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Environ. Sci. Technol. IQ94, 28, 2336-2344 

Herbicide Interchange between a Stream and the Adjacent Alluvial Aquifer7 

Wuncheng Wang’ 
US. Geological Survey, 720 Gracern Road, Suite 129, Columbia, South Carolina 29210 

Paul Squittacet 
US. Geological Survey, P.O. Box 1230, Iowa City, Iowa 52240 

Herbicide interchange between a stream and the adjacent 
alluvial aquifer and quantification of herbicide bank 
storage during high streamflow were investigated at a 
research site on the Cedar River flood plain, 10 km 
southeast of Cedar Rapids, Iowa. During high streamflow 
in March 1990, alachlor, atrazine, and metolachlor were 
detected at  concentrations above background in water from 
wells as distant as 20, 50, and 10 m from the river’s edge, 
respectively. During high streamflow in May 1990, 
alachlor, atrazine, cyanazine, and metolachlor were de- 
tected a t  concentrations above background as distant as 
20, 50, 10, and 20 m from the river’s edge, respectively. 
Herbicide bank storage took place during high streamflow 
when hydraulic gradients were from the river to the alluvial 
aquifer and the laterally infiltrating river water contained 
herbicide concentrations larger than background concen- 
trations in the aquifer. The herbicide bank storage can 
be quantified by multiplying herbicide concentration by 
the “effective area” that a well represented and an assumed 
porosity of 0.25. During March 1990, herbicide bank 
storage values were calculated to be 1.7,79, and 4.0 mg/m 
for alachlor, atrazine, and metolachlor, respectively. Dur- 
ing May 1990, values were 7.1, 54, 11, and 19 mg/m for 
alachlor, atrazine, cyanazine, and metolachlor, respectively. 

In t roduc t ion  

Herbicide application has been an important manage- 
ment tool for agricultural production during the last 30 
years. In the major corn ( Z e a  m a y s  L.) and soybean 
(Glyc ine  m a x  L.) production regions of the midwestern 
United States, several herbicides have been used exten- 
sively, including alachlor, atrazine, cyanazine, and me- 
tolachlor. They accobnted for 72% of herbicide appli- 
cation in Iowa in 1990; the total herbicide usage exceeded 
22 000 t of active ingredients ( I ) .  

These herbicides frequently have been detected in 
surface water (2-4). For example, during May and June 
1991, every river water sample from agriculturally pro- 
ductive watersheds such as the White River in Indiana, 
the Illinois River in Illinois, and the Platte River in 
Nebraska contained 1.0 pg/L or larger concentrations of 
alachlor, atrazine, cyanazine, and metolachlor (3) .  

The fate and transport of herbicides in a river are 
complex and may include adsorption, photolysis, oxidation, 
microbial degradation, transport out of the system, and 
temporary storage in riverbanks. The bank storage of 
river water is well understood (5) .  Herbicide bank storage, 
although probably a widespread phenomenon, has been 
investigated only recently (2, 6-8). Squillace et al. (8) 
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observed that during base-flow conditions along a 116-km 
reach of the Cedar River, Iowa, a 75 % increase in dissolved 
atrazine concentrations in river water was due to ground- 
water discharge from bank storage and the river bed. 

The objectives of the present study were to investigate 
herbicide interchange between a stream and the adjacent 
alluvial aquifer and to quantify herbicide bank storage 
during high streamflow. Storage beneath the river bottom 
was not investigated. The focus of the research was 
herbicide interchange during high streamflow (when the 
river stage increased but did not overtop the riverbank) 
and during floods (when the flood plain was inundated). 

E x p e r i m e n t a l  Deta i l s  

Research Site. The research site was a wooded flood 
plain of the Cedar River near Palisades State Park, Iowa, 
approximately 10 km southeast of Cedar Rapids (Figure 
1). The surficial geology of the site consists of fine- to 
coarse-grained sand overlying glacial till as shown in the 
figure. 

