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Abstract

Atrazine fate and transport in three constructed pond and island wetlands in north east Illinois, USA, were studied in the
field (1991) and modeled. The wetlands received pumped inflow from the Des Plaines River. The nominal residence time
was about eight days for two, but was longer for the third.

The river atrazine chemograph had two peaks that rose quickly after heavy spring rains and then subsided slowly.
Maximum concentrations exceeded the United States federal drinking water standard (3 pg/1). The wetlands delayed,
reduced, and spread out the peaks, removing 26 to 64% of their inflows depending on residence time.

Flow and mixing models idealized the wetlands as single flow reactors or as networks of them. Atrazine reactions on
biofilms with mass transfer rate limitation and when sorbed to sediments and litter were postulated.

Simulation results were consistent with almost all atrazine reactions on biofilms. Mass transfer coefficients were 10-15
m/year with the wetland bottom taken as the biofilm area. The corresponding wetland half-lives were about 10 days. Best
calibration resulted when most of the reaction took place near the pumping inlet.

Model coefficients were similar to values for BOD and nutrients in other surface flow wetlands or to those derived from
tracer data. The results suggest that observed removal rates of many pollutants in wetlands may reflect similar underlying

mass transfer rate limitations.
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1. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopro-
pylamino-1,3,5-triazine, a triazine herbicide) annual
use in the United States is about 35 million kg
(Gianessi and Puffer, 1990). It is not highly persis-
tent in the environment but due to continued use
trace levels are often found in surface waters. A few
per cent of applications in the Cedar River basin in
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Iowa reached river water (Squillace and Thurman,
1992). Chemographs of streams in Quebec, Canada,
had peaks after spring rains (Muir et al., 1978). Its
Safe Drinking Water Act (USEPA) maximum con-
taminant level (MCL) is 3 p.g/1 (Sittig, 1994).

Atrazine water concentrations in dosed natural
and laboratory wetlands are known to decrease with
time (Brockway et al., 1984; Huckins et al., 1986;
Isensee, 1987). Water solutions however are stable at
wetland pH values and temperatures (Widmer et al.,
1993). The site and mechanism of atrazine reaction(s)
in wetlands is not certain. Typical wetland models of
flow, mixing, and reaction assume plug flow.
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This study investigated the effectiveness of wet-
lands for atrazine removal from river water. Models,
including some describing non-ideal flow and mix-
ing, were constructed and field calibrated. The possi-
bility of laboratory parameter estimation was evalu-
ated.

2. Materials and methods
2.1. Wetlands

Experimental wetlands EW3, EW4, and EW5 were
constructed in 1986—87 at the Des Plaines Wetland
Demonstration Project in Wadsworth, Illinois. Their
areas and depth profiles were similar (Table 1). The
schemes of Cowardin et al. (1979) and Shaw and
Fredine (1956) classified them as Palustrine System
and type 4 inland deep marshes respectively.

Wetland inflow was from pumping from the Des
Plaines River, usually for 3 to 5 h on weekdays.
Loading rates for EW3 and EW5 were similar but
for EW4 it was much lower. More pumping was
done early in the season when river levels were high
than during dry weather later on. Weirs controlled

outflows. Average rates declined as the season pro-

gressed. Outflow from EW4 stopped completely for
some time.

The wetlands were non-linear accumulators with
water volumes and outflows going up and down in
response to pumping. Maximum deviations from av-
erage volumes were less than 10%.

Hourly data for pumping, precipitation, and evap-

that agreed with measurements reasonably well (Hey
et al., 1994). Infiltration to ground water, as inferred
from water budgets, was insignificant,

Tracer studies in June 1991 allowed estimation of
dispersion numbers (Kadlec, 1994), residence time
distributions, and flow and mixing model parame-
ters.

By 1991 EW3 and EWS5 had about 30% of their
areas in dense vegetation; EW4 had 60%. Cattail
(Typha latifolia), common pond weed (Polygonum
amphibium), and white water lily (Nymphaea
tuberosa) were abundant.

