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Ground Water Quality

Fracture-Controlled Nitrate and Atrazine Transport in Four Iowa Till Units

Martin F. Helmke,* William W. Simpkins, and Robert Horton

ABSTRACT

Fractures in till may provide pathways for agricultural chemicals to
contaminate aquifers and surface waters. This study was conducted to
quantify the influence of fractures on solute fate and transport using
three conservative and two nonconservative tracers. The conservative
tracers were potassium bromide (KBr), pentafluorobenzoic acid (PFBA),
and 1,4-piperazinediethanesulfonic acid disodium salt (PIPES); the
nonconservative tracers were nitrate and atrazine [6-chloro-N-ethyl-
N'-(1-methylethyl)-1,3,5-triazine-2,4-diamine]. Three sites in Iowa
were investigated, including four late Wisconsinan and Pre-Illinoian
tills. Laboratory tracer experiments were conducted using eight large
(0.4-0.45 m long by 0.43 m in diameter), undisturbed columns of till
collected from depths of 1 to 28 m. The tills were densely fractured,
with fracture spacing ranging from 3.8 to 10.4 cm. First arrival veloci-
ties of Br™ ranged from 0.004 to 64.8 m d ', 10 to 100 times faster
than predicted for unfractured media. Nitrate behaved as a conserva-
tive tracer in weathered till columns, but degraded during experiments
using deeper tills. Sorption caused retardation of atrazine in the shal-
lowest four columns. Atrazine degradation occurred in deeper col-
umns as demonstrated by deviations between atrazine and the conser-
vative tracers. Mobile-immobile model (MIM) simulations estimated
first-order exchange coefficients () ranging from 1 X 107% to 1.7 X
1072 s7, sorption coefficients (K,) for atrazine ranging from 2.6 X
1075 to 1 X 107° m® kg™', and degradation half-lives ranging from
0.24 to 67 d (nitrate) and 1.6 to 277 d (atrazine). This study suggests
that aquifers and surface waters associated with thin, fractured till
units may be vulnerable to contamination, yet deeper aquifers may be
protected by these materials due to increased residence times provided
by matrix diffusion.

ILL UNITS of Pre-Illinoian to late Wisconsinan age

have generally been viewed as impermeable materi-
als that preclude vertical and horizontal transport of
surficial contaminants to aquifers and surface waters in
Towa. This idea has been extended to point sources
such as landfills and hazardous waste sites and nonpoint
sources including surface-applied nutrients and herbi-
cides, and seepage of effluent from sewage and swine
manure lagoons (Simpkins et al., 2002). Studies have
suggested, however, that significant nitrate and herbi-
cide contamination of the underlying aquifers has oc-
curred in many areas. Samples of ground water from
686 rural wells in Iowa revealed that 35% of the state’s
shallow ground water was contaminated by NO;-N above
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the USEPA maximum contaminant level (MCL) of 10 mg
L' NOs—N, and 18% contained detectable concentra-
tions of herbicides (Kross et al., 1990). This may be an
underestimate for herbicides, because detections are gen-
erally underreported when degradates are ignored (Kol-
pin et al., 2000). Aquifers confined by thinner till units
(<15 m) show significantly more nitrate (35.1 vs. 12.8%)
and pesticide (17.9 vs. 11.9%) detections than those con-
fined by thicker (>15 m) till units (Kross et al., 1990).
Contamination of aquifers by nonpoint sources migrat-
ing through the overlying till has been documented in
Canada (McKay and Fredericia, 1995) and Denmark
(Jgrgensen and Fredericia, 1992; Jgrgensen and Spliid,
1992). Evidence of contaminant plumes migrating down-
gradient of landfills suggests that contaminants may also
be transported laterally in till (D’Astous et al., 1989;
Herzog et al., 1989; McKay et al., 1998).

Fractures or zones of preferential flow in till have
been reported in Iowa (Kemmis et al., 1992) and else-
where (Connell, 1984; Simpkins and Bradbury, 1992;
Brockman and Szabo, 2000; Helmke, 2003), Canada
(Keller et al., 1988; McKay et al., 1993a), and Denmark
(Klint and Gravensen, 1999). Fractures promote greater
velocities than would otherwise be expected under porous
media assumptions (Freeze and Cherry, 1979; Grisak
and Pickens, 1980; Jgrgensen and Spliid, 1992; McKay
et al., 1993a, 1993b). A velocity increase occurs because
the fractures increase the bulk hydraulic conductivity
(K,) of the till and reduce the effective porosity (8.). The
K, of a fractured till is typically one to three orders of
magnitude greater than K, for an unfractured till (Freeze
and Cherry, 1979; Keller et al., 1989), while fracture
porosity (6;) may be one to four orders of magnitude
less than the total porosity (6r) of till (McKay et al.,
1993a; Jorgensen et al., 1998). Advective velocity of
solutes in fractured systems may be estimated by the
average linear velocity equation:

where Vis velocity (m s~!) and i is the hydraulic gradient
(m m™). Fluid velocities up to 200 m d~! have been
calculated for fractured till using Eq. [1] (Jgrgensen et
al., 1998). Typically, however, the processes of matrix
diffusion, sorption, and degradation retard contami-

Abbreviations: o, first-order exchange coefficient; 6., effective poros-
ity; 0y, fracture porosity; BTC, breakthrough curve; C,, influent tracer
concentration; Dy, aqueous diffusion coefficient; d;, modified index
of agreement; DML, Des Moines Lobe; IES, Iowan Erosion Surface;
KBr, potassium bromide; K, bulk hydraulic conductivity; K, equilib-
rium sorption coefficient; MIM, mobile—-immobile model; PFBA, pen-
tafluorobenzoic acid; PIPES, 1,4-piperazinediethanesulfonic acid di-
sodium salt; PV, pore volume; SIDP, Southern Iowa Drift Plain.
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Fig. 1. Map showing the locations of the three study sites on the Des
Moines Lobe (DML), Iowan Erosion Surface (IES), and Southern
Iowa Drift Plain (SIDP) landform regions. Other mapped landform
regions are given in Prior (1991).

nants as they pass through fractured till, allowing only
a small percentage of a solute to travel at velocities
calculated by Eq. [1] (Freeze and Cherry, 1979).

