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Pesticide leaching through variably thick soils beneath 
agricultural fi elds in Morgan Creek, Maryland was simulated 
for water years 1995 to 2004 using LEACHM (Leaching 
Estimation and Chemistry Model). Fifteen individual models 
were constructed to simulate fi ve depths and three crop 
rotations with associated pesticide applications. Unsaturated 
zone thickness averaged 4.7 m but reached a maximum of 18.7 
m. Average annual recharge to ground water decreased from 
15.9 to 11.1 cm as the unsaturated zone increased in thickness 
from 1 to 10 m. Th ese point estimates of recharge are at the 
lower end of previously published values, which used methods 
that integrate over larger areas capturing focused recharge in 
the numerous detention ponds in the watershed. Th e total 
amount of applied and leached masses for fi ve parent pesticide 
compounds and seven metabolites were estimated for the 
32-km2 Morgan Creek watershed by associating each hectare to 
the closest one-dimensional model analog of model depth and 
crop rotation scenario as determined from land-use surveys. 
LEACHM parameters were set such that branched, serial, 
fi rst-order decay of pesticides and metabolites was realistically 
simulated. Leaching is predicted to be greatest for shallow soils 
and for persistent compounds with low sorptivity. Based on 
simulation results, percent parent compounds leached within 
the watershed can be described by a regression model of the 
form 

-depth ½( ln ln )OCe a t b K−  where t1/2 is the degradation 
half-life in aerobic soils, K

OC
 is the organic carbon normalized 

sorption coeffi  cient, and a and b are fi tted coeffi  cients (R2 = 0.86, 
p value = 7 × 10−9).
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The goal of the U.S. Geological Survey (USGS) National 

Water Quality Assessment Program (NAWQA) is to assess 

past, current, and future water-quality conditions and trends in 

river basins and aquifers across the nation (Hirsch et al., 1988). 

Beginning in 1991, standard techniques were used to document 

variations in water quality in undeveloped, rural, agricultural, 

and urban areas (Fuhrer et al., 1999). Now in its second decade, 

NAWQA is placing more emphasis on understanding how the 

observed variations can be explained by natural and anthropogenic 

factors, with specifi c attention given to recommendations made by 

the National Research Council (2002): conduct mass balances on 

constituents of concern; ensure uniformity in the use of models; 

address uncertainty associated with all aspects of its water-quality 

modeling evaluations; and use process-based models that can 

simulate interactions between surface water and ground water. 

Agricultural catchments in California, Washington, Nebraska, 

Indiana, and Maryland were the focus of research to better 

understand the fate and transport of agricultural chemicals through 

the landscape (Capel et al., 2008). Th is paper describes simulated 

leaching of fi ve pesticides and seven metabolites (Table 1) at the 

Maryland site. Degradation and transformation of atrazine and 

metolachor observed at the Nebraska site were included to constrain 

model simulations in Maryland because 2 yr had passed since the 

application of these compounds at the Maryland site.

Th is paper presents estimates of the application, transformation, 

and leaching of pesticides to ground water for the 32-km2 Morgan 

Creek watershed in Kent County on the Delmarva Peninsula (Fig. 

1a). Th e conceptual and numerical models described here address 

three questions: (i) How do the quantity and quality of water re-

charging ground water vary with time and across areas with variable 

unsaturated zone thickness? (ii) What are the seasonal and interannual 

variations of sorbed and dissolved masses of a variety of pesticides and 

degradates, each with distinct application times, rates, and properties 

in the unsaturated silty loams beneath corn (Zea mays L.) and soybean 

Abbreviations: ATR, atrazine; HYA, hydroxyatrazine; DEA, deethylatrzine; DIA, 

deisopropylatrazine; DDA, didealkylatrazine; MET, metolachlor; ESA, ethane 

sulfonic acid; OXA, oxanillic acid; MES, metolachlor ESA; MOX, metolachlor OXA; 

GLY, glyphosate; AMPA or AMP, aminomethylphosphonic acid; SIM, simazine; PAQ, 
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(Glycine max L.) fi elds on the Delmarva peninsula? and (iii) Is 

a regression model based on numerical model results capable of 

describing the relative ground water contamination potential of 

pesticides and metabolites for the Morgan Creek watershed?

Materials and Methods
Fifteen one-dimensional Leaching Estimation and Chemistry 

Models (LEACHM; Hutson and Wagenet, 1992; Hutson, 2005) 

were constructed for diff erent crop rotations and diff erent unsatu-

rated zone thicknesses. LEACHM was selected as an appropriate 

model for upscaling given its capabilities, ease of use, adequate 

documentation, and open architecture (Nolan et al., 2005).

A regression model was also constructed from LEACHM simu-

lation results to predict the percent of leached mass as a function 

of unsaturated zone thickness, organic carbon normalized sorption 

coeffi  cient, solubility, and half-life. Th e objective of the regres-

Table 1. Compound names, abbreviations, and chemical names for the fi ve pesticides and seven metabolites modeled in this report.

Compound name† How referred to in text Chemical name

Atrazine Atrazine 6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine

Hydroxyatrazine HYA 6-hydroxy-N-ethyl-N’-isopropyl-[1,3,5]triazine-2,4-diamine

Deethylatrazine DEA 6-chloro-N′-(1-methylethyl)-1,3,5-triazine-2,4-diamine

Deisopropylatrazine DIA 6-chloro-N-ethyl-[1,3,5]triazine-2,4-diamine

Didealkylatrazine DDA 6-chloro-[1,3,5]triazine-2,4-diamine

Metolachlor Metolachlor 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide

Metolachlor ethane sulfonic acid Metolachlor ESA 2-([2-ethyl-6-methylphenyl][2-methoxy-1-methylethyl]amino)-2-
oxoethanesulfonic acid

Metolachlor oxanillic acid Metolachlor OXA 2-([2-ethyl-6-methylphenyl][2-methoxy-1-methylethyl]amino)-2-oxoacetic acid

Glyphosate Glyphosate N-(phosphonomethyl)glycine

Aminomethylphosphonic acid AMPA (aminomethyl)phosphonic acid

Simazine Simazine 6-chloro-N,N′-diethyl-1,3,5-triazine-2,4-diamine

Paraquat Paraquat 1,1′-dimethyl-4,4′-bipyridinium

† Daughters and granddaughter indented.

