Agricultural contaminants in Quaternary aquitards:
A review of occurrence and fate in North America
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Abstract The intensity of agriculture has increased sig-
nificantly during the past 30 years, resulting in increased
detection of agricultural contaminants (nutrients, pesti-
cides, salts, trace elements, and pathogens) in groundwa-
ter. Till, glaciolacustrine, and loess deposits of Quaterna-
ry age compose the most common surficial deposits un-
derlying agricultural areas in North America. Quaternary
aquitards generally contain higher concentrations of sol-
id organic carbon (SOC, as much as 1.4%), dissolved or-
ganic carbon (DOC, as much as 205 mg/L), and reduced
sulfur (as much as 0.9%) than do aquifers. Their poten-
tial to sorb pesticides increases with the percent of older
SOC, because diagenesis increases K,.. Denitrification
consistently reduces nitrate to non-detectable levels in
unweathered Quaternary aguitards. Organic carbon of
Quaternary age is a more labile electron donor than car-
bon from shale clasts. Pyrite is a more labile electron do-
nor than carbon in many instances. Unweathered Quater-
nary aquitards provide a high degree of protection for
underlying aquifers, due to their large reserves of SOC
and reduced sulfur for sorption and denitrification, com-
bined with their typically low hydraulic conductivity. In
contrast, agricultural contaminants are common in
weathered Quaternary aquitards. Lower reserves of re-
duced sulfur and sorptive/labile organic carbon, and a
higher bulk K due to fractures, limit their ability to atten-
uate nitrate and pesticides. Subsurface drainage, which is
common in Quaternary aquitards because of high water
tables, bypasses the attenuation capacity of Quaternary
aquitards and facilitates the transport of agricultural con-
taminants to surface water.
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Résumé L’agriculture s'est significativement accrue au
cours des derniéres 30 années, provoquant une détection
plus fréguente dans les eaux souterraines de contami-
nants agricoles (engrais, pesticides, sels, éléments en tra-
ces et germes pathogénes). Les moraines, les formations
glacio-lacustres et les losss d’' &ge quaternaire sont les dé-
pots superficiels les plus courants sur lesquels sont im-
plantées les régions agricoles d Amérique du Nord. Les
imperméabl es quaternaires contiennent généralement des
concentrations en carbone organique particulaire (COP),
jusgu’a 1,4%, en carbone organique dissous, jusgu’a
205 mg/L et en soufre réduit, jusqu’a 0,9%, plus élevées
que dans les aquiféres. Leur potentiel & adsorber les pes-
ticides augmente en méme temps que le pourcentage en
COP plus ancien, parce que la diagenese fait croitre K oc.
La dénitrification réduit logiguement les nitrates a des
niveaux non détectables dans les imperméables quater-
naires non altérés. Le carbone organique d’'&ge quater-
naire est un donneur d éectrons plus labile que le car-
bone des débris schisteux. La pyrite est un donneur
d éectrons plus labile que le carbone dans de nombreux
cas. Les imperméables quaternaires non altérés consti-
tuent une protection tres efficace pour les aquiféeres sous-
jacents, du fait de leur importante réserve en COP €t en
soufre réduit, qui interviennent dans la sorption et la dé
nitrification, et du fait de leur conductivité hydraulique
typiquement faible. Au contraire, les contaminants agri-
coles sont communs dans les imperméables quaternaires
altérés. Leur plus faible réserve en soufre réduit et en
carbone organique labile impliqué dans la sorption, ainsi
gu’ une conductivité globale plus forte due aux fractures,
limite leur aptitude a atténuer les nitrates et les pesti-
cides. Le drainage souterrain, qui est courant dans les
imperméables quaternaires a cause des niveaux €élevés
des nappes, court-circuite la capacité d’atténuation des
imperméables quaternaires et facilite le transport des
contaminants agricoles vers les eaux de surface.