Research into the transport of nonpoint-source con-
taminants in till is lacking in areas of intensive agricul-
ture (Rodvang and Simpkins, 2001). We hypothesize
that transport of two common nonpoint-source contami-
nants found in ground water, nitrate and atrazine, is
governed by fractures in the till and by diffusive ex-
change between the fractures and the till matrix. The
purpose of this paper is to test this hypothesis using
tracer experiments in large till columns. Results of the
experiments will provide estimates of velocities and sol-
ute transport parameters useful for predicting transport
of nonpoint-source contaminants in till.

MATERIALS AND METHODS
Site Descriptions

Three study sites set in areas of intensive agriculture and
representing some of Iowa’s youngest and oldest till units
(ranging in age from 12 500 to >730 000 yr) in different land-
form regions were investigated (Fig. 1). Sites were also chosen
because they allowed access to depths up to 30 m, and because
previous studies had established the glacial stratigraphy and
hydrogeology. The sites are herein referred to by their respec-
tive landform regions (Prior, 1991): the Des Moines Lobe
site (DML), the Iowan Erosion Surface site (IES), and the
Southern Iowa Drift Plain site (SIDP).

The DML site is located within the Walnut Creek water-
shed, 7 km south of Ames, IA. The Quaternary stratigraphy
and hydrogeology of the Walnut Creek watershed was pre-
viously investigated as part of the Management Systems Evalu-
ation Area (MSEA) program (Eidem et al., 1999). The surfi-
cial deposit at the DML site is the Alden Member till of the
Dows Formation, deposited 14 000 to 12500 yr ago during
the late Wisconsinan (Prior, 1991; Eidem et al., 1999). The
Alden Member is a massive, basal till with a bulk density of
1.70 Mg m—* (Eidem et al., 1999). In the Des Moines Lobe,
it averages 48% sand, 37% silt, and 15% clay and is classified
as a loam to sandy loam (Kemmis et al., 1981). The Clarion

(fine-loamy, mixed, superactive, mesic Typic Hapludolls)-
Nicollet (fine-loamy, mixed, superactive, mesic Aquic Haplu-
dolls)-Webster (fine-loamy, mixed, superactive, mesic Typic
Endoaquolls) soil association dominates the watershed and
the soil series at the site is the Clarion silt loam.

The IES site is located 6 km southwest of Nashua, IA, on
an agronomy research farm. Previous studies established the
glacial stratigraphy and hydrogeology at the site (Weis and
Simpkins, 1996). The material at the site includes a 1.1-m-thick
section of late Wisconsinan to Holocene age pedisediment
above till of the Hickory Hills Member (Wolf Creek Forma-
tion), which is Pre-Illinoian in age (Kemmis et al., 1992). The
upper half of the shallowest column was collected from the
pedisediment derived from till. The Hickory Hills till is a loam
with 45% sand, 35% silt, and 20% clay and a bulk density
ranging from 1.76 to 1.88 Mg m* (Kemmis et al., 1992). The
Kenyon (fine-loamy, mixed, superactive, mesic Typic Haplu-
dolls)-Floyd (fine-loamy, mixed, superactive, mesic Aquic
Hapludolls)-Clyde (fine-loamy, mixed, superactive, mesic Typic
Endoaquolls) soil association is present at the research farm
and the soil series at the site is the Kenyon loam.

The SIDP site is near Coralville, IA, where a 30-m sequence
of unlithified deposits had recently been removed for quar-
rying limestone. Stratigraphic studies at the site (Kemmis et
al., 1992) reported the presence of till of the Hickory Hills,
Aurora, and Winthrop Members of the Wolf Creek Formation
(500 000-730 000 yr old), and till of the Alburnett Formation
(>730000 yr old). The till units are loams that contain 30 to
50% sand, 30 to 45% silt, and 20 to 25% clay. Bulk densities
range from 1.76 to 2.11 Mg m>. The deepest and oldest till
unit is part of the Alburnett Formation, which has a higher
bulk density (1.97 to 2.11 Mg m ™% Kemmis et al., 1992). The
Fayette (fine-silty, mixed, superactive, mesic Typic Haplu-
dalfs)-Downs (fine-silty, mixed, superactive, mesic Mollic
Hapludalfs) soil association occurs on uplands and the main
soil series in the area is the Fayette silt loam.

Fracture Mapping and Column Preparation

Fractures were mapped at each site to document their occur-
rence and density. A backhoe was used to excavate soil pits
at the DML and IES sites, which were 3.9 and 2.3 m deep,
respectively. Active quarry operations at the SIDP site allowed
convenient access to fresh till faces to a depth of about 30 m.
The walls of the excavation pits were constructed using a
bench and tier system, which increased the stability of the
walls and provided multiple dihedral faces for mapping frac-
tures and collecting samples. Till exposures were further pre-
pared using a hand trowel and putty knife to ensure that
exposed till was fresh and undisturbed by backhoe excavation.
Fractures were identified by iron-stained halos or other evi-
dence of leaching along fracture surfaces. Fractures from both
horizontal and vertical faces were traced onto sheets of clear
acetate and later digitized. Average fracture spacing (2B)
was measured in the field along horizontal scan lines using a
fiberglass tape.