Fig. 1. (A) Location of the Morgan Creek watershed on the Delmarva peninsula. Also shown are the locations of the three weather stations in the 
Chesapeake Bay region that were used to fi ll in data or to provide observations back to October 1994. (B) Land use for growing season in 
2004 determined from fi eld surveys. The soybean fi eld surrounding the intensive study site containing the fl ow-path wells is located near 
the outlet. The soils and instruments in the cross-section below X-X’ are presented in Fig. 1D. (C) Unsaturated-zone thickness computed 
as the diff erence between the land surface elevation and the steady-state potentiometric head simulated with a ground-water model 
(MODFLOW). (D) Cross-section of Maryland intensive study site showing unsaturated-zone thickness, and the location of lysimeters and 
peizometers. Volumetric soil moisture was measured with time-domain refl ectometers (TDRs) collocated with the pan lysimeters at M21.
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sion model was to provide a reduced form, or metamodel, of the 

process-based model. Th e metamodel represents key concepts in 

LEACHM but is easier to use and has computational advantages. 

Th e underlying conceptual model is (i) the mass of pesticides and 

metabolites leaching to ground water is inversely related to resi-

dence time in the unsaturated zone, and (ii) residence times are less, 

and leaching greater, for persistent compounds with low sorptivity 

that are applied during wet periods than they are for short-lived, 

sorptive compounds applied during dry periods.

Th e LEACHM model used in our simulations employs the 

Richard’s equation algorithm for water fl ow. Before simulating 

reactive transport of the pesticides, the model parameters related to 

the fate of water and pesticides were calibrated. Parameters describ-

ing fl ow were calibrated using observations of soil moisture and 

bromide concentrations made at the intensively studied fi eld in the 

Morgan Creek watershed whereas the half-lives for atrazine, me-

tolachlor, and their degradates were adjusted so that simulations fi t 

observations of these compounds made at the Nebraska site (Webb 

and Sandstrom, 2008). All other pesticide properties were culled or 

derived from existing literature (Capel et al., 2008). Th e following 

sections describe the validation process for estimating soil water 

fl ow properties and the pesticide degradation constants.

Climate and Land Cover
During 2003 and 2004, local weather conditions, soil 

moisture and tension, and water quality of the unsaturated 

and saturated zones were observed on and beneath an inten-

sively studied fi eld, referred to in this paper as the intensive 

study site, subject to corn–soybean rotations with winter 

wheat (Triticum aestivum L.) ground cover (Capel et al., 

2008). Field by fi eld surveys completed in 2004 showed 75% 

of the 32-km2 watershed was comprised of agricultural fi elds 

(predominantly corn–soybean crop rotations) and 14% was in 

pasture and hay (Fig. 1b). Th e remaining areas not in corn–

soybean rotation or pasture/hay include roughly equal areas 

of poultry, dairy, forest, woody wetlands, and the residential 

areas in and around the town of Kennedyville.

Daily precipitation totals along with evapotranspiration 

from soils and vegetation provide boundary conditions for 

the upper layers of the LEACHM models. Data from nearby 

weather stations were used to extend the 2 yr of weather records 

(2003–2004) at the intensive study site back to October 1994 to 

include a wider range of interannual climate variations. Th e 10 yr 

of daily observations of precipitation along with minimum and 

maximum temperatures were used as driving variables to estimate 

potential evapotranspiration using the Water, Energy, and Bio-

geochemical model (WEBMOD) (Webb et al., 2006) built for 

the Morgan Creek watershed (Linard et al., 2008). Precipitation 

and WEBMOD estimates of potential evapotranspiration were, 

in turn, used as driving variables for the hydrology simulated in 

LEACHM. WEBMOD simulations for the 10-yr period predict 

that approximately 60%, or 72 cm yr−1, of precipitation returns 

to the atmosphere as a result of evapotranspiration. Th e 2 mo 

with highest precipitation and stream discharge are March and 

September, corresponding to periods of spring storms and the 

passing extratropical depressions.

Soils
Soils for all models were represented by three layers of silty and 

sandy loams observed when installing lysimeters, tensiometers, and 

heat dissipation probes at the intensive study site: a silty loam with 

less than 1% organic carbon from the surface to a depth of 1 m; 

a sandy loam also with low percentage of organic carbon from 1 

to 2 m depth; and a loam with about 1.4% organic carbon from 

2 m to the bottom of the modeled core (site M21; Hancock et 

al., 2008). Spatial variations in soil type are not explicitly included 

in our approach because the watershed soils are predominantly 

horizontally extensive marine deposits where vertical heterogeneity 

is greater than horizontal heterogeneity. Available soil-series data 

(STATSGO) had insuffi  cient accuracy and resolution compared 

with measured data from the soil column, i.e., more than 90% 

of the watershed is described by only two soil series characterized 

as fi ne silts and loams similar to those included in the three layers 

of the model presented here. Other data (SSURGO) have fi ner 

resolution but, like STATSGO, describe only the plant root zone 

(∼2 m deep) and not the deeper unsaturated zone; additional data 

would be needed to describe soil variations from the bottom of the 

root zone to the water table.

It should be noted that soils were not sampled from the 

soil surface, which is rich in organic matter. Woody debris and 

compacted sillage can provide an important substrate to occlude 

parent pesticides like atrazine and metolachlor from bacterially 

mitigated degradation (Lerch et al., 1997). Sorption was simulat-

ed using linear isotherms; algorithms to simulate occlusion with 

associated product persistence are not currently part of the mod-

el. Th e organic-rich layer at the surface not represented in the 

models would likely further retard the infi ltration of pesticides 

into the soil, further reducing the estimates of leaching through 

the unsaturated zone simulated here. In practice, pesticides re-

tained in surface soils would have a greater likelihood of being 

washed from fi elds into surface drainage. Transport of pesticides 

sorbed to sediments and organic debris is not considered in this 

study; all of the mass applied is assumed to remain on the surface 

until it dissolves and infi ltrates during precipitation or irrigation 

events. Th erefore, the thickness of the unsaturated zone, rather 

than soil type, is used as the dominant factor to represent unsatu-

rated zone variability in the watershed. Fluxes for the entire Mor-

gan Creek watershed were estimated by relating each hectare in 

the watershed to the model results that most closely matched the 

crop rotation and unsaturated zone thickness at that point.