Atrazine, cyanazine, alachlor, and metachlor were
commonly used pesticides in the Des Plaines River
watershed (Schaefer, 1987).

2.2. Field studies

In 1991 more than 600 timed samples were col-
lected manually or with ISCO™ automatic devices.
River and wetland outflows were sampled on pump-
ing days from late April into September. From May
26 to June 8 outflow sampling was at 4-h intervals.
Samples were stored in amber glass bottles at 5°C
until analyzed.

Continuous chemographs were approximated by
connecting available data points. Atrazine flow rates
were products of data or hydrologic model water
flows with data concentrations, interpolated if neces-
sary,

Wetland atrazine conversion (X), for 55 days
from May 28, was,

T0,CA1 = L0, Co At + 1 — I

otranspiration were available. Hydrologic models T0.CAr =X (1)
provided weir outflows and wetland water volumes pT
Table 1
Des Plaines experimental wetlands, 1991
Wetland Area Depth ® Loading ® NDT ¢ %P ¢ %E*
(ha) (m) (m®/day) (days)
EwW3 222 - 0.50 1560 6.8 4 7
EwW4 o233 0.59 250 512 17 30
EW5 1.86 057 . 1220 84 4 6

* Averaged over wetland area and for simulation season.
b Averaged for simulation season.
° Nominal detention time: average volume /average flow rate.

4 Precipitation as % of total season inflow (precipitation and pumping).

¢ Evapotranspiration as % of total season outflow (evapotranspiration and weir outflow).
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where Q, and Q,, were pumping and (over the)
weir flow rates (m?/h), C, and C,, river and out-
flow concentrations (g/m> or pg/1), and At the
time interval between flow and concentration mea-
surements (h). Initial and final inventory (/; and I,
mg,/m>) calculations assumed outflows and repre-
sented entire wetlands. Atrazine in precipitation,
evapotranspiration, and sediment convection were
neglected.

2.3. Atrazine analysis

Water samples were subject to solid phase extrac-
tion, eluted with methanol, and analyzed by gas
chromatography with thermionic detection. The anal-
ysis protocols are described in detail elsewhere (Al-
vord, 1995).

2.4. Modeling

Wetlands were idealized as having constant areas
with uniform depths with respect to position but not
necessarily to time.

Atrazine reactions on biofilms with mass transfer
rate limitation or while sorbed to sediments and litter
were postulated.

Biofilm reaction was described by a first-order
rate law based on active area per unit of water
volume V,, (dm”® or 1),

hrfzka(sa/vw)cw ‘ (2)

where r; was the reaction rate (ug 17! day™'), k, a
mass transfer coefficient (dm/day), S, the active
area (dm?), and C,, the water phase atrazine concen-
tration (pg/dm* or pg/1). No a priori estimates for

k, and S, were available. However, Eq. 2 could be
written as

= k w Cw (3)
where the water-based coefficient &, (day™'),

ky =k (Sa/ V) 4)
assumed constant system water volume V. For
well-mixed water parcels traversing the wetland with
reaction described by Eq. 3, the final concentration,
C;, was,

Ci= Cexp( —k,1) (5)

in terms of initial concentration C; and transit time ¢
(days). This equation allowed calculation of water-
based atrazine half-lives.

Sorbed phase reaction was presumed to occur on
specified densities (dry kg/m?) of sediments and
litter. They were modeled as always being in re-
versible (dynamic) equilibrium with water.

Equilibrium sorption was described by the Fre-
undlich isotherm,

C,=KC, (6)
with C, (g (dry kg) ') the sorbent atrazine concen-

tration. It related the sorbed and water phase concen-
tration changes:

9 _ Knc"—‘{ 9 } (7)
dt v dt

Sorbed reaction was described by first-order kinetics,

~r=kyC, (8)

where r was the reaction rate (g (dry kg)~! day™!)
and k; the sorbed reaction or disappearance rate
constant (day~'). An equation analogous to Eq. 5,

Table 2
EW3 materials
Material Density Freundlich isotherm (Eq. 6) Sorbed reaction (Eq. 8)
K? n kq (1/days) 1,/ (days)
Sediments (dry) 04g/cm® ° 64.3 0.93 0.021 33
Litter (dry) 1.0kg/m? °© 363 0.84 0.1 7

*[K1[pg/(kg dry sorbent)fpug /(1 water)] ™"
In situ density (coring).
¢ Vegetated area inventory.
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with k; replacing k,, gave sorbed atrazine concen-
trations in terms of initial ones and elapsed time.