Till was removed from benches in the soil pits using hand
trowels and putty knives leaving free-standing columns of
intact till, approximately 43 c¢cm in diameter and 50 cm in
length. The columns were collected from depths between 1.0
and 27.95 m (Table 1). Each column was kept in cylindrical
form using a level and a section of polyvinyl chloride (PVC)
pipe as guides. A 61-cm-long piece of flexible PVC with a
45.7-cm i.d. was placed over each column, leaving about a
1- to 1.5-cm void between the column and the pipe. In the field,
the annulus between the till and the casing was sealed with
paraffin wax to prevent sidewall flow (Grisak et al., 1980;
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Table 1. Location, depth, stratigraphic classification, weathering status (WS), bulk density (p,), total porosity (0;), texture, and bulk
hydraulic conductivity (K,) of the eight columns collected for this study.

Columnf Depth Formation, member WS§ Py [ Sand Silt Clay K,
m Mg m? % ms!

DML-1 1.00-1.45 Dows, Alden w 1.67 29.8 49.3 353 15.4 3.8 X 1073
DML-2 2.00-2.45 Dows, Alden w 1.84 30.5 52.1 33.5 14.4 23 X 10°¢
DML-3 3.3-3.7 Dows, Alden PW 1.83 29.6 50.7 34.5 14.8 6.8 X 107
IES-1 1.25-1.70 Wolf Creek, Hickory Hills w 1.82 31.2 41.2 31.3 27.5 7.1 X 10°¢
1ES-2 1.50-1.90 Wolf Creek, Hickory Hills w 1.86 30.7 46.6 30.7 22.7 2.8 X 10°¢
SIDP-1 10.50-10.95 Wolf Creek, Aurora w 1.82 30.5 39.9 35.6 24.5 1.3 X 1078
SIDP-2 16.50-16.95 Wolf Creek, Aurora PW 1.89 28.8 33.5 39.1 274 47 X 107°
SIDP-3 27.50-27.95 Alburnett, NA U 2.01 28.6 33.5 43.1 23.4 7.7 X 107"

¥ DML, Des Moines Lobe; IES, Iowan Erosion Surface; SIDP, Southern Iowa Drift Plain. See Fig. 1 for locations.

§ W, weathered; PW, partially weathered; U, unweathered.

Kluitenberg et al., 1991). After the wax cooled (approximately
8 h), a putty knife was used to separate the column from the
in situ till base and the column was lifted from the excavation
trench. Disks of high-density polyethylene (HDPE) with a
thickness of 3 mm were placed at the column ends and sealed
with wax to prevent moisture loss during transport to the labo-
ratory.

In the laboratory, the column ends were carefully scraped
and roughened with a putty knife to minimize smearing of
the till. Ottawa sand was placed in 5-mm-thick layers at the
column ends and held in place by the HDPE disks. Perforated
HDPE tubes with a 3-mm i.d. were pressed into the sand to
provide fluid access to the sand packs. Pistons consisting of
19-mm-thick plywood were added to the column ends and
sealed with silicone caulking. The ends and the walls of the
columns were mechanically compressed to a pressure approxi-
mately equal to in situ lithostatic conditions. A pressure of 60
kPa, equivalent to a depth of approximately 3.5 m, was the
maximum pressure that could be obtained by this method.
Although great care was exercised to minimize desaturation
of the columns, it is possible that some of the larger pores
drained during excavation and transport. Each column was
slowly resaturated by upward flow for at least 7 d to reduce
the chance of entrapped air within pores.

Ground water collected from each site was induced to flow
through the columns under a constant upward gradient. A
unit hydraulic gradient was applied to the DML-2, DML-3,
IES-1, IES-2, SIDP-1, SIDP-2, and SIDP-3 columns. A gradi-
ent of 0.021 was applied to the DML-1 column (the most
permeable column collected) to reduce the flow rate from 330
to 6.93 mL min~!. Although an upward gradient was applied
(to prevent desaturation at the column base), ground water
flow was, in effect, downward because each column was in-
verted in the laboratory. Column temperature was maintained
at a constant 12°C to simulate in situ conditions. Flow rates
were monitored and K, was calculated using the Darcy equa-
tion (Helmke, 2003).

Soil texture was determined using the sieve and pipette
method (Walter et al., 1978). Sand, silt, and clay particle sizes
used in this study were 2 to 0.05, 0.05 to 0.002, and <0.002 mm,
respectively. Bulk density (p,) was determined by collecting
samples in cylinders of known volume and weighing them
after being dried for 24 h at 104°C. Total porosity (6r) was
determined gravimetrically by weighing saturated samples,
oven-drying them, dividing the difference by the density of
water, and dividing this by the original volume of each sample.
Pore volume (PV) was calculated as the product of 61 and the
volume of each column.

Tracer Experiments

Five tracers were used in the experiments: potassium bro-
mide (KBr), pentafluorobenzoic acid (PFBA), 1,4-piperazine-

diethanesulfonic acid disodium salt (PIPES), potassium ni-
trate (KNOs;), and atrazine. Nitrate (a nutrient) and atrazine
(a broadleaf herbicide) were chosen as tracers because nitrate
(applied as ammonia) and atrazine are agricultural chemicals
frequently used in Iowa and are also found in ground water
(Eidem et al., 1999; Moorman et al., 1999). Conservative com-
pounds of differing aqueous diffusion coefficients (D) (Br™,
PFBA, and PIPES) were selected because differences in the
morphology of their breakthrough curves (BTCs) would indi-
cate matrix diffusion and provide evidence of fracture flow
and fracture-matrix interaction. The D, values of Br~, PFBA,
PIPES, NOj, and atrazine are 1.8 X 107%, 7.6 X 107, 4.1 X
10719,1.6 X 107%, and 6.6 X 10" m? s, respectively (National
Research Council, 1929; Scott and Phillips, 1973; Bowman and
Gibbens, 1992; Helmke et al., 2004). The use of conservative
tracers with unique diffusion coefficients has been used to
demonstrate matrix diffusion in soil with macropores (Mayes
et al., 2003) and fractured saprolite (Moline et al., 1997), but
has not previously been applied to studies of fractured till.