Resumen Laintensidad de la agricultura ha aumentado
de forma significativa durante los Ultimos 30 afios, pro-
vocando una afeccién creciente de contaminantes de
origen agricola (tales como nutrientes, pesticidas, sales,
elementos traza y patdgenos) en las aguas subterraneas.
L os depositos cuaternarios de till, de origen glaciolacus-
tre'y de loess constituyen la mayor parte de |los terrenos
aprovechados desde el punto de vista agricola en Norte-
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américa. Los acuitardos cuaternarios contienen normal-
mente concentraciones mas elevadas que los acuiferos
en carbono organico sdlido (COS, con hasta un 1,4%),
carbono orgénico disuelto (COD, hasta 205 mg/L) y sul-
furo reducido (hasta un 0,9%). Su potencial para absor-
ber pesticidas aumenta con el porcentgje de COS maés
antiguo, ya que la diagénesis incrementa el coeficiente
de particion, K. El nitrato se reduce por denitrificacion
hasta alcanzar valores no detectables en acuitardos
cuanternarios no meteorizados. El carbono organico de
la Edad Cuaternaria es un dador de electrones mas | &bil
gue el carbono presente en los clastos de esquisto. La
pirita es un dador de electrones mas |abil que el carbono
en muchas circunstancias. Los acuitardos no meteoriza-
dos del Cuaternario proporcionan un alto grado de pro-
teccion para los acuiferos subyacentes, puesto que tie-
nen grandes reservas de COS y sulfuro reducido para
sorcion y denitrificacion, ademas de conductividades hi-
draulicas normalmente bajas. Por el contrario, los conta-
minantes agricolas son méas habituales en acuitardos me-
teorizados del Cuaternario, donde la capacidad para ate-
nuar nitratos y pesticidas se ve limitada por unas reser-
vas menores de sulfuro reducido y de carbono orgénico
sorbible/labil, asi como por la elevada conductividad hi-
dréulica promedio debido alas fracturas. El drenaje sub-
superficial, que es comln en los acuitardos cuaternarios
gue tienen niveles fredticos altos, evita la capacidad de
atenuacion propia de dichos acuitardos y facilita el
transporte de los contaminantes de origen agricola hacia
las aguas superficiales.

Keywords groundwater - agricultural contamination -
glacia till - nitrate - pesticide sorption

Introduction

The occurrence of groundwater contamination from rou-
tine crop and livestock production (herein termed agri-
cultural contamination) is increasing worldwide, as a re-
sult of a significant increase in agricultural production
since the 1960s and 1970s (Keeney 1986; Hallberg
1989). For example, between 1945 and 1993, the use of
nitrogen in commercial fertilizer in the United States in-
creased 20-fold, and phosphorus increased threefold
(Puckett 1995). Agricultural and urban use of pesticides
was rare before the 1960s, but has now become common
practice, with more potent generations of pesticides en-
tering the marketplace. Livestock production is increas-
ingly concentrated in small geographic areas, with the
resulting manure nitrogen, phosphorus, microorganisms,
antibiotics, growth hormones, and salts stored and ap-
plied to adjacent lands. Agricultural contamination of
groundwater usually results from routine applications on
cropped fields, rather than from spills or other point
sources. As such, it is classified as a non-point source
(NPS). The diffuse, widespread nature of NPS contami-
nation makes determination of sources, in addition to
control and remediation, extremely difficult.
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Most studies of agricultural contamination have fo-
cused on aquifers (e.g., Kolpin et al. 1998). However,
aquitards of Quaternary age deposited by continental
glaciation (herein termed Quaternary aquitards) are the
most common surficial deposit in agricultural areas of
Canada and the northern United States, as shown in
Fig. 1a, b. They overlie many important aquifers, and
sand layers within them often produce enough water for
domestic wells (Meyboom 1967; Kross et al. 1990;
Fenelon and Moore 1998). Groundwater-quality prob-
lems may just be emerging in these systems, because
groundwater residence times in them are generally much
longer than the duration of intensive agriculture. The fol-
lowing review presents the current state of knowledge
regarding the occurrence and fate of some common agri-
cultural contaminants in Quaternary aguitards in North
America

Characteristics of Quaternary Aquitards

Extent and Thickness

Glacia deposits underlie about 13 million km2 in North
America (Stephenson et al. 1988; Fig. 1a, b). Till isage-
netic term for sediment deposited directly by glacial ice
without significant re-sorting (Dreimanis 1982). Till isa
poorly sorted, poorly stratified mixture of sand, silt, and
clay, and hence is often referred to by the descriptive
term diamicton or diamict (Stephenson et al. 1988). Ma-
trix textures commonly range from clay loam to sandy
clay loam. Glaciolacustrine (lake) deposits are composed
of silt and clay with some sand. They are well sorted,
and may be stratified. Loess consists of silt with some
sand, transported by wind from sparsely vegetated out-
wash plains.