Unsaturated Zone Thickness
Th e thickness of the unsaturated zone (Fig. 1c) was estimated 

by subtracting the steady-state potentiometric heads, estimated 

with a MODular three-dimensional ground-water FLOW model 

(MODFLOW; Capel et al., 2008), from the land-surface digital 

elevation model (DEM), derived from Light Detection and Rang-

ing (LIDAR, M.R. Nardi, U.S. Geological Survey, written com-

munication, 2005). Th e LIDAR DEM had an original resolution 

of 2 m and was resampled to produce average elevations for each 

30- by 30-m cell to compare with the 30-m discretization used in 

the MODFLOW simulation. As derived, 15% of the watershed 
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had no unsaturated zone thickness (where MODFLOW heads 

exceeded land-surface elevation, producing negative thickness es-

timates). Th erefore the vertical datum for the MODFLOW heads 

was lowered by 1.65 m, resulting in 5.7% of the watershed with no 

unsaturated zone thickness. Th e resulting simulation more closely 

matched the area classifi ed as wetlands and riparian forest in the 

National Land Cover Dataset (NLCD) and produced an average 

unsaturated zone thickness of 7.5 m for the intensive study site. 

Th e thickness of the unsaturated zone beneath the intensive study 

site thus derived is consistent with observations (Fig. 1d) and ap-

preciably thicker than 4.9 m, the mean unsaturated-zone thickness 

in the watershed. Beneath the fl ow path at the intensive study site 

(cross-section X-X’ in Fig. 1d), the unsaturated zone thins from 10 

m thick at the eastern, upgradient end of the fl ow path to 0 m in 

the riparian areas of Morgan Creek.

Final LEACHM Models
Fifteen LEACHM models describing fi ve unsaturated zone 

thicknesses and three crop rotations were constructed. Th e fi ve 

soil columns depths were 1, 2.5, 5, 7.5, and 10 m each dis-

cretized into 10 cm thick horizons. Th e three crop rotations and 

associated agricultural chemical applications are (i) fi elds planted 

in corn in 2004 were assumed to have been planted in corn in 

even-numbered years and in soybean in odd-numbered years 

beginning with soybean in 1995; (ii) fi elds planted in soybean in 

2004 were assumed to have been planted in soybean in even years 

and corn in odd years beginning with corn in 1995; and (iii) the 

crop rotation at the intensive study site had soybean in 1995 but 

skipped the planned corn crop in 2004 in favor of soybean. For 

lack of specifi c information throughout the rest of the watershed, 

it was assumed that the 34 ha including and surrounding the 

weather station was the only place and time that the alternating 

corn–soybean crop cycle was disrupted.

As a soil conservation measure typical of the area, winter 

wheat is commonly planted in the fall and turned under in the 

spring. For the years in corn, the herbicides atrazine, metolachlor, 

simazine, and paraquat are typically applied to the fi eld in late 

April at rates of 2.08, 1.36, 1.16, and 0.84 kg ha−1 respectively 

(Hancock et al., 2008). For the years in soybean, 1.1 kg ha−1 of 

paraquat is applied in early May with a subsequent application in 

late July of glyphosate and paraquat at rates of 1.53 and 0.31 kg 

ha−1, respectively. Th e rates were assumed typical for the Morgan 

Creek watershed and were used as the application rates for the 

target crops biannually in the model. Because the intensive study 

site was planted in soybean in two consecutive years, it received 

20% less pesticide loading than other corn/soybean fi elds in the 

watershed (four applications instead of fi ve).

Reactive Transport of Pesticides
Th e potential for a pesticide to leach through the unsaturated 

zone to ground water depends on several factors including: (i) the 

application timing and loads; (ii) fl uxes of water into and out of 

the unsaturated zone; (iii) the properties of the compound; and 

(iv) the properties of the soils. Th e pesticide properties used in 

the LEACHM models are listed in Tables 2 and 3. Th e sorbtivity, 

degradation half-life in aerobic soils, and solubility of the pesticides 

and metabolites span a wide range of values (Table 3). Th e detec-

tion frequency of two pesticides with similar physical and chemical 

characteristics may diff er as a result of diff erent application rates or 

diff erent analytical detection thresholds in the laboratory.

Table 2. Transformation rates used to model degradation 
and production of pesticides and metabolites. Pesticide 
abbreviations are defi ned in Table 1.

Daughter 
production

Daughter 
decay

Compound
Parent 

decay rate
Half 
life Rate

Half 
life Rate

Half 
life

d−1 d d−1 d d−1 d

Atrazine† 6.3E-02 11

HYA† 4.5E-02 15 5.7E-03 121

DEA† 1.4E-02 49 2.9E-03 241

DIA† 3.6E-03 190 1.4E-02 48

DDA† 3.6E-02 19

Metolachlor† 3.0E-02 23

Metolachlor ESA† 1.0E-02 69 1.2E-02 60

Metolachlor OXA† 2.0E-02 35 1.4E-02 50

Glyphosate‡ 1.8E-02 39

AMPA‡ 1.8E-02 39 1.6E-02 43

Simazine‡ 1.2E-02 60

Paraquat‡ 1.1E-03 620

† Webb and Sandstrom, 2008.

‡ Capel, 2008.

Table 3. Physical properties of fi ve pesticides and seven metabolites. 
Pesticide abbreviations are defi ned in Table 1.