An influent tracer concentration (Cy) of 0.5 mM was used
for KBr, PFBA, PIPES, and KNO;, which is equivalent to
39.95mg L 'Br—,106.04 mg L' PFBA, 167.69 mg L ! PIPES,
and 31.5 mg L' NOj, respectively. The concentration of
NOj was chosen because it is similar to the maximum contami-
nant level (MCL) of 45 mg L' (as NO;3 ). Molar concentra-
tions of Br~, PFBA, and PIPES were then set to equal that
of nitrate. The resulting concentration of PFBA was similar
to that used in previous studies in Iowa (Jaynes, 1993). The
C, of atrazine of 4.64 pM (1 mg L™!) was chosen to reduce
the amount of waste atrazine produced, while still providing
a sufficient concentration to ensure instrument detection.

The tracer solution was introduced to each column under
a constant hydraulic gradient using a Mariotte bottle. The
experiments for shallow columns DML-1, IES-1, IES-2, and
DML-2 lasted 3.0 d (1.5 PV), 0.5 d (2.2 PV), 1.4 d (2.8 PV),
and 2.0d (2.9 PV), respectively. The tracer solution for DML-1,
IES-1, IES-2, and DML-2 was applied for 1.0 d (0.51 PV),
0.167 d (0.73 PV), 0.47 d (0.93 PV), and 0.67 d (0.97 PV),
respectively, and then rinsed with clean water until the end of
each experiment. Experiments in the deeper columns (DML-3,
SIDP-1, SIDP-2, and SIDP-3) lasted for 70 d (3.4 PV), 117 d
(0.93 PV),90d (0.28 PV), and 145 d (0.075 PV), respectively,
and were not rinsed due to time constraints.

Effluent samples were passed through a 0.2-pm filter imme-
diately on collection and stored at 4°C until analyzed at the
end of each experiment. Bromide, PFBA, PIPES, and nitrate
concentrations were determined by ion chromatography. At-
razine concentrations were analyzed by high performance liq-
uid chromatography (HPLC) at the National Soil Tilth Labo-
ratory in Ames, IA. Analytical precision for Br~ (+0.63 mg
L"), PFBA (*=1.14 mg L"), PIPES (%2.65 mg L), nitrate
(£0.10 mg L), and atrazine (+0.01 mg L™') was determined
from replicates of spiked samples (Harris, 1991).
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At the end of the tracer experiment, a 1 g L™! solution of
FDC Brilliant Blue Dye no. 1 was introduced to the DML-3
column for one day under a hydraulic gradient of 3 (0.15
PV). The column was then dissected to determine if the dye
followed the fractures. This dye is commonly used by soil
scientists because its bright blue color is distinguishable from
the brown color of most soils and it is nontoxic (Flury and
Fliihler, 1995). Upon drainage, the column was dissected into
5-cm horizontal slices. Both iron-stained fractures and the
regions of blue-stained soil were mapped onto sheets of clear
acetate and digitized.

Mobile-Immobile Model

Solute transport parameters were estimated from the col-
umn data using the mobile-immobile model (MIM). Its appli-
cation to saturated flow in fractured till is new. However, the
MIM approach has been widely used by soil physicists to
simulate solute transport through soil containing macropores.
It simulates a dual porosity medium as a region in which fluid
is moving (the fractures) and a region where fluid is stagnant
(the soil or till matrix). The model simulates exchange between
the regions as a first-order process (Coats and Smith, 1964).
The MIM does not require explicit knowledge of pore geome-
try (or fracture orientation in this case), which is an advantage
when simulating a dense network of macropores near the soil
surface. The model’s computational efficiency also allows it
to be used in the inverse mode (van Genuchten, 1981; Parker
and van Genuchten, 1984; Gaber et al., 1995).

The MIM was developed by Coats and Smith (1964) and
later modified to include solute sorption (van Genuchten and
Wierenga, 1976) and degradation (van Genuchten and Wage-
net, 1989). It includes governing equations for the mobile
region (Eq. [2]) and immobile region (Eq. [3]) (van Genuchten
and Wagenet, 1989):

ac, &c ac
O + fpoKa) 2 = 0,D, —m — ], %o
( JooKod) ot ox? ox
alCn = Cm) — (Bup + fprKap)cn (2]

aCim
[Bim + (1 - f)thd]; = (X(Cm - Cim) -

O + (1 = HppKaplCim (3]

where c,, and ¢, are solute concentrations in the mobile and
immobile regions (kg m~), 6, and 6, are the mobile and
immobile region porosities (m® m™3), ¢ is time (s), D,, is the
dispersion coefficient for the mobile region (m? s~ 1), x is dis-
tance along the flowpath (m), J,, is the volumetric flux (specific
discharge, m s™!), « is the first-order exchange coefficient
(s7Y), K4 is the equilibrium-sorption coefficient (m® kg ™), fis
the fraction of adsorption sites in the mobile region, and . is
the degradation coefficient (s™'). A semi-analytical solution
for Eq. [2] and [3] was developed by van Genuchten and
Wagenet (1989). The computer program CXTFIT 2.1 (Toride
et al., 1999) solves the equation in the inverse mode using a
nonlinear method of least squares (Marquardt, 1963).