Sixty percent of the Canadian interior plains is cov-
ered by till, 40% by glaciolacustrine deposits (predomi-
nantly clay), and less than 1% by outwash deposits
(Meyboom 1967; Fig. 1a). The overall average thickness
of till on the Canadian prairies is about 23 m, but the av-
erage thickness increases markedly from west to east
(Meyboom 1967). Sequences of multiple till, glacio-
lacustrine, and loess deposits in the midwestern United
States commonly range from less than 1 m to more than
300 m thick (Hallberg 1980). Glacial sequencesin conti-
nental North America span an age range from Pre-1llinoi-
an (>500 ka B.P) to the late Wisconsinan, which ended
about 10 ka B.r. Older units are often thinner because
they have been subjected to erosion.

Land used for agricultural purposes occurs throughout
the United States but is mainly restricted to the southern
parts of Canada (Fig. 1a). In the area of the United States
covered by continental glaciers, approximately 25% is
planted to corn/soybeans, 25% is in mixed cattle and
grain, 20% isin dairy, and 10% each isin livestock, hor-
ticulture, and small grains (Sommer and Hines 1991).
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Fig. 1 Maps showing: a surfi-
cial geology of Canada, show-
ing agricultural areas. Data
from Fulton (1995). b Quater-
nary sedimentsin the glaciated
United States east of the Rocky
Mountains. Data from Soller
(1992)
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Hydraulic Properties and Groundwater Use

Fine-textured glacial deposits are considered aquitards
because of low hydraulic conductivity (K) and storativity
values. K of till and loess deposits ranges from
101105 m/s, whereas K of lacustrine silt and clay
ranges from 10-1-10-8 m/s (Freeze and Cherry 1979;
Stephenson et al. 1988). By comparison, glacial outwash
has K values of 10--10-3 m/s. Despite these low K val-
ues, many shallow domestic wells are completed in Qua-
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ternary aquitards due to the expense of drilling to aqui-
fers that are much deeper in many areas. Meyboom
(1967) estimated that 60% of al farm water supplies in
the prairie provinces of Canada are obtained from till,
even though most of these shallow wells yield less than
30 m3/d. Approximately 52% of domestic wells in south-
ern and western lowa are less than 15 m deep and are
completed in “drift aquifers,” which consist of sandy
zones within till deposits (Kross et al. 1990). Drift aqui-
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fers are a'so common in other areas of the glaciated mid-
western United States (e.g., Fenelon and Moore 1998).

Weathering and Fractures
The upper portions of Quaternary aquitards are weath-
ered, which is the result of oxidation of mineras and or-
ganic carbon and subsequent accumulation or migration
of weathering products (such as sulfate). Hendry et al.
(1984, 1986) concluded that weathering occurred above
the water table during the Altithermal period, when the
water table declined significantly throughout North
America. The weathered zone is generally referred to as
“oxidized” because it is a brown color (i.e., hue of 5 or
10 YR and values >5 on the Munsell Chart) due to Fe-
sesguioxide formation. The thickest weathered zones (as
much as 25 m thick) occur in topographic highs, whereas
weathered zones are often thin to absent in topographic
lows (Eidem et a. 1999). Thinner aquitards may be
weathered throughout their thickness, and weathered and
unweathered zones of differing ages may alternate at a
single location. The part of the till that is not weathered
has been termed “unoxidized” or “reduced”’ by various
researchers to reflect the weathering history and prevail-
ing redox conditions. The terms “weathered” and “un-
weathered” are used in this paper to describe the two ma-
jor zones. The boundary between the weathered and un-
weathered zones coincides or occurs in close proximity
to the change from oxidized to reduced conditions and is
sometimes called the “redoxcline” (Postmaet al. 1991).
Fractures are a common feature in weathered zones of
Quaternary aquitards, due to desiccation, unloading, glacia
shear, neotectonics, mineral dissolution, or some combina
tion of these processes (Ruland et a. 1991). Fractures in-
crease the K of weathered zones (Keller et a. 1988;
McKay and Fredericia 1995) and are widely recognized as
the primary pathways for solute transport (McKay et al.
1993). Distance between fractures generally increases with
depth. Solute transport is controlled by diffusion in some
unweathered Quaternary aquitards, suggesting they are ef-
fectively unfractured (e.g., Keller et a. 1989; Remenda et
al. 1996; Hendry and Wassenaar 1999). Diffusion of sol-
utes into matrix blocks between fractures causes the trans-
port of dissolved contaminants to be grestly retarded rela-
tive to advective flow through fractures, but transport rates
are still much higher than in equivalent unfractured sedi-
ments. Colloid-sized contaminants (particles having a di-
mension of 1-1,000 nm in at least one direction) travel
faster than non-reactive solutes, because they do not dif-
fuse as readily into the clay matrix (e.g., McKay et a.
1993; Jorgensen et a. 1998). Colloids include clays, metal
oxides, organic macromolecules, and bacteria.