Compound† K
OC

Solubility Vapor density‡

mL g−1 –––––––––––mg L−1–––––––––––
Atrazine 234§ 30¶ 3.50E-06¶

HYA 493§ 16# 2.66E-06††

DEA 110§ 2700# 2.09E-05††

DIA 130§ 980# 6.83E-05††

DDA 18.6‡‡ 94# 2.50E-04††

Metolachlor 182¶ 430¶ 4.04E-04¶

Metolachlor ESA 13.5§§ 212461¶¶ 2.40E-03††

Metolachlor OXA 17.0§§ 238¶¶ 2.53E-04††

Glyphosate 3631¶ 12000¶ 2.73E-06¶

AMPA 2002## 1466561¶¶ 3.81E+02††

Simazine 129¶ 5¶ 6.92E-07¶

Paraquat 631000††† 700000††† 1.12E-09‡‡‡

† Daughters and granddaughter indented.

‡ Conversion using Sander (1999): Vapor density = Solubility * 4.034E-04 

mol Pa−1 m−3 * Henry’s Law Constant (H) in Pa m3 mol−1 (at T = 25°C and 

water density = 997 kg m−3). Source for H referenced.

§ Seybold and Mersie (1996).

¶ Mackay et al. (1997).

# Bayless (2001).

†† H scaled from literature value for parent compound at T = 25°C, using 

method of Meylan and Howard (1991).

‡‡ Sabljić et al. (1995) equation for 216 agricultural chemicals (cited by 

Doucette, 2000).

§§ Bayless et al. (2008).

¶¶ Estimated from octanol-water partition coeffi  cient (KOW) using Eq. 2 

and 3 from Lyman (1990).

## Scaled from Mackay et al. (1997) value for glyphosate, using equation 

from Sabljić et al. (1995).

††† Kamrin (1997).

‡‡‡ European Commission (2003).
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LEACHM simulates pesticide transport and fate on the basis 

of the physical and chemical properties of the compound and a 

fi rst-order decay model. Linear sorption was assumed. Organic 

carbon sorption coeffi  cients (K
OC

), solubilities, vapor densities, 

and transformation rates at standard temperature and pressure 

for various pesticides used in our simulations were modifi ed from 

Gilliom et al. (2006) and cover a wide range of values. Half-lives 

for atrazine, metolachlor, and their metabolites reported for non-

sterile soil were adjusted to be consistent with a branched serial 

fi rst-order decay model that accounts for partial degradation rates 

in cases where two or more daughter compounds are produced 

from the same parent compound (Webb and Sandstrom, 2008).

LEACHM

Hydrology and Transport of Conservative Solutes

Fluxes of water through the unsaturated zone in LEACHM 

respond to diff erences of hydraulic potential gradient and un-

saturated conductivities as described by Richards’ equation. Th e 

transport of a conservative solute is described by the convection 

dispersion equation (CDE), with smaller dispersivity values 

resulting in a delayed fi rst arrival of the solute at a given depth.

Water and solutes are redistributed at each time step in the 

simulation in response to infi ltration and hydraulic potential 

gradient. After that, variations in partitioned fractions or trans-

formation rates for any specifi c compound in a given layer are a 

result of the intrinsic properties of the compound, the organic 

carbon content, temperature, or water content of that layer.

Sensitivity Analysis and Calibration

Richard’s equation requires knowledge of the soil moisture 

retention curves for the soils and how unsaturated conductivi-

ties vary with water potential. van Genuchten (1980) pro-

vided a framework for describing soil moisture retention.
n m

e( ) [1 ( ) ]S h hα −= +
, [1]

where

S
e
 is eff ective saturation = r

s r

θ θ
θ θ
−
−

, 0 ≤ Se ≤ 1;

θ is volumetric water content, or volume of water per unit 

bulk volume of soil;

θ
r
 is residual water content;

θ
s
 is saturated water content;

h is soil water tension, h ≥ 0;

α is a curve fi tting parameter related to air entry pressure;

n,m are curve fi tting parameters related to pore size distribution; 

the relationship, m = 1–1/n is often assumed.

Unsaturated conductivity is estimated using the van Genu-

chten hydraulic conductivity relationship, and based on the 

hydraulic conductivity model of Mualem (1976):
n 1 n m 2

s n 0.5m

{1 ( ) [1 ( ) ] }
( )

[1 ( ) ]

h h
K h K

h

α α
α

− −− +
=

+ , [2]

where

K
s
 is saturated hydraulic conductivity.

Porosity, analagous to saturated water content, can be deter-

mined from particle density and bulk density. Bulk densities of 

core samples recovered during well installation were compressed 

either during sampling or during shipping such that values 

exceeded 2.1 g cm−3. Porosities associated with these densities 

would be unrealistically low so the bulk densities became a 

variable to calibrate to match observed variations in soil mois-

ture. Bulk density (bd), residual soil moisture (θ
r
), the two van 

Genuchten fi tting coeffi  cients, α and n, and solute dispersivity 

(dsp) were calibrated to fi t variations in simulated soil moisture 

and bromide concentrations with observations. During simula-

tions, the variables were allowed to vary within ranges described 

by Meyer et al. (1997) for each soil textural class.

Dispersivity was estimated using results from a bromide 

tracer experiment. In the spring of 2004, a solution of KBr 

(15 mg m−2) was applied to the land surface directly above 

the lysimeters. Bromide was detected through the summer of 

2004 in a pan lysimeter at 55 cm (1.8 ft).

Th ese concentrations along with water content distribution 

were used to simultaneously optimize α, n, bd, and dsp using 

the PEST routine (Doherty, 2001). Th e model failed to converge 

when the bulk density of the three layers was allowed to vary inde-

pendently. Th erefore, the bulk densities of the top (bd1) and bot-

tom (bd3) layers were fi xed at 1.3 g cm−3, the mean value for silty 

loams (Meyer et al., 1997), while the density of the middle layer 

(bd2) was allowed to vary freely. Residual soil moisture (θ
r
) was 

found to be the most sensitive variable for all layers. Because 52 soil 

moisture measurements were included in the calibration dataset 

versus six measurements of bromide concentrations, the dispersiv-

ity (dsp) parameter was relatively insensitive. Matching bromide 

concentrations was diffi  cult in light of the fact that extremely dry 

conditions were prevalent during the entire summer of intensive 

study and sampling (Fig. 2). Bromide concentrations had only 

started to rise in the fi nal samples collected in the lysimeters at 55 

cm in September 2004. Figure 2 shows the fi nal match between 

observed and simulated variations of soil moisture at depths of 45 

and 115 cm and bromide concentrations at a depth of 55 cm.