The MIM is not strictly a fracture-flow model, because it
does not incorporate fracture geometry. However, by substi-
tuting 6; for 6, the MIM can reproduce BTCs generated
by discrete-fracture models (Sudicky, 1990). Assuming that
fractures are equally spaced, vertical, and orthogonal plates,
0,, may be calculated by the equation (Sudicky, 1990):

O =2 [4]

where 2b is fracture aperture (m) and 2B is average fracture
spacing (m). Fracture aperture was estimated using the Cubic
Law (Snow, 1969):

1
Kb6p.,23>3 (5]
P8

where  is fluid viscosity (kg m™! s7!), p is fluid density (kg
m~3), and g is the acceleration due to gravity (m s~2). In this
study, values of 6, from field and laboratory measurements
were used as input for the MIM.

2b=<

Statistical Analysis

The goodness-of-fit between the observed tracer test data
and data predicted by the MIM was evaluated using the modi-
fied index of agreement, d, (Willmott et al., 1985). The parame-
ter d, is given by:

N
E|Ol - P i
d =10 — =l [6]
2 ([P, — O|+|o; - 0))
i=1
where O and P are the observed and model-simulated data,
respectively, O is the mean of the observed values, and N is
the number of observations. The value of d, varies from 0 to
1, with 1 indicating a perfect fit between the simulated and
observed data. Therefore, the value of d; may be interpreted
in a similar fashion as the coefficient of determination (R?),
although d, is considered superior to R? because d; is less
sensitive to outliers and because it is more sensitive to additive
and proportional differences than R% The d;, approach has
been applied elsewhere to evaluate the goodness-of-fit of hy-
drologic models (Legates and McCabe, 1999).

RESULTS AND DISCUSSION
Physical Properties

Measurements of the physical properties of the col-
umns indicate values consistent with previous studies
(Table 1). Columns representing the Dows Formation
contain the sandiest till, ranging from 49.3 to 52.1% sand.
Less sand and greater clay percentages (up to 27.4%)
were characteristic of columns from Pre-Illinoian till
units. Bulk densities range from 1.67 Mg m ™ in weathered
till of the Dows Formation to 2.01 Mg m—? in unweath-
ered till of the Alburnett Formation. Total porosities
showed a small range of values, from 28.6 % in the SIDP-3
column to 31.2% in the IES-1 core. Values of K, were
similar to those estimated from slug tests at these and
nearby sites (Seo, 1996; Seo et al., 1996; Weis and Simp-
kins, 1996) and values generally decrease with depth.

Fracture Orientation and Density

Fractures were encountered at all three sites and at
each of the depths evaluated, although the fracture pat-
terns and the density of fractures differed. Fractures
observed near the base of the DML excavation trench
were dense, primarily subvertical, and oriented in a
northeast-southwest pattern (Fig. 2a). The average frac-
ture spacing at a depth of 3.3 m was 4.3 cm and the
fracture density was 260 fractures m > In contrast, frac-
tures at the IES site lack a preferred orientation (Fig.
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a) DML Site
(3.3-m depth)

b) IES Site
(1.6-m depth)

N
c) SIDP Site T
(27.5-m depth) —
20 cm

Fig. 2. Plan view maps of fracture patterns at the (a) Des Moines
Lobe (DML) site, (b) Iowan Erosion Surface (IES) site, and (c)
Southern Iowa Drift Plain (SIDP) site.

2b). The average fracture spacing at a depth of 1.6 m
was 3.8 cm and fracture density was 145 fractures m 2.
Fractures at the SIDP site consisted of widely spaced,
distinct polygons (Fig. 2c). At the sample depth of 27.5 m,
average fracture spacing was 10.4 cm and fracture den-
sity was 221 fractures m~2 The observed fracture spac-
ing of less than 5 cm at shallow depths (<2 m) is consis-
tent with studies in Canada (McKay et al., 1993a) and
Denmark (Klint and Gravensen, 1999), although larger
fracture spacings (>8 m) were reported at depths greater
than 4 m by the Canadian and Danish studies. Given
the dense fracture spacing observed in this study, each
column was of adequate size to collect numerous frac-
tures. However, it should be noted that the results from
an individual column may not be representative of an
entire till unit, as properties of fractures are likely to
be variable spatially, and no replicate samples were col-
lected in this study.

Tracer Experiments

Breakthrough curves produced during the laboratory
experiments were consistent with solute transport con-
trolled by macropores or fractures (Fig. 3 and 4). In the
absence of such features and assuming no dispersion,
breakthrough should have occurred after 1 PV had
passed through each column. However, first arrival of the
tracers occurred substantially before 1 PV in all eight
experiments. Measurable concentrations of the conser-
vative tracers (Br~, PFBA, and PIPES) appeared in the
column effluent (C/C, > 0.02; the instrument detection
limit) within 0.1 PV. We define here a velocity of Br™,
or Vg, corresponding to this time of first arrival. Ob-
served Vi, ranged from 0.004 to 64.8 m d*, versus 0.0002
to 1.97 m d™! as calculated using the average linear
velocity equation Eq. [7] (Fig. 5):

IES-1 Column
PV =0.23d

|IES-2 Column
PV =0.50d

Relative Concentration (C/C,)

N R o - S ar—a ~—

05 10 15

DML-2 Column
PV =0.69 d

0.0 05 10 15 2.0
Days

°Br~ °pPFBA PPIPES ANO3 *Atrazine — MIM Fit

Fig. 3. Observed and modeled breakthrough curves generated from
the DML-1, IES-1, IES-2, and DML-2 columns, where DML is
the Des Moines Lobe and IES is the Iowan Erosion Surface. The
dashed vertical line indicates the time for 1 pore volume (PV) to
pass through each column. MIM, mobile-immobile model; PFBA,
pentafluorobenzoic acid; PIPES, 1,4-piperazinediethanesulfonic
acid disodium salt.

