate, as indicated by atrazine half-life,
was significantly correlated with daily hours of sunlight,
an indirect measurement of photolytic activity. Additional
research is needed to examine hydroxyatrazine, along with
atrazine and its two initial biotic degradation products, in
both water and suspended sediment to verify the occur-
rence of photolytic degradation of atrazine in small
streams,

The results of this study are important because it doc-
uments the degradation of atrazine in surface water under
field conditions. This finding has transfer value beyond
the karstic region of northeast Iowa. It has been deter-
mined that many midwestern streams contain atrazine (3).
Many of these streams, comparable in size to Roberts
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Creek, have similar physical characteristics, land-use
patterns in the watershed, and stream and riparian vege-
tation. Thus, documenting the existence of atrazine deg-
radation in the study reach of Roberts Creek suggests that
atrazine degradation may be occurring, in varying degrees,
in other midwestern streams.
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