Extrapolation to Morgan Creek Watershed
Th e calibrated LEACHM model was extrapolated through-

out the watershed by assigning predicted values to locations 

with similar land use and unsaturated zone thickness. Both the 

unsaturated zone thickness grid and the 2004 land-cover map 

were queried in a geographic information system at a spacing 

of 100 m, or one sample per hectare, resulting in 3275 sample 

points. Pesticides were assumed to be applied only to the 2330 

ha that were in corn–soybean crop rotation. Summary values 

compiled for each of the 15 model runs (fi ve depths for three 

crop scenarios) included amount of pesticide applied, the gains 

and subsequent losses of metabolites, the residual amounts of the 

compounds in the unsaturated zone, and the amount leached to 

ground water. Where the unsaturated zone was between 1 and 

10 m thick (87.7% of crop area), summary values were linearly 
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interpolated between the results for the fi ve depth models. Where 

the unsaturated zone was less than 1 m thick (7.7% of the crop 

area) summary values of the 1-m column were used. Areas with 

unsaturated zones greater than 10 m thick (4.6% of the crop 

area) were assigned the values of the 10-m column.

Relative Potential Ground Water Contamination
Th e detailed soil, crop, climate, and irrigation data required 

for LEACHM simulations limit the model’s usefulness for mak-

ing regulatory decisions. Th erefore, a variety of simpler screen-

ing and index models have been developed to rank the relative 

potential of various pesticides to contaminate ground water. To 

simplify the numerical code and improve on earlier screening 

methods, a regression model was fi t to 20 simulation results in 

which LEACHM predicted leaching to occur from the bottom 

of the 1-, 2.5-, or 5-m column; no compound was predicted to 

leach from the 7.5- or 10-m columns by the end of the 10-yr 

model run. Th e regression model predicts the mass of pesticides 

and metabolites leached over a 10-yr period under fi elds planted 

in corn on even years as a function of depth, half-life (t1/2), K
OC

, 

and solubility (Sol). On the basis of observed relations, the vari-

ables were transformed as e-depth, ln(t1/2), ln(K
OC

), and ln(Sol). 

Th e response variable was the amount leached as predicted by 

LEACHM, as a percent of parent application. Squares of the 

variables were included as were interaction terms between any 

two variables to arrive at 14 terms plus an intercept for beginning 

a stepwise linear regression. An automated stepwise linear regres-

sion (Insightful Corporation, 2002) removed only one term, 

(e-depth)2, to produce a model with a multiple R2 of 0.97 and a p 
value of 6 × 10−4. Fewer terms were desired to increase the de-

grees of freedom for the residuals and to arrive at an overall more 

robust model that is transferable to other pesticides in similar set-

tings. Th erefore, beginning with the 14 terms plus an intercept, 

the least signifi cant term (highest p value for each coeffi  cient) 

was sequentially eliminated until only two interaction terms re-

mained (e-depth|ln(t1/2) and e-depth| ln(K
OC

)). Th e index model will 

be referred to as the DTK model for depth, half-life (t1/2), and 

organic carbon normalized sorption coeffi  cient (K
OC

).

Th e DTK model results are compared with the Gustafson 

index (Gustafson, 1991) that predicts the relative mobility of 

pesticide compounds as a function of t1/2 and K
OC

 and the Cali-

fornia method of Specifi c Numerical Values (Johnson, 1991; 

Clayton, 2005) that identifi es a compound as a potential leacher 

or non-leacher on the basis of its solubility, half-life (aerobic and 

anaerobic), and organic carbon normalized sorption coeffi  cient.

A variety of other indices, which will not be considered 

here, have been developed with increasing levels of sophistica-

tion to estimate attenuation of pesticides based on climate, 

soils, and geologic variations. See Díaz-Díaz and Loague 

(2001) and Bernard et al. (2005) for examples.

Results and Discussion
Th e soil matrix above the saturated zone is referred to as 

the unsaturated zone, or alternatively as the vadose zone in 

recognition that during intense rain or snowmelt some pore 

spaces may become saturated. Perhaps because of its inacces-

sibility or diffi  culty in sampling, fl ow and transport through 

the unsaturated zone has not received the same attention as 

fl ow and transport on the surface or in aquifers. Th is is unfor-

tunate, because the unsaturated zone infl uences atmospheric, 

ecological, and biogeochemical transport processes more than 

any other hydrologic compartment (Bronstert et al., 2005).

Recharge
Th e time that rainwater will reside in the Morgan Creek 

watershed ranges from less than a minute for that landing in 

the fl owing stream or on saturated riparian areas near the out-

let to millennia for rainfall that recharges deep, slow moving 

ground water. Much of the rainwater that infi ltrates the soil 

never reaches the outlet at all, evaporating instead back into 

the atmosphere. Infi ltration is only a fraction of total precipi-

tation, and recharge is only a fraction of infi ltration.

For the water years 1995 to 2004 (1 Oct. 1994 through 30 

Sept.2004), the Morgan Creek watershed received an average of 

115 cm of precipitation per year; the driest year was 2002 with 

73 cm and the wettest year was 1996 with 161 cm. Th e largest 

single rainfall event was 16–17 Sept. 1999, when the tropical 

depression that was Hurricane Floyd dumped more than 32 cm 

of rain on the Delmarva Peninsula. LEACHM predicted that the 

hydraulic conductivity of the soils would permit only 5 cm of 

the deluge to infi ltrate the soil, the remaining 27 cm becoming 

Fig. 2. Observed versus predicted moisture content (A) and bromide 
concentration (B) for the calibrated LEACHM model.
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surface runoff . Th is conservative estimate of infi ltration during 

large events is one reason that overall recharge rates are somewhat 

lower than other independent estimates. For the 10-yr simula-

tion, recharge was greatest in spring seasons (April through June) 

that followed the wet winters of 1996 through 1998 (Fig. 3).