During the spring of 1989, monitoring wells were 
constructed at  the research site in a line perpendicular to 
the river. They were located a t  5,10,20,30, and up to 320 
m from the river’s edge as shown in Figure 1. The poly- 
(vinyl chloride) well casings (5.1 cm inside diameter) were 
cleaned using detergent and rinsed with deionized water 
before installation. Well screens (91 cm length) were 
installed 3,4,6,9,  or 14 m below land surface in most of 
well sites. A staff gage was used to measure river stage. 

Water Samples. The study started May 1989 and 
ended July 1991. During base-flow periods, monthly 
samples of river and well water were collected. During 
high streamflow and flood periods, samples of river and 
well water were collected daily, using a depth-integrated 
sampler and a submersible pump, respectively. For well 
water, three times the casing volume of water was pumped 
out before samples were taken. River and well waters for 
herbicide analysis were filtered on site, using membrane 
filters of pore size 0.45 pm. Water samples were stored 
in l-L baked-glass bottles with Teflon-lined caps at  4 OC. 
Herbicides (alachlor, atrazine, cyanazine, metolachlor, 
propazine, and simazine) and herbicide metabolites (des- 
ethylatrazine and desisopropylatrazine) were processed 
through solid-phase extraction cartridges and determined 
using gas chromatography/mass spectrometry according 
to the method described by Thurman et al. (9). Other 
herbicides such as ametryn, metribuzin, prometon, prom- 
etryn, simazine, and terbutryn were also determined. The 
detection level for herbicides was 0.05 pg/L, except the 
detection level for cyanazine was 0.2 pg/L. 

Resu l t s  

Quality Control. The blank, duplicate, and spiked- 
water samples used for quality control accounted for 
approximately 10 % of all samples. Herbicides were not 
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Figure 1. Research site along the Cedar River near Cedar Rapids, I A .  

detected in any blank sample. The coefficients of variation 
of atrazine and desethylatrazine concentrations in 13 sets 
of duplicate samples were 3.7 and 7.1 % , respectively. The 
recovery of spiked samples was nearly 100% (IO). 

Base-Flow Condition, February 1990. The distribu- 
tion of herbicides in the alluvial aquifer during February 
20-22, 1990, was typical of base-flow conditions in the 
river (Figure 2A). The hydraulic gradient was from the 
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Figure 2. Atrazine concentrations in water from the Cedar River alluvium, late February through early April 1990. 

aquifer to the river. Atrazine concentrations were strati- 
fied, with the largest concentrations near the land surface. 
The atrazine metabolite desethylatrazine (not shown) was 

distributed more uniformly, with a median concentration 
for all wells and depths (54 samples) of 0.13 yglL. 
Concentrations of other herbicides (ametryn, metribuzin, 
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Flgure 3. (A) Hydraulic gradient between 10- and 30-m wells, both screened at a depth of 6 m, and river stage during high streamflow, March-April 
1990. Positive gradient indicated that the groundwater movement was from the aquifer toward the river and negatlve, from the river to the aquifer. 
(6) Atrazine concentrations in the river water during the same period. 

prometon, prometryn, simazine, and terbutryn) and the 
atrazine metabolite desisopropylatrazine were lower than 
the detection level throughout the research site. Only 
one sample from one well 120m from the river and screened 
3 m below land surface contained 0.14 pg/L desisopro- 
pylatrazine. All herbicide and metabolite concentrations 
during this period are used as respective "background" to 
compare with those observed under high streamflow and 
flood conditions and to delineate the herbicide interchange 
between the stream and the adjacent alluvial aquifer. 

High Streamflow, March 1990. High streamflow 
conditions began March 8, 1990, when snowmelt and 
rainfall combined to gradually increase the river stage 
which, however, did not overtop the riverbank. The river 
stage peaked March 17 and 18. Between March 8 and 
March 21, the hydraulic gradient (values between 0 and 
0.01) was from the river toward the aquifer, as indicated 
by water-level measurements in the wells located 10 and 
30 m from the river's edge. On March 22, the hydraulic 
gradient reversed, and ground water moved from the 
aquifer to the river. 