VPM = Kbl/ﬁm [7]

Similarly, the V5, reported from a field-tracer test in
fractured till in Ontario, Canada, was 0.05 m d !, nearly
10 times greater than the average Vpy of 0.006 m d!
(McKay et al., 1993b). Jgrgensen et al. (1998) observed
the first arrival velocity of chloride of 2.8 m d™! in a
large till column under a unit hydraulic gradient; the
calculated Vpy was only 0.2 m d~!. Velocities (Fig. 5)
were also not dependent on depth, fracture patterns, or
age of the till (Fig. 2), which suggests that late Wiscon-
sinan and Pre-Illinoian till units are equally susceptible
to fracture flow.

Differences of BTC morphology among the conserva-
tive tracers (Br~, PFBA, and PIPES) provide additional
evidence of macropore- or fracture-controlled solute
transport combined with diffusion into the till matrix. Ma-
trix diffusion, the process whereby solutes are exchanged
between the matrix (immobile region) and macropore or
fracture (mobile region) due to a concentration gradient,
effectively retards solutes as they pass through the col-
umn. If matrix diffusion is occurring, the rate at which
solutes increase in concentration during the rising limbs
of BTCs should be inversely proportional to the respec-
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|DML-3
1Column

~ | SIDP-1 Column
|PV=126.4d

SIDP-2 Column
1PV =320.3d

Relative Concentration (C/C,)

SIDP-3 Column
1PV =1930.9d

0 20 40 60 80 100 120 140
Days
B ©pFBA DPIPES 2NO, *Atrazine — MIM Fit

Fig. 4. Observed and modeled breakthrough curves generated from
the DML-3, SIDP-1, SIDP-2, and SIDP-3 columns, where DML
is the Des Moines Lobe and SIDP is the Southern Iowa Drift
Plain. The dashed vertical line for the DML-3 column indicates
the time for one pore volume (PV) to pass through the column.
The pore volumes were off scale for the SIDP-1, SIDP-2, and
SIDP-3 columns.

tive Dy values (i.e., PIPES will increase in concentration
first, followed by PFBA and then Br~). There should
be a similar separation of the solute concentrations dur-
ing the falling limbs, or tails, of the BTCs (Moline et
al., 1997, Gwo et al., 1998). This phenomenon occurs
(Fig. 3 and 4) most notably in the experiments of longer
duration (DML-1, DML-3, SIDP-1, and SIDP-2 col-
umns), and provides compelling evidence that matrix
diffusion affects the morphology of these breakthrough
curves. Results are similar to those observed in a column
of fractured saprolite (Moline et al., 1997). Further evi-
dence of matrix diffusion is contained in the response to
rinsing the columns, where low concentrations of solutes
were detected (so-called “clongated tails”) even when
rinsed for twice the time of injection (Fig. 3 and 4). Mass-
balance calculations indicate that 15 to 35% of the con-
servative solutes remained in the shallow columns after
being rinsed for 1 to 2 PV. Hence, nonpoint-source con-
taminants could be stored in the matrix for later release
into the environment.

Nitrate behaved as a conservative tracer during short-
term experiments (<3 d) in the shallow columns and in
a nonconservative manner during longer-term experi-
ments for deeper columns. The nitrate BTCs from the

Vim d*)

-4 -3 -2 -1 0 1 2
o 10° 107 107 105, 0" 10

DML-2 IES-2 IES-1

DML-3

—O——® SIDP-1

-
a O o,

—_

———O—® SIDP-2

Depth (m)
S

N
()]

FO—— sipP-3

w
o

——o—>

‘{’M \ér

Fig. 5. Plot of velocity (log scale) versus depth for the eight till col-
umns. Velocities are shown for time of first arrival of the bromide
tracer at relative concentration (C/Cy) = 0.02 (Vy, filled arrows)
and for plug flow through the entire porosity of the sample calcu-
lated by Eq. [7] (Veu, open circles).

DML-1, IES-1, IES-2, and DML-2 column experiments
are nearly identical to the Br~ BTCs (Fig. 3). This was
not the case for the DML-3 column, where the relative
concentration of nitrate in the effluent remained below
0.05 for the duration of the experiment (Fig. 4). Nitrate
was not detected in effluent during the SIDP-1, SIDP-2,
or SIDP-3 column experiments, indicating that nitrate
degraded more quickly (presumably by denitrification)
in the deeper till units.

Atrazine behaved nonconservatively in all eight col-
umns. In the experiments using the shallow columns
(DML-1, IES-1, IES-2, and DML-2 columns; Fig. 3),
atrazine breakthrough (C/C, = 0.5) was delayed by a
factor of approximately two with respect to the conser-
vative tracers (Br—, PFBA, and PIPES). In addition, the
maximum concentration of atrazine was about 80% of
the conservative tracers during the rising limb of these
BTCs. On the falling limb of the same BTCs, atrazine
exceeded the concentration of the conservative tracers.
This tailing phenomenon suggests that sorption, rather
than degradation, is the main process acting to retard
atrazine, particularly in some of the longer-term experi-
ments (see DML-3 and SIDP-1 in Fig. 4). In the DML-3
BTC, atrazine attained an equilibrium concentration of
approximately 30% of that for the conservative tracers
after 30 d. Similarly, during the SIDP-1 column experi-
ment, atrazine attained equilibrium at C/C, = 0.07 after
40 d. Atrazine was not detected in outflow during the
SIDP-2 or SIDP-3 experiments, suggesting that atrazine
sorption coupled with the low K, of these deeper till
units may have increased residence time sufficiently such
that degradation of atrazine occurred. Effluent samples
were not analyzed for atrazine degradates.