Isotherm parameters (K, n) and sorbed-phase re-
action rate constants (k;) were independently avail-
able (Table 2) from previous laboratory studies (Al-
vord, 1995).

2.5. Model I

Water flows and volumes were steady state.
Pumped inflow and weir outflow were the same at a
season-averaged value. Precipitation and evapotran-
spiration were ignored. The time step was one day.

Water mixing was described by residence time
distributions (RTD). These functions define how long
various ‘‘elements’’ of incoming water remain in
flow systems. Wetlands with no, perfect, and tracer-
defined mixing were examined.

The no mixing or plug flow wetland (PFR) had
RTD,
8(t—7)=RTD 9)
where 8 is the Dirac delta functional and 7 the
nominal residence time. All elements remain in
PFR-modeled wetlands exactly one residence time.

The perfect mixing or continuously stirred tank
reactor wetland (CSTR) had RTD,

(1/7)exp(—t/7) =RTD (10)
with instantaneous concentrations the same every-
where and equal to outflow values. Water entering

CSTRs has a continuous distribution of residence
times with some appearing in the outflows immedi-

mmpe o

ately and some remaining inside much longer than
the nominal residence time.

Tracer-defined wetlands were intermediate be-
tween PFRs and CSTRs: some, but not complete,
mixing occurred.

Continuous RTDs were truncated and discretized
into 20 one-day impulse functions with heights F,
(dimensionless, summing to 1) corresponding to flow
fractions. They defined water elements with separate
identities, not mixed with others, while in the wet-
lands. Outflows from elements from the previous 20
days were completely mixed.

Model I reaction was on biofilms only with mass
transfer rate limitation (Eq. 3). Water in wetlands at
the beginning of a simulation had no atrazine con-
tent.

PFR-defined wetland outflow concentrations were
from Eq. 5, with C, the river atrazine concentration
when pumped in and the transit time ¢ equal to one
residence time. CSTR and tracer-defined values on
day j (C,, ;) came from summing the products of
water element final concentrations and flow frac-
tions:

k=1
Cout,j = Z F}Cr.j—-iexp( _kwTi)
i=1

k=min(21,) (11)

Starting concentrations C, ;_; were those of the river
when elements entered the wetland.

Excel™ spreadsheets implemented simulations
running for 55 days from May 28. Values for k&,
(Eq. 4) were varied to give results with the best

- e

Fig. 1. Wetland idealization as a main channel with flow and vegetated, stagnant dead zones.
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visual fit to data. Mass transfer coefficients k, were
calculated in units of meters per year (m/year) to
allow comparison with literature values. The active
area S, was assumed to be the wetland bottom.

2.6. Model 11

Water flows, including precipitation and evapo-
transpiration, and wetland volumes were dynamic
and cyclical, based on hourly data and hydrologic
models.

Water mixing was described by conceptualizing
wetlands as central open water channels, with vege-
tated dead zones to the sides (Fig. 1). These regions
were modeled by networks of flow reactors (Fig. 2).
Levenspiel (1972) developed this method for non-
ideal mixing in flow reactors.

A PFR and three CSTRs (of equal size) in series
modeled the channel. Three other CSTRs (also of
equal size) modeled the dead zone. The complete
flow and mixing model has been described in detail
elsewhere (Kadlec and Bastiaens, 1992). Four pa-
rameters were from tracer tests. Network flow rates,
including those needed to model diffusion and to
keep water levels the same everywhere, were from
appropriate water balances.