All other factors being equal, ground water will be most vul-

nerable to contamination by pesticides and metabolites where 

residence time is shortest. For a conservative solute in the un-

saturated zone, the mean residence time is equal to the average 

water content of the unsaturated zone (area normalized to units of 

length) divided by the recharge, or drainage rate in units of length 

time−1. Using the average soil moisture and drainage rates for 1995 

through 2004, the mean residence time for the top 50 cm of soil 

was 180 d, increasing to 15 yr for the 10-m column. Th e average 

annual recharge for the 5-m column, close to the average mean 

unsaturated zone thickness was 12.4 cm yr−1. Fisher and Healy 

(2008) estimated recharge using a mass-balance technique at 31.5 

cm yr−1, close to the 29.4 cm yr−1 estimated using the WEBMOD 

surface-water model. Th ese estimates are within the range of 10 

to 40 cm yr−1 computed by Böhlke and Denver (1995) and 34 

to 173 cm yr−1 computed by Nolan et al. (2007) by the saturated 

zone chloride tracer method, and 5.6 to 23.2 cm yr−1 by the 

unsaturated-zone chloride tracer method. It is not surprising that 

our estimate (12.4 cm yr−1) agrees more closely with Nolan et al. 

(2007), because both the LEACHM water fl ux and the unsaturat-

ed zone chloride method are point estimates of drainage through 

Fig. 3. (A) Seasonal variations in runoff , infi ltration, evapotranspiration, and recharge simulated for a 5-meter thick unsaturated zone. The sum 
of runoff  and infi ltration are equal to the total rain plus snowmelt for the same period. A diff erence between infi ltration and the sum of 
evapotranspiration and recharge will result in a change of moisture content in the unsaturated zone. (B) Seasonal recharge for simulated 
for 1-m, 5-m, and 10-m thick unsaturated zones. Recharge that peaks in the winter at 1-m lags until the following fall before reaching a peak 
recharge at 10 m. Astronomical seasons are used: Fall (Oct.-Dec.); Winter (Jan.-Mar.); Spring (Apr.-June); and Summer (July-Sept.).
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the unsaturated zone. Th e other methods integrate over larger areas 

and therefore include focused recharge in the numerous surface 

water detention structures in the watershed.

To compare the behavior of conservative compounds with that 

of reactive compounds, LEACHM models included bromide ap-

plications with the same loading (208 mg m−2 = 2.08 kg ha−1) and 

date (28 April) as the atrazine applications. Results of the models 

that simulated corn crops on even years were combined with the 

results from models that simulated corn crops on odd years. In this 

fashion, variations in concentration and loads for 10 2-yr periods 

could be examined, even though only fi ve applications would oc-

cur on any given corn–soybean fi eld in the watershed.

Simulations of bromide transport were consistent with con-

ceptual models. Approximately half of the applied mass was pre-

dicted to leach from the top 50 cm in the fi rst 180 d, consistent 

with a steady-state recharge model. Leaching rates and concentra-

tions were greatest in the weeks following application followed by 

seasonal variations that responded to climate. Th rough summer 

and fall, bromide concentrations rise (Fig. 4) and bromide leach-

ing rates fall (Fig. 5) as evapotranspiration exceeds infi ltration. In 

fact, recharge at 50-cm depth (as indicated by bromide leaching 

rate) was predicted to slow or even cease during the summer 

(July-Sept.) for most years, thus the mass transfer of pesticides 

and metabolites from the unsaturated zone to ground water dur-

ing these seasons are insignifi cant even though concentrations are 

high. Concentrations predicted to reach equilibrium conditions 

within a few application cycles for the shallower horizons took 

longer to equilibrate in deeper horizons. As expected, the 10 m 

thick unsaturated zone model, with a residence time of approxi-

mately 15 yr, was not predicted to reach equilibrium conditions 

by the end of the 10-yr simulation.

Chemical Transport
Reactive compounds diff er from conservative ones in that 

their transport is determined not only by application rates and 

climate but by interactions between the compounds and the soil 

column. For this study, climate and soil variations with depth 

were assumed to be the same throughout the Morgan Creek wa-

tershed, so predictions diff er according to pesticide properties.

Th e mass leaching and concentrations of a conservative 

solute such as bromide serve as an upper limit for the other, 

reactive compounds. Whereas bromide was predicted to begin 

leaching from the 10-m column during the 10-yr simulation, 

glyphosate and paraquat (the least mobile of the pesticides) 

were not predicted to leach from even the 1-m column. Th e 

remaining 12 compounds were predicted to leach from the 

1-m column, but only the most mobile of the metabolites, 

DEA, DDA, metolachlor ESA, and metolachlor OXA, were 

predicted to leach from the 5-m column. No pesticide or me-

tabolite was predicted to leach from the 7.5-m column above 

the minimum model reporting level of 0.001 kg ha−1. In total, 

20 compound-depth combinations had leaching greater than 

the minimum model reporting level.

Th e concentrations of atrazine and its metabolites at a given 

depth refl ected the diff ering properties of the parent, daughter, 

and granddaughter products. Because of the greater production 

rate assigned to HYA relative to DEA or DIA, HYA was pre-

dicted to be the dominant atrazine metabolite at depths less than 

a meter. DEA, with its slower degradation rate, was predicted to 

Fig. 4. Variations in mean daily bromide concentrations at 50  cm simulated 
for 2 yr following a hypothetical application of 208 mg m−2 on 28 
April of each year starting in 1995. The dark gray envelope and the 
black line shows the minimum, maximum, and mean concentrations 
simulated for ten 2-yr periods following springtime applications from 
1995 to 2004. The white lines show daily variations in concentrations 
during the wettest period (1996–97) and the driest period (2001–02). 
Astronomical seasons are used: Sp, Spring (Apr.-June); Su, Summer 
(July-Sept.); F, Fall (Oct.-Dec.); and W, Winter (Jan.-Mar.).