Application of the Mobile-Immobile Model

The BTCs simulated by the MIM using values of frac-
ture porosity calculated by the Cubic Law (Eq. [5])
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Table 2. Dispersion coefficient (D), mass-exchange coefficient (a), sorption coefficient (K;), and degradation coefficient () estimated
by the mobile-immobile model (MIM).

Columnt Compound: D « K, ® d,§
mZ sfl 571 m3 kgfl sfl
DML-1 Br- 1.9 X 10°¢ 48 X 1073 NE{ NE 0.91
PFBA 1.7 X 10°¢ 3.0 X 1073 NE NE 0.84
PIPES 25 X 10°¢ 1.4 X 1074 NE NE 0.94
NO; 1.9 X 10°¢ 4.8 X 1073 NE 1.4 X 10°¢ 0.92
atrazine 1.2 X 10°¢ 7.2 X 10°¢ 7.2 X 1073 2.8 X 10°¢ 0.95
DML-2 Br- 1.4 X 1073 22 X103 NE NE 0.92
PFBA 1.5 X 1073 48 X 1073 NE NE 0.92
PIPES 1.6 X 1073 41 %X 1073 NE NE 0.92
NO; 1.3 X 1075 4.8 X 1073 NE 54 x 1077 0.93
atrazine 2.4 X 1073 1.8 X 1073 33x 10 51 x10°¢ 0.91
DML-3 Br~ 1.8 X 10~° 1.5 X 10°¢ NE NE 0.98
PFBA 1.4 X 10~° 1.2 X 10°¢ NE NE 0.98
PIPES 43 X 1078 1.5 X 1073 NE NE 0.97
NO; 2.1 X 1078 42 X 1073 NE 34 xX10°¢ 0.72
atrazine 6.1 X 107 6.5 X 1073 1.5 X 1074 47 X 1077 0.96
1IES-1 Br~ 8.8 X 1073 85 X103 NE NE 0.95
PFBA 1.0 X 10 9.8 X 1073 NE NE 0.94
PIPES 1.0 X 1074 9.8 X 1073 NE NE 0.94
NO; 8.7 X 1073 1.7 X 1072 NE 34 X103 0.97
atrazine 27 X 1074 45 X 1073 1.0 X 1073 2.7 X 1077 0.86
1ES-2 Br~ 22 X 1073 23 X103 NE NE 0.92
PFBA 2.7 X 1073 41 %X 1073 NE NE 0.90
PIPES 2.8 X 1073 9.0 X 1073 NE NE 0.90
NO; 23 X 1073 2.7 X 1073 NE 1.2 X 1077 0.92
atrazine 7.3 X 1077 4.2 X 10°¢ 2.6 X 1073 29 x 1078 0.96
SIDP-1 Br~ 1.5 X 1078 4.6 X 10°¢ NE NE 0.97
PFBA 1.6 X 1078 2.7 X 10°¢ NE NE 0.97
PIPES 2.1 X 1078 1.1 X 1073 NE NE 0.96
NO; 47 X 1078 52 X 10°°¢ 28 X104 84 X 1077 0.76
SIDP-2 Br~ 1.6 X 10~° 3.5 X 1077 NE NE 0.98
PFBA 1.6 X 10~° 2.6 X 1077 NE NE 0.96
PIPES 1.8 X 107° 22 X 1077 NE NE 0.96
SIDP-3 Br~ 7.9 X107 1.3 X 1077 NE NE 0.78
PFBA 87x10°" 1.0 X 10°® NE NE 0.50
PIPES 2.0x10°" 2.0 X 1078 NE NE 0.66

7 DML, Des Moines Lobe; IES, Iowan Erosion Surface; SIDP, Southern Iowa Drift Plain. See Fig. 1 for locations..

£ PFBA, pentafluorobenzoic acid; PIPES, 1,4-piperazinediethanesulfonic acid disodium salt.

§ The modified index of agreement (d;) provides a goodness-of-fit statistic between the MIM and observed data.

il The terms K; and p were not estimated (NE) for nonsorbing and nondegrading compounds, respectively, and are omitted where solutes were not detected.
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and measured values of fracture spacing and hydraulic
conductivity agreed closely with those generated by the
column experiments (Fig. 3 and 4). The d, values for the
measured and simulated concentrations show a median
of 0.93, a minimum of 0.50, and a maximum of 0.98 (Ta-
ble 2). Eighty percent of the d; values were 0.90 or greater,
indicating that the model fit the data well. In cases where
concentrations were low during the entire BTC (less than
a relative concentration of 0.1), d; dropped below 0.8,
indicating a poorer goodness-of-fit. We believe that the
ability of the MIM to fit the BTCs with the specified 6;
provides additional evidence of macropore- or fracture-
controlled solute transport through the columns. It would
be relatively straightforward to implement the MIM at
the field scale and for long time periods due to its compu-
tational efficiency (simulations required less than a few
seconds to run) and relative ease of determining input
parameters (e.g., explicit fracture geometry is not re-
quired for this model). However, further study is re-
quired (possibly field-scale tracer tests) to investigate
whether the parameters determined in this study remain
accurate at larger spatial or temporal scales.