Sulfur Content

Pyrite is a common constituent of unweathered Quaterna-
ry aquitards, particularly in till and glaciolacustrine depos-
its. Pyrite crystals have been observed in unweathered till
in Britain (Klinck et al. 1996) and central lowa (Simpkins
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and Parkin 1993). Black shae clasts are the dominant
source of pyritein till from southwestern Ontario (Abbott
1987) and Saskatchewan (Keller et a. 1991). The mgjority
of pyrite in weathered till from both the Canadian prairies
(Van Stempvoort et a. 1994) and Ontario (Abbott 1987)
has been oxidized to sulfate. Where leaching rates are not
sufficient to remove sulfate, it is precipitated as gypsum
(Cas0,-2H,0) and bassanite (CaSO,-1/,H,0) (Miller et
al. 1989; Fortin et al. 1991). Gypsum crystals occur com-
monly in weathered till in Ontario (Abbott 1987) and on
the Canadian prairies (Van Stempvoort et a. 1994).

Organic Carbon Content

Organic carbon is generally oxidized and lost by conver-
sion to CO, gas in the weathered zone (Keller 1991) but
is preserved in the unwesthered zone because of anaero-
bic conditions; data are summarized in Table 1. Unwesath-
ered Quaternary aquitards contain high concentrations of
solid organic carbon (SOC; Table 1). [The term SOC as
used by Keller (1991) is nearly synonymous with the Par-
ticulate Organic Carbon (POC) used by Simpkins and
Parkin (1993). We will use SOC to describe both typesin
this paper.] Wassenaar et a. (1990a) concluded that SOC
in unweathered till at three sites in southern Alberta origi-
nated from Quaternary organic matter and Cretaceous-
age coal clasts. Till in lowa aso contains SOC from Cre-
taceous shale clasts (Hallberg 1980). Allen-King et a.
(1997) postulated that upper Devonian carbonaceous
shale is a probable source of a significant proportion of
the SOC in atill in southwestern Ontario.

SOC in the midwestern United States is often derived
from Quaternary forests or paleosols. Late Wisconsinan
till and underlying loess in central lowa contains SOC
from intact spruce logs and disseminated organic matter.
The SOC ranges in age from 14-17 ka B.r. and was in-
corporated from a coniferous forest established on the
loess when ice advanced from the north (Simpkins and
Parkin 1993). Glaciolacustrine sediments contain vari-
able amounts of organic carbon, depending on the bio-
logical productivity of the watershed.

Dissolved organic carbon (DOC) concentrations may
be high in both weathered and unweathered Quaternary
aquitards (Table 1). DOC in Alberta and Saskatchewan
is derived from organic matter emplaced during degla-
ciation, with additional DOC in wesathered till derived
from the partial oxidation of SOC in coal and shae
clasts (Wassenaar et a. 1990a; Keller 1991). Keller and
Bacon (1998) observed a depletion of SOC from 0.55%
at 10 m to 0.2% near the surface in a Quaternary aguitard
in southern Saskatchewan that contains Cretaceous shale
as the dominant form of carbon. The depletion is hypoth-
esized to be the result of in situ oxidation over the last
12,000 years. High DOC concentrations (mostly humic
and fulvic acids) in late Wisconsinan till and underlying
loess in lowa are derived from wood and disseminated
organic material from a coniferous forest that was estab-
lished on the loess (Simpkins and Parkin 1993; Parkin
and Simpkins 1995).
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Table1 Concentrations of reduced sulfur, SOC, and DOC in till (mean value in parentheses)