Fig. 5. Variations of leached bromide, atrazine, and metabolites simulated for 50 cm and 180 cm, for 2 yr following a hypothetical application of 
208 mg m−2 on 28 April of each year starting in 1995. Values are 30-d moving averages. Astronomical seasons are used: Sp, Spring (Apr.-
June); Su, Summer (July-Sept.); F, Fall (Oct.-Dec.); and W, Winter (Jan.-Mar.).
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become the dominant metabolite at deeper depths (Fig. 5). Th e 

fi rst-order decay model resulted in log-linear relations for leached 

mass versus depth (Fig. 6). Th e relation between predicted leach-

ing and other physical and chemical properties is not so clear, 

but when plotted as a linear-log relation (Fig. 7), a general trend 

of greater leaching with longer half-lives, lower organic sorption, 

and greater solubility can be discerned.

Depth, t1/2, K
OC

 Model (DTK)
Th e fi nal regression model had a multiple R2 of 0.86 and a 

p value of 7 × 10−9 (Fig. 8):

depth ½

OC(1.266 ln 0.6505ln )PL e t K−= −
 [3]

where

PL is total leached mass of pesticide or metabolite for water 

years 1995–2004, as percent of total applied parent 

product, beginning with no pesticides in the soil column;

depth, is thickness of the unsaturated zone, in meters;

t1/2 is half-life, in days; and

K
OC

 is the organic carbon normalized sorption coeffi  cient, 

in milliliters per gram of organic carbon.

Th is regression equation predicts the mass of pesticides and 

metabolites to leach from the unsaturated zone beneath corn 

and soybean crops in Morgan Creek after a 10-yr simulation. 

Th e combination of t1/2 and K
OC

 for glyphosate and AMPA 

were such that no leaching (PL ≤ 0) was predicted for even 

the thinnest unsaturated zones.

Th e DTK model is similar to the Gustafson index or 

‘Ground water Ubiquity Score (GUS):
½

OCGUS (4 log )log( )K t= −
 [4]

A GUS value greater than 1.8 would present a leaching risk; 

reasonable classifi cation accuracies (see discussion of Specifi c 

Numeric Values below) for the DTK model were obtained 

by using a reference depth of 1 m. Th e DTK model predicts 

the same rank and relative mobilities as the GUS for fi ve 

herbicides applied to two diff erent soil types in France (Bernard 

et al., 2005). Th e DTK model has the additional advantage of 

including depth so the results can be mapped where pesticide 

application and unsaturated zone thickness are known.

Specifi c Numeric Values, or SNVs (Johnson, 1991; Clay-

ton, 2005), are used to classify potential leaching compounds 

by the State of California; no national SNV criteria have yet 

been established by the U.S. Environmental Protection Agen-

cy. Th e California SNV criteria are:

1. Water solubility greater than 3 ppm.

2. Organic carbon normalized soil sorption coeffi  cient 

(K
OC

) less than 1900 cm3 g−1.

Fig. 6. Total leached mass of three parent pesticides and seven metabolites simulated by LEACHM for unsaturated zone thickness of 1.0, 2.5, and 
5.0 m. Paraquat and glyphosate are not shown since simulations predicted no leaching even for the 1.0-m-thick unsaturated zone.

Fig. 7. Mass of fi ve parent pesticides and seven metabolites simulated to leach past 1 m versus compound half-life, organic sorption coeffi  cient, 
and solubility. [Abbreviations: ATR, Atrazine; HYA, Hydroxyatrazine; DEA, Deethylatrzine; DIA, Deisopropylatrazine; DDA, Didealkylatrazine; 
MET, Metolachlor; MES, Metolachlor ESA; MOX, Metolachlor OXA; GLY, Glyphosate; AMP, AMPA; SIM, Simazine; and PAQ, Paraquat.]
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3. Hydrolysis half-life greater than 14 d.

4. Aerobic soil metabolism half-life greater than 610 d.

5. Anaerobic soil metabolism half-life greater than 9 d.

A pesticide is considered a potential leacher if the Boolean 

expression “(1 or 2) and (3 or 4 or 5)” is TRUE.

Because the aerobic soil metabolism half-life was not a 

strong predictor of leaching with his dataset, Johnson (1991) 

set a high value for this SNV to reduce its infl uence on the 

screening procedure. In contrast, the DTK model uses the 

aerobic soil metabolism half-life as a strong predictor. Th is may 

be a result of the diff erent statistical procedures (no interactions 

in the Johnson models, versus interaction terms used here), 

or better half-life data made available since 1991. Th e DTK 

model results are compared with the SNV classifi cation system 

by examining the classifi cation accuracy using “Known Leach-

ers” from California. Known leachers are commonly detected 

in ground water. For the comparison, any compound with a 

positive leaching percentage predicted by the DTK model at 

1-m depth was classifi ed as a potential leacher; a compound 

with a predicted leaching value of zero or less was classifi ed as 

a non-leacher (negative values are artifacts of the regression 

model). Th is simple classifi cation scheme produced an accuracy 

of 77% compared with 66% using the Boolean expression with 

the specifi c numerical values for solubility, K
OC

, and half-lives 

for hydrolosis, aerobic metabolism, and anaerobic metabolism. 

In the short term, the two coeffi  cients of the DTK model can 

be derived for combinations of soils and climate for the fi ve 

NAWQA agricultural study sites. In the longer term, a more 

robust transfer function can be developed by making the coeffi  -

cients dimensionless and by including the variations of appear-

ance and disappearance that may be expected from diff erent 

production and disappearance half-lives.

Extrapolation of Field Results to the Watershed Using 

LEACHM and DTK Models
Variable transport and fate of metolachlor and its me-

tabolites metolachlor ESA and metolachlor OXA as a result 

of distributed LEACHM modeling for the Morgan Creek 

watershed for the period 1995 to 2004 are shown in Fig. 9. 

Th e spatial patterns are tied to interactions between control-

ling processes and variations in land use and unsaturated zone 

thickness. As expected, leaching of metolachlor and its me-

tabolites was inversely related to unsaturated zone thickness. 