During the March 1990 high streamflow, the river stage 
and atrazine concentrations in the river water peaked 
concurrently (Figures 3A,B). Other compounds exhibiting 
the similar pattern were alachlor, metolachlor, and des- 
ethylatrazine. Cyanazine was detected in only 2 of 25 
river water samples. 

Atrazine concentrations in well water located 5 m from 
the river's edge at the depth of 6 m increased from 0.26 
to 0.68 pg/L during late February to late March samples. 
The corresponding atrazine concentrations in river water 
samples were 0.12 and 0.51 pg/L (Figure 2A,B). In late 
March, atrazine concentrations greater than the back- 
ground concentration were detected in wells as distant as 
50 m from the river's edge and at a depth of 3-9 m below 
the land surface. The lines of equal atrazine concentration 
(Figure 2B) indicated a noticeable atrazine concentration 
gradient in the near-bank alluvial aquifer; the results 
suggest a substantial movement of atrazine from the river 
to the aquifer during this high streamflow period. 

After March 22, the hydraulic gradient was from the 
aquifer to the river (Figure 3A). Atrazine concentrations 
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F@re 4. Tree roots exposed along U?a riverbanks a1 Me research 
site. 

in the river water decreased to 0.21 pg/L in early April 
(Figures 2C and 3B). Concurrently, atrazine concentra- 
tions in well water decreased from March to April (Figure 
2B,C), indicating that the herbicide was discharged into 
the river. 

One possible factor contributing to the rapid herbicide 
interchange between the stream and the alluvial aquifer 
might be preferential flow through the well-developed 
riparian root system, which extends down to 3 m or more 
(Figure 4). The roots, especially dead or decayed roots, 
may provide lateral pathways for infdtrating river water, 
allowing rapid transport of herbicides into the alluvium. 

High Streamflow, May 1990. Tne next high stream- 
flow began in May 1990 and was more irregular than that 
in March (Figure 5). The river stage increased and 
decreased three times between May 10 and 29, and the 
hydraulic gradient fluctuated accordingly. 

ResultsofherbicideanalysesduringMay 1990aregiven 
inTable 1. Larger concentrations of all herbicides in river 
water were detected during this period compared with 
those from the March 1990 samples. For example, the 
atrazine concentration in the river water was 3.0 pg/L on 
May 23 (Table 1) and 0.51 pg/L during March 20-22 
(Figure 2B). On May 23, alachlor, cyanazine, and meto- 
lachlor concentrations in the river water were also large 
(5.0, 2.6, and 5.5 pg/L, respeetively) (Table 1). 

Elevated concentrations of alachlor, atrazine, cyanazine, 
and metolachlor in well water were detected in wells aa 
distant as 20, 50, 10, and 20 m from the river’s edge, 
respectively (Table 1). On the basis of atrazine results, 
it is speculated that river water infiltrated as distant as 
50 m from the riverbank, with 3-6 m depth as the major 
pathway. 

Flood, J u n e  1990. During the flood, herbicide con- 
centrations in water from almost all wells sampled, from 
5 to 50 m from the river’s edge and from 3 to 9 m in depth, 
did not exceed background concentrations during February 
1990. In the same period, the hydraulic gradients were 
primarily toward the river (12 of 15 days determined) 
possibly due to rapid infiltration of floodwater into the 
shallow aquifer via the land surface. 

The reason@) that herbicides did not infiltrate from 
the land surface into the aquifer can be speculated. During 
the infiltration,the disolved herbicideslikely areremoved 
through the established and active root zone in the study 
site (11, 12). Results of one study indicated that ap- 
proximately 10 times more atrazine was removed from a 
systemwithpoplartreerootsthanfromaroot-freecontrol 
site (12). In addition, it is likely that the large accumulation 

of plant debris, especially humic substances, a t  the land 
surface could have adsorbed herbicides or induced mi- 
crobial degradation as floodwater infiltrated the aquifer 
(11). Consequently, sufficient floodwater infiitrated into 
the aquifer to maintain a hydraulic gradient toward the 
river, but dissolved herbicides in the well water did not 
increase above the background concentrations. 