PFR water from individual pumping hours were
separate batch systems until pushed out. Each had its
own residence time varying from hours to many days
and initial (river) and final concentration (Eq. 5).
Outflow, normally from several pumping hours, was
perfectly mixed.

In a CSTR with water volume V,,, atrazine could
be in both the water and sorbed phases with total
mass, M,,

M=C,V,+WC, +WC (12)

where W was the mass of a sorbent (kg) in dynamic
equilibrium with the water (equilibrated density times
CSTR area) and subscript s and | meant sediments
and litter. Product rule differentiation (variable water
volume, constant weights), gave the accumulation
rate,

dM, dv,, dc,
—=C,— tV,
dr d: dr
dcC, d¢,
+W—+W— (13)
dt dt

which could also be written in terms of flows (Q,,,
Q,.), concentrations (C,,, C,,,), and reaction rates:

dM,
T = EQinCin - z"Qoutcout

—(re+r,+r)V, 14
f s 1/ 7w

where r, and r, were sorbed reaction rates (Eq. 8).
Combining Eqs. 13 and 14 eliminated the M, deriva-
tive. Sorbed concentration derivatives in terms of
water ones were given by Eq. 7. The water volume
and its derivative were available, in terms of overall
water depth # and height of the water surface over
the weir, A, (dm) from hydrologic models. Substi-
tutions and rearrangement gave an equation (for

[Main Channel:

PFR and CSTR's 1, 3, and 5 |

s

PFR

1

[leveling]
dif fusion

Y
[3F
Y

[dif fusion]

[Dead Zone: CSTR's 2, 4, and 6]

Fig. 2. Wetland flow and mixing model consisting of a plug flow reactor and six continuously stirred tank reactors.
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hy, > 0) in these variables, the water phase atrazine
concentrations C,,, and their derivatives only:

dcC

w

d:

= {ZQinCin - ZQoutcout - kaSan
~Woky K, Cor — Wiky K, CJ)

ow

; }{Ah+ W, K n,Ch!

—AC,

§TUS W

+W,KnCn1) (15)

The specific equation for the second main channel
CSTR with biofilm and sorbed reaction on sediments
only, was (for h,, > 0, and leveling flow Q, going

from main channel CSTR 3 to dead zone CSTR 4),
dc,
T =4C03+C, Qi

dh,,
_Cs Q35 + Qint + Q1 +A3T

_kaSaCS - ‘/Vskds KsCsns}

x{Ash+ WK n, 2"t} (16)

where number subscripts refer to CSTRs and Q,, is
the diffusion flow (Fig. 2).

Model II had 16 adjustable reaction rate parame-
ters. Biofilm reactions in the network reactors gave
seven. Mass transfer coefficients k, and k, values
(Eq. 4) were related using season-averaged water
volumes and wetland bottom area. Sorbed-phase re-
action in the main channel (sediments) and dead
zone (sediments and litter) CSTRs gave nine equili-
brated densities.

The six coupled non-linear differential equations
from the CSTR atrazine balances were integrated by
a fourth-order Runge—Kutta—Gill method with 2-h
time steps. Simulations ran for 49 days from May
28. Inventory and conversion calculations included
water and sorbed atrazine.

Model II generated a weighted squared deviations
sum (WSDS) of simulation results (interpolated) from
data. The outflow peaks, with high data densities,
and the tail, with a lower one, had the same total
weight. First peak points (33, 0-185 h) had weights
of 0.952; second peak points (25, 185-430 h) 1.33;
and tail points (11, 430-1045 h) 3.03. A simulation

missing all data points by 1 pg/l would have a
WSDS value of 33.

There were two QuickBasic™ compiled applica-
tions that implemented Model II. One sought opti-
mum values for subsets of adjustable parameters
(without allowing atrazine generation or equilibrated
litter densities exceeding inventory estimates) but
kept no information from individual simulations. An-
other produced one simulation from a set parameter
list and printed flow rates, concentrations, and inven-
tories for all the reactors as functions of time.