Residuals of metolachlor and metabolites in the soil column 

were predicted for areas in corn crop in 2004. For compari-

son, the DTK model was also applied to each hectare. Instead 

of assigning the value of the 1-m column to soils from 0- to 

1-m depth, as was done to distribute the LEACHM results, 

the depths were allowed to vary from zero to the maximum 

thickness. Certain combinations of depth, half-life, and K
OC

 

can result in regression predictions of leaching less than zero; 

a value of zero was assigned in these cases as negative values 

are physically impossible but indicate extremely low potential 

for leaching. Overall, the masses of pesticides and metabolites 

predicted to leach by distributing the LEACHM point model 

results were similar to the masses predicted to leach by distrib-

uting the regression equation. Because the leaching predicted 

by the regression model was continuous for all depths, some 

leaching was predicted for the less mobile compounds applied 

where the unsaturated zone was less than 1 m thick, whereas 

no leaching was predicted by the 1 m deep LEACHM model 

(Fig. 10).

Conclusions, Implications, and Limitations
Th e fate and transport of pesticides in the unsaturated 

zone of Morgan Creek watershed was simulated with a com-

bination of analytical and numerical models constructed to be 

consistent with observations. Th e LEACHM model was dis-

tributed throughout the watershed to account for variations 

in land use and unsaturated zone thickness as determined 

by MODFLOW. Th e calibration exercises indicated that 

water retention parameters described for soil textural classes 

by Meyer et al. (1997) were preferable to those estimated 

by Rosetta (Schaap et al., 2001) from measured soil texture 

and laboratory measurements of bulk density. Soil property 

statistics described by Meyer et al. (1997) are being used in 

forward simulations with pesticides of interest to predict mass 

loading for this and other NAWQA watersheds.

Little to no leaching of highly sorptive, short-lived com-

pounds was predicted even in the model simulating a 1 m 

thick unsaturated zone. Some of these compounds, however, 

have persistent metabolites that were predicted to leach sub-

stantial masses to ground water. In particular, the metabolites 

metolachlor OXA and metolachlor ESA were simulated to 

leach 0.3 and 0.2% of the 15 metric tons of metolachlor ap-

plied in the watershed for the period 1995 to 2004 (Table 4). 

DEA, a metabolite of atrazine, was predicted to leach 0.2% 

of the 23 metric tons of atrazine applied. A regression model 

with interaction terms between depth, half-life, and organic 

carbon sorption coeffi  cient provides a reduced form of the 

process-based model that can estimate pesticide leaching to 

ground water as a percent of parent compound loadings in 

Fig. 8. Percent of applied pesticides and metabolites to leach to ground 
water simulated by the distributed LEACHM model and by the 
two-term regression model. [Abbreviations: ATR, Atrazine; HYA, 
Hydroxyatrazine; DEA, Deethylatrzine; DIA, Deisopropylatrazine; 
DDA, Didealkylatrazine; MET, Metolachlor; MES, Metolachlor ESA; 
MOX, Metolachlor OXA; AMP, AMPA; and SIM, Simazine.]
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areas of variable unsaturated zone thickness. Th e metamodel 

requires far fewer inputs but agrees well with LEACHM 

predictions and is potentially transferable to other pesticides 

applied in similar settings. Improvements to the models can 

make the coeffi  cients dimensionless by relating depths, half-

lives of production and decay, and K
OC

 to some standardized 

residence time in the unsaturated zone. Th is application is a 

proof of concept to be applied to four other NAWQA-studied 

agricultural watersheds in California, Washington, Nebraska, 

and Indiana.
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Fig. 9. Maps of the Morgan Creek watershed showing the total mass of metolachlor and metabolites applied or produced, transformed, leached, 
and residual in the unsaturated zone as of October 2004. A total of fi ve corn-soybean rotations from 1995 through 2004 are simulated. All 
areas with corn–soybean rotation received a loading of 1.36 kg ha−1 of metolachlor preceding the corn crops. This resulted in a total load 
of 6.8 kg ha−1 for the 10 yr except for the intensive study fi eld which received only four applications for a total of 5.44 kg ha−1. The pattern 
shows the location of corn and soybean fi elds, with greater leaching in areas with thinner unsaturated zones, and also greater residuals for 
areas that were in corn in 2004. Units are kg ha−1. White areas indicate values of zero.

Fig. 10. Pesticides and metabolites to leach to ground water as simulated 
by the distributed LEACHM model compared to that predicted by 
the two-term regression model. [Abbreviations: ATR, Atrazine; HYA, 
Hydroxyatrazine; DEA, Deethylatrzine; DIA, Deisopropylatrazine; 
DDA, Didealkylatrazine; MET, Metolachlor; MES, Metolachlor 
ESA; MOX, Metolachlor OXA; GLY, Glyphosate; AMP, AMPA; SIM, 
Simazine; and PAQ, Paraquat.]
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Table 4. Total masses of pesticides and metabolites applied, produced, degraded, retained, and leached for the 32-km2 Morgan Creek watershed 
for the period 1995–2004 as simulated with LEACHM and mapped to soybean-corn crop areas with variable unsaturated zone thickness. 
Pesticide abbreviations are defi ned in Table 1.

Compound† Applied/ Produced Leached Residual Degraded Leached mass

—————––––––—kg——–––————––– % of application

Atrazine 23300 1 0 23275 0.01

HYA 16660 13 775 15805 0.05

DEA 5270 51 515 4673 0.22

DIA 1349 1 13 1328 0.00

DDA 6001 16 52 5937 0.07

Metolachlor (MET) 15235 3 6 15189 0.02

Metolachlor Oxanillic Acid (MOX) 10114 45 143 9865 0.30

Metolachlor Ethane Sulfonic Acid (MES) 5075 34 99 4905 0.23

Glyphosate (GLY) 17240 0 275 16935 0.00

AMPA 16935 4 1301 15605 0.02

Simazine (SIM) 12994 13 172 12728 0.10

Paraquat (PAQ) 25298 0 20291 5002 0.00

† Daughters and granddaughter indented.
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