Large herbicide concentrations, however, weredetected 
in well water far away from the river’s edge. On June 27, 
1990, concentrations of atrazine, cyanazine, desethyl- 
atrazine, desisopropylatrazine, and metolachlor in water 
from a well 216 m from the river’s edge and screened 3 m 
deep were 8.0,0.50, 1.4.0.23, and 2.7 pg/L, respectively. 
The alachlor concentration was less than the detection 
level. The atrazine concentration, in particular, wasabout 
40 times more than the background concentration of 0.20 
pg/L. This phenomenon can be explained as follows. 

The well 216 m from the river’s edge is adjacent to a 
dough (Figure 1). The slough received runoff from upland 
areasabovethefloodplain throughanintermittentstream, 
as shown in Figure 1. Large atrazine concentrations of 48, 
40,9.9,and3.0pg/Lweredetectedinwaterfromtheslough 
on May 25 and 29 and June 5 and 26,1990, respectively. 
The intermittent streamalso contained large atrazinecon- 
centrations: 62 pg/L was detected on May 19. For 
comparison, during May 16-31, daily atrazine concentra- 
tions in the river water ranged from 1.0 to 7.0 pg/L. The 
herbicide concentrations in the slough were closer to the 
range in the intermittent stream water than those in the 
river water, and thus the runoff from the intermittent 
stream during this flood is considered the main source of 
herbicides in the slough. The runoff, once trapped in the 
dough, would have percolated continuously into the aquifer 
and, in the process, transported large concentrations of 
herbicides into the aquifer. 

Flood, March and April 1991. During the 199C-1991 
floods, approximately 8 m of the riverbank was eroded 
laterally. One new well was installed during the winter of 
199&1991, 12 m from the river’s original edge and at  a 
depth of 4 m, to replace a damaged well nest. Concentra- 
tions of atrazine and desethylatrazine in river water and 
in well water during March and early April are plotted in 
Figure 6. Comparingresultsof the samedates, theatrazine 
concentrations in the well water were larger than in the 
river water. A possible explanation is that well water and 
river water samples, although collected on the same date, 
probably were not from the same mass of water. As 
sufficient hydraulicgradient is required forthe river water 
to travel through the alluvial aquifer, the well water is 
assumed to be composed primarily of water from the rising 
stage. River water at  rising stage has been reported to 
contain atrazine concentrations larger than river water a t  
the falling stage (14). Desethylatrazine concentrations, 
in contrast, were similar in well and river water (Figure 
6). 

Discussion 

Herbicide Basin Storage. Patterns of herbicide 
concentrations in the river water during high streamflow 
(May 1990) and flood (Juni! 1990) are different. During 
the flood (June 26-27,1990), concentrations of alachlor, 
atrazine, cyanazine, and metolachlor in river water were 
0.37,3.8,0.67, and 1.2 pg/L, respectively, when the river’s 
mean daily discharge was 458 m3/s (13). For comparison, 
during the high streamflow (May 28,1990), the herbicide 
concentrations in river water samples were 0.86,1.0,0.87, 
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Table 1. Herbicide Concentrations (kg/L) in River Water and Well Water, May 23 and 24, 1990 

river water 
distance” depth” alachlor atrazine cyanazine desethylatrazine desisopropylatrazine 
(m) (m) 5.0 3.0 2.6 0.46 0.30 

2085 

5 3 0.20 0.66 0.21 
4 0.44 2.2 0.64 
6 0.38 1.3 0.85 
9 NDb 0.19 ND 

10 3 ND 0.44 ND 
6 0.50 1.5 0.85 
9 ND 0.23 ND 

14 ND 0.10 ND 
20 3 ND 0.47 ND 

6 0.10 0.39 ND 
9 ND 0.21 ND 

30 3 ND 0.41 ND 
6 ND 0.20 ND 
9 ND 0.16 ND 

50 3 ND 0.47 ND 
6 ND 0.24 ND 
9 ND 0.21 ND 

Water from wells located from river’s edge. * ND = not detected. 