Optimization was by steepest descent along a
vector of partial derivatives of WSDS values with
respect to parameters. Forward differences approxi-
mated derivatives with immediate updating of
changes giving lower sums. Searches along the vec-
tor found three bracketing points and then isolated
the minimum by golden section searches (Sprott,
1991). Simulations ran until two significant figures
for parameters and three for the WSDS value did not
change.

3. Results
3.1. Field studies

Over 200 water samples taken in 1991 were
analyzed for atrazine, including all those from the
Des Plaines River and EW3 outflow.

The river chemograph had two peaks after a 50
mm late May rain. No peaks followed the next
significant rainfall, in mid June. River concentrations
exceeded the MCL on two pumping days. They
returned to background levels in about 30 days.

EW3 (Fig. 3) and EWS5 (Fig. 4) delayed, reduced,
and spread out the river peaks. Outflow concentra-

5
—#— DP River
——o— EW3 outflow

Atrazine concentration
ug/l
N, e _ =

-
N

1.June 1.July

Fig. 3. Des Plaines River and EW3 outflow 1991 chemographs of
atrazine.
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Fig. 4. Des Plaines River and EWS5 outflow 1991 chemographs of
atrazine.
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Fig. 5. Des Plaines River and EW4 outflow 1991 chemographs
(high concentration) of atrazine.

tions exceeded river values for about 30 days before
returning to background levels. EW4 concentrations
were much lower (Fig. 5). The first river peak was
barely discernible (Fig. 6). Atrazine conversions were
similar in EW3 and EW5 but higher in EW4 (Table
3).

3.2. Modeling

Model I EW3 simulations gave best results with
k, of 12.6 m/year, with S, the bottom area, corre-
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Fig. 6. Des Plaines River and EW4 outflow 1991 chemographs
(low concentration) of atrazine.

Table 3
Atrazine mass balances, during 55 days from 28 May 1991

Wetland ~ Flows (g) Inventories (g) X (Eq. 1)
in out initial final
EW3 70.3 47.8 1.6 1.1 0.33
EwW4 12.1 1.5 2.1 5.0 0.64
EWS 53.5 40.1 1.6 1.1 0.26
3 A
[ EW3 outflow
2 °  dam
5 — asPFR
[ 2 -
g
8=
-1
3
2
i
<
0 T

1.June 1.duly

Fig. 7. Model I outflow chemograph of atrazine of EW3 as PFR
and data.

Table 4

Model I-optimized parameter values and results for EW3 1991 simulations

Flow k, ® (m/year) Flow (g) Inventory (g) X (Eq. 1)
reactor in out initial final

PFR 12.6 62.8 40.3 1.6 0.4 0.38
CSTR 12.6 62.8 473 1.6 04 0.27
tracer defined 12.6 62.8 41.5 1.6 04 0.36

* (Eq. 4) with S, the wetland bottom area.
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Fig. 8. Model I outflow chemograph of atrazine of EW3 as CSTR
and data.
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Fig. 9. Model I outflow chemograph of atrazine of EW3 as
tracer-defined flow reactor and data.

sponding to a 10-day wetland half-life. Results un-
derestimated atrazine inflows, but conversions were
not far from data values (Table 4). The PFR outflow
chemograph differed from data in peak size, timing,
and shape (Fig. 7). The CSTR matched the data

Table 5
Model II-optimized parameter values for EW3 1991 simulations
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Fig. 10. Model II-optimized EW3 simulation with biofilm reaction
only with the same mass transfer coefficients in all reactors and
data.

shape but without initial delay (Fig. 8). The tracer-
defined reactor gave reasonable fit to the main peaks
(Fig. 9). EWS5 results were similar to those for EW3.

Model II-optimized EW3 simulations with
sorbed-phase reaction only did not match data well
but those with mass transfer-limited biofilm reaction
only did. With the same coefficient in all reactors,
the optimized chemograph had some main peak
overshoot and tail undershoot (Fig. 10). Coefficients
were similar to Model I values (Table 5). With
variable coefficients all the reactions shifted to the
PFR where the atrazine half-life was only about one
day. The resulting improvement in the WSDS value
was small.