Formation, age, and location Reduced S (wt%) SOC (wt%) DOC (mg/L)
Weathered till Late Wisconsinan S Albertae. b <0.01 0.04-0.75 9-205 (55)
(~12,000 to 19,000 yearsB.P) S Ontarioc <0.01 0.05-0.2 <0.5
Central lowa, Dows Fmd - 0.16-0.66 (0.3) 2-21(8)
SE Wisconsin, Oak Creek Fm  0.02 0.5 4.6
Wisconsinan Saskatchewan, Floral FmP <0.01 0.35-0.44 -
(~38,000 years B.P.)
Pre-1llinoian Centra lowa, Wolf Creek Fmd ~ — 0.00-0.06 (0.03) 2-7(4)
(>500,000 years B.p.)> NE lowa, Wolf Creek Fme f - 0.2-0.7 1517
Unweathered till  Late Wisconsinan S Albertae. b 0.35-0.37 (0.36) 0.24-1.28 4-113 (42)
(~12,000 to 19,000 yearsB.P.) S Ontario® 0.03-0.4 0.05-0.2 <0.5
SE Wisconsin, Oak Cr. Fm¢ 0.22-0.57 1.05 35
Central lowa, Dows Fmd - 0.34-0.76 (0.6)  4-41(18)
Wisconsinan Saskatchewan, Floral® Fm 0.27-0.35(0.31) 0.46-0.7 (0.62) —
(~38,000 years B.P.) Saskatchewan, Warman Fmb 0.65-0.86 (0.75) 1.02-1.31(1.16) —
Saskatchewan, Dundern Fmb 0.27-0.29 (0.28) 0.69-0.76 (0.73) —
Pre-1llinoian Central lowa, Wolf Creek Fmd ~ — 0.9-1.48(1.16) 5-16(8)
(>500,000 yearsB.P.) NE lowa, Wolf Creek Fme f - 0.39-1.07 6-12
Borden and Alliston sand aquifers, oxidized, SW Ontario - 0.02%¢9 Usually <3h
Sand aquifer below the redoxcline, Denmark 0.043 - -

a\Wassenaar et al. (1990a) and Rodvang et al. (1998)
b\an Stempvoort et al. (1994)

¢Robertson et al. (1996)

d Johnson (1995)

eMoorman et al. (unpublished data)

f Simpkins (1989)

9Brown and Burris (1996)
h'Wassenaar et al. (1990b)
i Postma et al. (1991)

Table 2 Mean values for

chemical parametersin weath-
ered till and fine-textured
glaciolacustrine sedimentsin
southern Alberta, grouped by
source of nitrate. (From Rodv-
ang et a. 1998)

Chemical parameter

Source of nitrate

No nitrate (n=42)

Agricultural (n=40)

Geological (n=69)

Nitrate-N (mg/L)
N,O (mg/L)
6180(H,0) (%o)
O15N(NO5-N) (%0)
Na* (mg/L)

Cl- (mg/L)

DOC (mg/L)
Dissolved O, (mg/L)

0.1 32 164
0.01 0.17 3.0
-16.7 -16.4 -19.3
- 25 27
1373 853 1892
58 72 241
35 39 57
0.6 26 0.7

The high DOC of till groundwater may increase colloi-
dal transport rates. The presence of organic matter can
greatly increase colloidal stability and result in a “block-
ing” effect, in which a single layer of colloids attaches to
the matrix surface and thus prevents other colloids from at-
taching. The remaining colloids then move faster than wa-
ter because they are excluded from part of the water-filled
pore space. In the absence of organics, colloid suspensions
tend to settle out, resulting in high filter efficiencies and
low solute-transport rates (Kretzschmar et al. 1995).

Nitrogen Content

Organic-rich sedimentary rocks often contain a high con-
centration of organic N, which is mineralized to ammo-
nium during diagenesis (Holloway and Dahlgren 1999).
When the ammonium is nitrified, it produces “geologic”

Hydrogeology Journal (2001) 9:44-59

nitrate. The occurrence of geologic nitrate associated
with organic-rich shale has been documented at several
locations in the United States, including North Dakota
and eastern Montana (Power et a. 1974), Nebraska and
South Dakota (Boyce et al. 1976), Colorado (Reeder and
Berg 1977), and Cadlifornia (Strathouse et al. 1980;
Holloway and Dahlgren 1999).