Lu z 
: 
4 
E 

m 

0 -  

Lu E 
m + -0.01 

B 
U a 
0 

E 

0.22 
0.31 
0.25 
0.16 
0.32 
0.25 
0.15 
0.13 
0.22 
0.16 
0.14 
0.22 
0.12 
0.12 
0.12 
0.09 
0.12 

204.0 

- 

- O . M ” , “ l , l l l ‘ l l l l l l , l , ’ , l l , l l l l l l l l l ‘  2085 

0.13 
0.14 
0.12 
ND 
0.11 
0.13 
ND 
ND 
0.11 
0.08 
0.06 
0.10 
0.05 
ND 
0.06 
ND 
ND 

metolachlor 
5.5 

0.43 
0.87 
1.4 
ND 
ND 
1.5 
ND 
ND 
ND 
0.19 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

and 1.3 pg/L, respectively, and the river’s mean daily 
discharge was 205 m3/s (13). These two periods are 
compared because at  both periods the river had receded 
to about 60-65% of the maximum mean daily discharge 
of the respective events. 

Results showed that alachlor concentrations in river 
water decreased 57 % [ (0.37-0.86)/0.86], cyanazine con- 
centrations decreased 23 % I(0.67-0.87)/0.87], and meto- 
lachlor concentrations decreased 8 % L(1.2-1.3)/1.3]. In 
contrast, atrazine concentration increased 280% [(3.8- 
1.0)/1.01. 

The reason@) for increasing atrazine concentrations in 
river water during increased streamflow can be speculated. 
Due to historical and on-going herbicide applications, it 
is possible that a substantial amount of atrazine may have 
been accumulated in the watershed: in the soils, drain 
tiles, tributaries, river bottom, and riverbanks (4 ) .  In this 
paper, this phenomenon is referred to as “basin storage”. 
This basin storage may be similar to that reported in a 
study of nitrate transport in the Raccoon River Basin, 
Iowa (15). The nitrogen fertilizer that was applied to 
agricultural fields in that basin for two seasons remained 

in the soil due to a severe drought. In subsequent 
rainstorms, nitrate nitrogen was flushed from basin storage 
into the Raccoon River. Large nitrate-nitrogen concen- 
trations (greater than 10 mg/L) occurred in the river, even 
though annual nitrogen application had remained the same 
as in the previous drought years. 

A large basin storage of atrazine, compared with other 
herbicides, in the Cedar River Basin is possible for the 
two reasons. First, atrazine is the most extensively used 
herbicide for corn and soybean production during the past 
30 years, and consequently, it is likely that atrazine has 
been accumulated in the watershed in a larger quantity 
than others (1,3,6,16-18). Second, atrazine is known to 
be more persistent in soil than alachlor, cyanazine, and 
metolachlor (19) because the atrazine degradation process 
in soils is generally slow. For example, Klaine et al. (20) 
reported that the half-life for atrazine in the top 10 cm of 
soil was 21.5 d. Mullaney et al. (21) found that pesticide 
residence time in the soil was inversely related to the soil 
organic content. A fact sheet on atrazine prepared by the 
U S .  Environmental Protection Agency (16) reports atra- 
zine half-lives ranging from 146 d in loam soil to 660 d in 
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Flgure 6. Concentrations of atrazine and desethylatrazine in river 
water and well water (approximately 12 m from the river and screened 
at a depth of 4 m) during flooding, Mar 2-Apr 3, 1991. 

anaerobically incubated sandy clay. Nair and Schnoor 
(22) reported that atrazine mineralization rates for the 
ring and isopropyl side chain of the compound were 140 
and 10 times slower, respectively, for anaerobic conditions 
than for aerobic conditions. 