The MIM simulations confirm that matrix diffusion
is an important process for controlling solute transport.
Values of a were greater than zero (indicating matrix
diffusion) and spanned six orders of magnitude, from
1 X 1078 to 1.7 X 1072 s7! (Table 2). To model these

systems without matrix diffusion (« set to zero) would
be inappropriate and would result in much poorer fits.
These values of a should be considered approximate,
however, because they were determined by the inverse
method, which has been shown to produce nonunique
and/or insensitive estimates of a (Parker and van Genuch-
ten, 1984). Independent estimates of « for Br~, PFBA,
and PIPES determined by the radial diffusion method
in these tills (Helmke et al., 2004) resulted in values
that were one to two orders of magnitude less than those
estimated by fitting the MIM to BTCs. In addition, not
all of the MIM-estimated values of « increase as a func-
tion of D, (i.e., PIPES should have the smallest «, fol-
lowed by PFBA, then Br™), which indicates that the
accuracy of using the inverse method is suspect. We
therefore conclude that these MIM estimates of o serve
as a qualitative measure of the importance of matrix
diffusion, and should not be considered precise mea-
sures of diffusion rates.

Estimates of K, from the MIM, which ranged from
2.6 X 1073 to 1 X 1073 m?® kg™ ! (Table 2), also indicate
that sorption retards atrazine in these till units. Sorption
of atrazine was determined for the same till units at similar
depths using batch-equilibrium experiments (Moorman et
al., 2001). Sorption coefficients of atrazine in that study
ranged from 3.1 X 107%to 2 X 107* m® kg~! using the
Freundlich isotherm. Independent estimates of K, were
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similar (within a factor of 10) to those estimated by the
MIM. Values of R calculated from estimated K, values
ranged from 1.2 to 6.8, which demonstrates that sorption
serves to retard atrazine in addition to matrix diffusion
in these tills.

Degradation appears rapid enough to cause measur-
able loss of both atrazine and nitrate during transport,
based on MIM-estimated values of the degradation co-
efficient (). Estimates of p ranged from 1.2 X 1077 to
3.4 X 107° s7! for nitrate and 2.9 X 1078 to 5.1 X 10°°
s~ ! for atrazine (Table 2), equating to half-lives between
0.24 and 67 d for nitrate and 1.6 and 277 d for atrazine.
Cambardella et al. (1999) suggested a nitrate half-life
of approximately 225 d in unoxidized (unweathered)
till in central Iowa. First-order degradation coefficients
have not been independently determined for atrazine
in till in Jowa. However, estimated half-lives of atrazine
degradation in this study are similar to those reported
in the literature (20-200 d; Jury et al., 1987). At these
degradation rates, it is unlikely that nitrate or atrazine
could persist in the deeper, unweathered till units for
more than a few months or years. This may be due to
the increase in organic carbon in this material and the
onset of denitrification in the matrix (Simpkins and Par-
kin, 1993; Parkin and Simpkins, 1995). However, the
rapid velocities observed in the shallow till units suggest
that both compounds could travel unaltered laterally or
vertically at rates great enough to contaminate shallow
aquifers and streams.

Dye Experiment

Results of the dye experiment provide further evi-
dence that fractures control flow and transport through
the till units. Upon dissection of the DML-3 column, dye
was present in approximately 60% of the iron-stained
fractures (Fig. 6), and absent in areas of the matrix
where there were no fractures. Because dye was absent

. -
20 cm

Fig. 6. Plan view of a slice taken from the center of the DML-3 column
(from the Des Moines Lobe) showing fractures (dark lines) and
extent of FDC Brilliant Blue Dye no. 1 (gray zones) at a depth of
3.65 m.

from some fractures, it appears that some fractures were
more conductive than others. In contrast, Jgrgensen et
al. (1998) injected fluorescent dye into large columns
of fractured till in Denmark and noted that between 80
and 100% of the fractures contained dye on dissection.
Perhaps, if given enough time, the dye would have en-
tered all fractures in our column. However, it is equally
likely that, if the experiment had been allowed to pro-
gress further, the haloes surrounding each fracture would
have converged and completely obscured the results of
the experiment.

CONCLUSIONS

Results of this study indicate that transport of three
conservative solutes (KBr, PFBA, and PIPES) and two
nonconservative solutes (nitrate and atrazine) through
four till units was controlled by fractures and matrix
diffusion. Evidence included rapid first arrival veloci-
ties, the shape of the BTCs and success in modeling
with the MIM, the separation of the rising and falling
limbs of BTCs due to the different D, values of the
tracers, the extended tails of BTCs, the inability to re-
move only 65 to 85% of the solutes immediately after
rinsing the columns, and results of the dye experiment.
Fractures were encountered in till at the three study
sites and at all depths to 30.1 m. The networks were
dense, with fracture spacing ranging from 3.4 to 17.8 cm.
Although we sampled only three representative sites in
the state and four till units, the abundance of fractures
at each site and evidence of fractures elsewhere suggests
that fractures and fracture flow are widespread in the till
units of lowa. Density and connectivity of the fractures
appear to be more important for solute transport than
orientation of the fractures or the age of the till.

The potential for fractures to transport nitrate and
atrazine and affect water quality varies with depth. Ni-
trate was unaltered in the shallowest columns in weath-
ered till, but showed evidence of retardation or complete
degradation in columns in partially weathered and un-
weathered till. Fracture-controlled transport of atrazine
occurs in weathered till, but due to sorption its velocity
is retarded with respect to nitrate. Transport velocities
in unweathered fractured till may be low enough to
allow for complete degradation of atrazine before enter-
ing an aquifer or stream.

Assuming the columns are representative of the till
in Iowa, our results suggest that thin, weathered till
units are not likely to provide complete protection for
underlying aquifers or adjacent aquifers and surface
waters. Matrix diffusion may also store nonpoint-source
contaminants in the till matrix for later release, provid-
ing a legacy of past contamination activities well into
the future.
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