Optimized simulations with both reactions had
better fits in the tail. Only a few per cent of reaction
was sorbed phase; none was on equilibrated litter.

Run® &, ° (m/year) Equilibrated sediments © (cm)

PFR CSTR CSTR CSTR CSTR CSTR CSTR CSTR CSTR CSTR CSTR CSTR CSTR

MCl MC3 MCS DZ2 DZ 4 DZ6 MC1 MC3 MCS DZ2 DZ 4 DZ 6

1 144 144 144 144 144 144 144 - Z - Z Z Z
2 100 10.0 10.0 10.0 10.0 10.0 10.0 0.85 0.85 0.85 0.85 0.85 0.85
3 135 - - - - - - - - - - - -
4 121 - - - - - - 0.25 0.25 0.25 0.25 0.25 0.25
5 108 - - - - - 13.7 0.18 0022 055 1.4 0.29 0.023

* 1: Biofilm reaction only, the same mass transfer coefficient in all reactors; 2: both reactions, the same coefficients and densities in all
appropriate reactors; 3: biofilm reaction only, variable coefficients; 4: both reactions, variable coefficients but the same densities; 5: both
reactions, variable coefficients and densities.
b (Eq. 4) with S, the wetland bottom area and V,, the season-averaged depth.
¢ Simulation-equilibrated density (dry kg,/m?)/in situ density (Table 2).
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Fig. 11. Model II-optimized EW3 chemograph with biofilm and
sorbed reactions with the same coefficients and densities in appro-
priate reactors and data.
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Fig. 12. Model II-optimized EW3 chemograph with biofilm and
sorbed reaction with all parameters variable and data.

With the same coefficients and densities there were
0.75 cm of equilibrated sediments (Fig. 11). With
variable coefficients but the same densities, the
biofilm reaction all moved to the PFR and sediment
density decreased. With all parameters free, most of
the biofilm reaction was in the PFR but some also

04 . :
° data
wseer Model |
0.3 — Model Il
Y-
8z
s0
3
B 0.1
0.0

1.June

Fig. 13. EW3 atrazine mass outflows from Model I (tracer-defined
flow reactor, biofilm reaction) and Model II (biofilm reaction
only, the same mass transfer coefficients in all reactors) and data
(data outflow concentrations times hydrologic model weir out-
flows).

occurred in one CSTR. Equilibrated sediments were
concentrated in a few other CSTRs. The results
followed data closely almost everywhere (Fig. 12).

The optimizing application searched only for the
lowest WSDS value but conversions tended to ap-
proach the data as it decreased (Table 6).

The Model 11 atrazine flow rate fit the available
data fairly well (Fig. 13). Model I by comparison
eliminated its spikiness, underestimating it early in
the chemograph, and overestimating it later.

4. Discussion and conclusions
4.1. Field studies

The 1991 Des Plaines River chemograph peaks
were at high water flow periods. Most of the yearly

Table 6
Model II-optimized results for EW3 1991 simulations
Run ? Atrazine X (Eq. D % of X in/on WSDS
¥ flow (g) inventory (g) biofilms sediments
in out initial final
1 68.9 43.0 1.38 0.40 0.390 100 - 2.85
2 68.9 46.2 2.30 0.90 0.350 93 7 1.03
3 68.9 46.2 1.38 0.55 0.342 100 - 0.850
4 68.9 473 1.59 0.62 0.327 96 4 0.765
5 68.9 46.9 1.70 0.80 0.333 96 4 0.749

* 1: Biofilm reaction only, the same mass transfer coefficient in all reactors; 2: both reactions, the same coefficients and densities in all
appropriate reactors; 3: biofilm reaction only, variable coefficients; 4: both reactions, variable coefficients but the same densities; 5: both
reactions, variable coefficients and densities.
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atrazine flow seems to occur in a few weeks. Wet-
lands offer a passive method for attenuating these
transient runoff peaks. They provide reaction in addi-
tion to mixing and dilution. Conversion obviously
depended on residence time but three points were not
enough to define functionality. It is probably well
behaved since EW3 and EW5 conversions with com-
parable residence times were similar.