Bank storage is part of basin storage. The conditions 
at the Cedar River research site were generally favorable 
for herbicide interchange between riverbanks and the river 
because of the mostly sandy materials, low organic content, 
and low clay content. Of 24 alluvial aquifer samples 
collected, organic carbon contents ranged from 0.05 to 
2.5 % , with a geometric mean value of 0.14%. In addition, 
the alluvial aquifer is generally under anaerobic conditions 
(e.g., well water below 3 m depth generally contained 1 
mg/L or less dissolved oxygen) and with relatively low 
temperature (approximately 10 "C). 

Evidence of Herbicide Bank Storage. Results of 
herbicide concentrations in river water and well water are 
summarized in Table 2. Herbicide concentrations in well 
water varied according to herbicide compounds, well depth, 
and distance from river's edge. Among four herbicides, 
elevated atrazine concentrations were detected in wells as 
distant as 50 m from the river's edge, whereas elevated 
alachlor, cyanazine, and metolachlor concentrations were 
detected only as distant as 20,10, and 20 m. During March 
1990 high streamflow, elevated atrazine concentrations 
were detected at depths of 3-9 m below the land surface. 
During May high streamflow, the largest concentrations 
of atrazine were detected primarily 3-6 m below the land 
surface. 

There is an important question that needs to be 
addressed: Of the same new water, why did atrazine 
infiltrate more into the aquifer than alachlor, cyanazine, 

Table 2. Evidence of Herbicide Bank Storage Using 
Results of Herbicide Concentrations (rg/L) in Wells 
Apparently Not Affected8 and Affectedb 

date of sample alachlor atrazine cyanazine metolachlor 

Feb 20-22,1990 
river 
well0 

Mar 20-22,1990 
river 
wella 

wellb 
May 23-24,1990 
river 
well" 

well* 
June 26-27,1990 
river 
well0 

Mar 2,1991 
river 
wellb 

ND 0.12 ND 
ND 0.22 ND 

SD = f0.14, 
n = 43 

0.12 0.51 ND 
ND 0.24 ND 

SD = f0.14, 
n = 34 

0.05 (2016) 0.52 (5013) ND 

5.0 3.0 2.6 
ND 0.22 ND 

SD = f0.12, 
n = 24 

0.10 (2016) 0.47 (5013) 0.85 (1016) 

0.37 3.8 0.67 
ND 0.20 ND 

SD = rt0.26, 
n = 35 

0.11 0.71 0.22 
0.06 (21613) 0.85 (21613) 0.18 (3019) 

ND 
ND 

0.25 
ND 

0.30 (1016) 

5.5 
ND 

0.19 (2016) 

1.2 
ND 

0.15 
0.19 (21613) 

Wells apparently not affected by bank storage, expressed by 
mean herbicide concentration, standard deviation, and number of 
samples. * Wells apparently affected by bank storage, expressed by 
herbicide concentration in the farthest well affected (distance from 
the river's edge, m/depth, m). SD, standard deviation, n, number 
of samples. ND, not detected. 

and metolachlor? The reason may be that during high 
streamflows, atrazine in the river water peaked early, 
whereas concentrations of alachlor, cyanazine, and me- 
tolachlor peaked late. For example, on May 10, concen- 
trations of alachlor, atrazine, cyanazine, and metolachlor 
in river water were 1.7, 6.2, <0.20, and 0.42 pg/L, 
respectively. During May 23-24, concentrations of these 
herbicides were 5.0, 3.0, 2.6, and 5.5 pg/L, respectively 
(Table 1). During May 9 and 10, the hydraulic gradient 
was toward the aquifer to allow the larger atrazine 
concentration to infiltrate into the aquifer (Figure 5). 
Concentrations of other herbicides were larger during May 
23 and 24, a t  the time when the hydraulic gradient was 
toward the river (Figure 5). 