Before peak arrival, river and wetland outflows
had the same low concentrations, indicating little if
any wetland function. Possible explanations include
inert analytical interferences or changes in wetland
processes after the rains.

Deposition of atrazine by rain (Nations and Hall-
berg, 1992) can be significant. Concentrations are
highly variable, depending on regional usage, time,
and location. One pg/1 is not unusual. During the
study three small rains (5 mm or less) and one larger
one (17 mm) occurred without corresponding surges
in chemographs.

Pesticide volatilization from water is generally
insignificant if the Henry’s Law constant is less than
1 Pa m?®/mol (Mackay and Leinonen, 1975; Glot-
felty et al., 1988). The atrazine value is estimated
(solid vapor pressure divided by solubility) as 0.0003.

Wetland in and out flows typically contained 0.10
and 0.0035 g/1 of dry suspended solids. If equili-
brated with water containing 1 pg/1 of atrazine
(sediments, Table 2), they would have 0.64 and
0.02% of the river load.

Neglecting atrazine flows from evapotranspiration
and sediment convection appears reasonable for this
study. The data does not indicate major interferences
from atrazine in rain water but its determination in
future work would be worthwhile.

4.2. Modeling

Results from both models are consistent with
atrazine reaction mainly on biofilms, as is the disap-
pearance of BOD and nutrients in some other wet-
lands (Kadlec and Knight, 1995) where coefficients
were 12-35 m/year. The similarity of these num-
bers to model results of this study (with reaction
everywhere) suggest that the reaction or disappear-
ance of many species in wetlands may be limited by
mass transfer.

Mass transfer coefficient correlations for free sur-
face water bodies like EW3 have been suggested, for
example by Agunwamba et al. (1992). Unfortunately
they are derived from few cases and estimates are
very dependent on values for Manning’s friction
coefficient.

For EW3 tracer dispersion constants of 8.40
m?/year were obtained for the plug flow with dis-
persion model. Division by an average depth gives a
mass transfer coefficient of 16.8 m/year, close to
best calibrated model values. Tracer tests may pro-
vide estimates of wetland pollutant abatement perfor-
mance but only after they are built.

The interpretation of Model II-optimized results
needs caution. Parameters were many and changes in
WSDS values small. However, in the most general
cases many parameters were eliminated and the re-
sults have reasonable interpretations. High PFR mass
transfer coefficients could be due to pumping in-
duced turbulence near the inlet, indicating that reac-
tion occurs mostly in a small part of the wetland
with the rest ‘‘wasted’’.

Biofilm and sorbed-phase reactions in different
Model II reactors are plausible. Mass transfer limita-
tion implies zero atrazine concentration at the
water—solid interface, while sorption equilibrium re-
quires equal bulk water and interface concentrations.
The biofilm may be inactive in some places, allow-
ing atrazine to diffuse into sorbents, establish equi-
librium, and react while sorbed.

All EW3 simulations undershot the first outflow
peak when wetland atrazine was from the first high
concentration pumping days. A few river sample
analyses with expected (low) errors could cause such
results. Later their effects should cancel.

The investigated models are useful for pond type
wetlands with a single known inflow function, water
surface areas that do not change greatly with basin
water volume, and no exchanges with groundwater.
Good data from an impulse tracer test are necessary.
Model I needs an inflow function that can at least be
approximated by a steady flow. It also requires that
precipitation and evapotranspiration be small terms
in the wetland water budget; hence it was not suit-
able for EW4 in 1991. Model II can accommodate
transient inflows, precipitation, evapotranspiration,
and weir controlled outflows if sufficiently detailed
data are available. With 1500 lines of code, it gave
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some, but not a great deal, more information than
Model I did with a few pages of spreadsheet.

References

Agunwamba, J.C., Egbuniwe, N. and Ademiluyi, J.O., 1992.
Prediction of the dispersion number in waste stabilization
ponds. Water Res., 26: 85-89.