Other herbicides, as part of new water, also could have 
infiltrated 50 m into the aquifer. However, they might 
have been at  concentrations below detection limit and 
could not be confirmed. Especially for cyanazine, the 
detection limit was 0.2 pg/L; the cyanazine bank storage 
value might have been larger if the detection level were 
0.05 pg/L as that of other herbicides. The fates of these 
herbicides, such as adsorption, biouptake, and degradation 
in the aquifer, may be different from that of atrazine and 
result in slowing down their infiltration (19-22). 

If river water contains the same herbicide concentration 
as the background concentration in the aquifer, herbicide 
bank storage cannot be quantified because the boundary 
of the new water and the old water cannot be delineated. 
During high streamflow in spring runoff, the hydraulic 
gradient and the large herbicide concentrations in river 
water combined to transport herbicide into the riverbank 
and alluvium and resulted in substantial herbicide bank 
storage. 

Quantification of Herbicide Bank Storage. In this 
study, herbicide bank storage is defined as the process of 
herbicide temporarily stored in an alluvial aquifer as a 
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Figure 7. Conceptual model of herbicide bank storage. 

Table 3. Herbicide Bank Storage Values (mg/m) during 
High Streamflow, Expressed as Herbicide Concentrations 
Multiplied by Effective Area and a 25% Porosity 

date of sample alachlor atrazine cyanazine metolachlor 

Mar 20-22,1990 1.7 79 0 4.0 
May 23-24,1990 7.1 54 11 19 

result of lateral infiltration through the riverbank. By 
assuming a piston-flow model, all detectable herbicides in 
the infiltrating water are considered. The boundary of 
infiltration is identified by herbicide concentrations 
elevated above background. The river bottom may also 
store herbicides (8), but is not considered here. Processes 
of adsorption/desorption of dissolved herbicides are 
considered minimal. Under these conditions, herbicide 
bank storage can be quantified by summation of herbicide 
concentration multiplied by an “effective area” (for which 
that concentration is assumed representative) and an 
assumed porosity of 0.25, as in the following equation: 

HBS = x x y z f  

where HBS is the herbicide bank storage;x is the herbicide 
concentration; y is the “effective length” of a well (m); z 
is the “effective depth” of a well (m); and f is the porosity. 
With conversion factors of 1000 L/m3 and 1 mg/1000 pg, 
the unit of measurement for herbicide bank storage 
becomes milligrams per meter. The result expresses the 
amount of herbicide temporarily stored in a riverbank of 
1 m width, extending from the river’s edge into the 
alluvium. The conceptual model of herbicide bank storage 
is depicted in Figure 7, indicating the effective area that 
a well represents. 

In eq 1, the effective length of a well 10 m from the 
river’s edge and located between two horizontally adjacent 
wells (5 and 20 m from the river’s edge) may be calculated. 
The boundaries of the 10-m well’s effective length are 
assumed to be the midpoint between two adjacent wells. 
Therefore, the effective length of the 10-m well is 7.5 m, 
computed by 0.5 x [(lo - 5) + (20 - lo)]. The top 1-m 
alluvium is assumed to be unsaturated and is excluded 
from the computation. Thus, the effective depth of this 
well screened at  3 m below land surface is 2.5 m, computed 
by 0.5 x [(3 - 1) + (6 - 313, taking into consideration that 
the next deeper well was screened at 6 m. 

The alachlor bank storage value during May 23 and 24, 
1990, can be calculated using data in Table 1 as follows: 
(0.20 pg/L X 7.5 m X 1.5 m + 0.44 pg/L X 7.5 m X 1.5 m 
+ 0.38 pg/L X 7.5 m X 2.5 m + 0.50 pg/L X 7.5 m X 3.0 
m + 0.10 pg/L X 10 m X 3.0 m) X 0.25 = 7.1 mg/m. 
Calculated herbicide bank storage values are given in Table 
3. During March 20-22, 1990, the storage values for 
alachlor, atrazine, and metolachlor were 1.7, 79, and 4.0 

mg/m, respectively. During May 23 and 24, 1990, the 
storage values for alachlor, atrazine, cyanazine, and 
metolachlor were 7.1, 54, 11, and 19 mg/m, respectively. 