Alvord, H.H., 1995. The fate and transport of atrazine in wetlands.
Ph.D. thesis, Chemical Engineering Department, University of
Michigan.

Brockway, D.L., Smith, P.D. and Stancil, F.E., 1984. Fate and
effects of atrazine in small aquatic microcosms. Bull. Environ.
Contam. Toxicol., 32: 345-353.

Cowardin, L.M., Carter, V., Golet, F.C. and LaRoe, E.T., 1979.
Classification of wetlands and deep water habitats of the
United States. Office of Biological Sciences, Fish and Wildlife
Service, U.S. Department of Interior, Washington, DC,
FWS /OBS-79 /31, 131 pp.

Gianessi, L.P. and Puffer, C., 1990. Herbicide use in the United
States. Resources for the Future, Washington, DC, 128 pp.
Glotfelty, D., Suntio, L.R., Shiu, W.Y., Mackay, D. and Seiber,
JN., 1988. Critical review of Henry’s Law constants for

pesticides. Rev. Environ. Contam. Toxicol., 103: 1-59.

Hey, D.L., Barret, K. and Biegen, C., 1994. The Des Plaines
River Wetlands Demonstration Project. The hydrology of four
experimental wetlands. Ecol. Eng., 3: 319344,

Huckins, J.N., Petty, J.D. and England, D.C., 1986. Distribution
and impact of trifluralin, atrazine, and fonofos residues in
microcosms simulating a northern prairie wetland. Chemo-
sphere, 15: 563~588.

Isensee, D.1., 1987. Persistence and movement of atrazine in a salt
marsh sediment microecosystem. Bull. Environ. Contam. Tox-
icol., 39: 516-523.

Kadlec, R.H., 1994. Detention and mixing in free water wetlands.
Ecol. Eng., 3: 345-380.

Kadlec, R.H. and Bastiaens, W.V., 1992. The use of residence
time distributions (RTD’s) in wetlands systems. Wetlands
Research Inc., Chicago, IL, 96 pp.

Kadlec, R.H. and Knight, 1995. Treatment Wetlands. Lewis Pub-
lishers, Chelsea, MI, pp. 271-277.

Levenspiel, O., 1972. Chemical Reaction Engineering, 2nd edi-
tion. John Wiley and Sons, New York, NY, 578 pp.

Mackay, D. and Leinonen, P.J., 1975. Rate of evaporation of
Jow-solubility contaminants from water bodies to atmosphere.
Environ. Sci. Technol., 9: 1178—-1180.

Muir, D.C.G., Yook, 1.Y. and Baker, B.E., 1978. Residues of
atrazine and N-deethylated atrazine in water from five agricul-
tural watersheds in Quebec. Arch. Environ. Contam. Toxicol.,
7: 221-223.

Nations, B.K. and Hallberg, G.R., 1992. Pesticides in Iowa precip-
itation. J. Environ, Qual., 21: 486492,

Schaefer, G.C., 1987. An assessment of potential toxic con-
stituents reaching the Des Plaines River Wetland Demonstra-
tion Project (draft). Northeastern Planning Commission,
Chicago, IL, 26 pp.

Shaw, S.P. and Fredine, C.G., 1956. Wetlands of the United
States. U.S. Fish and Wildlife Service, Circular 39, Washing-
ton, DC, 67 pp.

Sittig, M., 1994, World-wide Limits for Toxic and Hazardous
Chemicals in Air, Water, and Soil. Noyes Publications, Park
Ridge, NJ, 792 pp.

Sprott, J.C., 1991. Numerical Recipes: Routines and Examples in
BASIC. Cambridge University Press, Cambridge, pp. 214-225.

Squillace, P.J. and Thurman, EM., 1992. Herbicide transport in
rivers: importance of hydrology and geochemistry in
nonpoint-source contamination. Environ. Sci. Technol., 26:
538-545.

Widmer, S.K., Olson, J.M. and Koskinen, W.C., 1993. Kinetics of
atrazine hydrolysis in water. J. Environ. Sci. Health B, 28:
19-28.