These values represent conservative estimates of her- 
bicide bank storage. Factors such as herbicide concentra- 
tions below detection limits, microbial degradation, and 
adsorption/desorption in the aquifer add uncertainty to 
these values. Another factor affecting these values is the 
imprecise boundary of new water with elevated herbicide 
concentrations, as depicted in Figure 7. This factor, 
however, is relatively minor and unlikely to cause a major 
change of the values. The reason is that herbicide 
concentration near the boundary is near to the background 
concentration and its effect on herbicide bank storage value 
(based on equation 1) is small. 

Herbicide bank storage values varied according to the 
herbicide compounds and hydrologic events. According 
to Table 3, atrazine bank storage values decreased from 
March to May, whereas other herbicide bank storage values 
increased. This discrepancy is the result of at least the 
two following factors. First, the hydraulic gradient for 
March was more consistently from the river toward the 
aquifer than for May (Figures 3 and 5). More atrazine 
infiltrated the alluvium in the March runoff as atrazine 
was detected in water from all wells screened at 3-9 m 
below surface from wells near the river to the 50-m well. 
In contrast, atrazine was detected in May 1990 primarily 
at 3-6 m below surface (Table 1). The larger atrazine 
plume in the alluvial aquifer during the March runoff 
would result in a larger bank storage value than would the 
May runoff, overcoming the fact that atrazine concentra- 
tions in river water were larger in May as compared to 
those in March 1990 (Table 2). Second, alachlor, cyana- 
zine, and metolachlor are less persistent in soils than 
atrazine according to literature (19). The larger concen- 
trations of these herbicides in river water in May than in 
March 1990 (Table 2), possibly due to more recent 
applications, was the reason that these herbicide bank 
storage values were larger in May than in March 1990. 
Other factors such as different degradation rates among 
herbicides could affect the herbicide bank storage values. 

Significance of Herbicide Bank Storage. Herbicide 
bank storage, like water bank storage, results from the 
interchange between a stream and its alluvial aquifer. The 
riverbank and alluvium act as temporary reservoirs for 
holding and releasing herbicides, a dynamic and reversible 
process. Water movement and associated herbicide 
interchange are driven by hydraulic gradient. 

This research suggests a method to quantify herbicide 
bank storage. Similar method@) could be developed to 
quantify bank storage of other contaminants such as toxic 
metals, polychlorinated biphenyls, and polynuclear aro- 
matic hydrocarbons. Herbicide storage in a riverbed can 
occur a t  low and high streamflow (81, whereas herbicide 
storage in a riverbank occurs during high streamflow and 
flood. Measurement of herbicide storage in the riverbed 
is more difficult than that in the alluvial aquifer during 
the dangerous high streamflow and flood periods. 

Although this approach could be used to compare 
herbicide interchange of different sites, i t  is important to 
note that the herbicide bank storage value is dependent 
on various factors such as aquifer properties, herbicide 
concentration and properties, hydraulic gradient, and 
duration of hydrologic events (20-25). The comparison 
of herbicide bank storage values from different sites should 
take these factors into consideration. By way of analogy, 
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it is possible to compare volumes of water stored in 
different reservoirs, but the volumes of water should not 
be used to infer the size, shape, or depth of reservoirs. 

S u m m a r y  

During 1990 and 1991, two high streamflows and two 
floods occurred at the study site. During the first high 
streamflow (March 1990), herbicide bank storage of 
alachlor, atrazine, and metolachlor was evident in well 
water as distant as 20,50, and 10 m from the river's edge, 
respectively. During the second high streamflow (May 
1990), herbicide bank storage of alachlor, atrazine, cy- 
anazine, and metolachlor was evident in well water as 
distant as 20, 50, 10, and 20 m from the river's edge, 
respectively. Herbicide bank storage can be quantified 
by multiplying herbicide concentration by effective area 
represented by a well and an assumed porosity. Herbicide 
bank storage values can be used to compare results among 
different herbicides and under different hydrologic condi- 
tions. 
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