Geologic nitrate is common in weathered till and
fine-textured lacustrine sediments in southern Alberta,
where concentrations in groundwater range from about
100400 mg/L nitrate-N (Hendry et al. 1984; Rodvang et
al. 1998). Geologic nitrate was probably derived from
organic-rich coal and shale incorporated into thetill from
underlying bedrock. Rodvang et a. (1998) determined
that “geologic” nitrate in Quaternary aquitards can usual-
ly be distinguished from “agricultural” nitrate. Agricul-
tural nitrate occurs at depths less than 6 m and is associ-

DOI 10.1007/s100400000114



49

Table 3 Pesticide lossto sur-

face water during the grOWi ng Pesticide Undrained field Drained field

1990)n. (From Bengtson et al. Surface runoff Surface runoff Subsurface drainage
Atrazine 3.2% 1.4% 0.04%
Metolachlor 2.45% 1.07% 0.13%
Water loss (mm) 412 254 152

ated with tritium, dissolved oxygen, and &'80O(H,0) sig-
natures characteristic of modern groundwater, as shown
in Table 2. Concentrations of agricultural nitrate-N are
usually less than 100 mg/L and increase with higher
rates of fertilizer or manure application. In contrast, geo-
logic nitrate usually occurs below 6 m (below the active-
ly flushed zone) in groundwater that lacks tritium and
contains isotopicaly lighter 8180(H,0) values, indica
ting the water is “pre-bomb” and “pre-fertilizer.” Geolog-
ic nitrate is associated with high concentrations of chlo-
ride and other salts (Table 2).

Solute Leaching and Subsurface Drainage

When rainfall or irrigation is sufficient, solutes leach
rapidly through macropores in shallow oxidized till.
Schuh et al. (1997) observed that a bromide tracer was
detected throughout 6.5 m of fractured till and in the un-
derlying aquifer in North Dakota almost immediately
following the first rainfall after application. Infiltration
to weathered till is usually much greater than recharge to
deeper groundwater, particularly in the Northern Great
Plains (the Canadian prairies and the north-central Unit-
ed States), where annual evapotranspiration exceeds pre-
cipitation. Rapid infiltration combined with low recharge
rates to deeper groundwater result in shallow solute-ac-
cumulation zones near the bottom of the root zone that
serve as feeder zones for sporadic pulses of solute trans-
port to underlying layers during recharge events (Schuh
et al. 1997).

Irrigation in Canada is mainly limited to southern Al-
berta, with minor amounts of irrigation in other loca-
tions. Irrigation is not conducted over Quaternary aqui-
tards in the United States. Chang and Entz (1996) stud-
ied nitrate leaching in southern Alberta, where annual
evapotranspiration exceeds precipitation by a factor of
three. Under non-irrigated conditions, leaching below
150 cm was minimal except during a year with unusually
high precipitation. Addition of only 167 mm/year of irri-
gation water caused all applied chloride to be leached
below 150 cm.

Leaching tends to be much more extensive below mi-
nor topographic depressions (Keller et al. 1988; Fortin et
al. 1991). Hayashi et al. (1998) described recharge
through a till on the Canadian prairies that was oxidized
to a depth of 4-6 m. Snowmelt and rainfall runoff that
accumulated in awetland infiltrated and flowed laterally
through the oxidized till to the upland, where it was con-
sumed by evapotranspiration. Only 1% of annual precip-
itation to the wetland (3.7 mm) recharged to the unoxi-
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dized till. Similar cycles of runoff, infiltration, lateral
flow, and evapotranspiration occur even in very flat
landscapes, where topographic depressions of as little as
3 cm act as locations for depression-focused recharge
(Keller et al. 1991; Schuh et al. 1997).

Subsurface (tile) drains have been installed for agro-
nomic purposes in most humid areas underlain by
Quaternary aquitards, particularly in eastern Canada
(Madramootoo et al. 1992) and the north-central United
States (Moorman et al. 1999). Subsurface drains are in-
stalled to lower the water table, which is usually shal-
low in Quaternary aquitards. Subsurface drainage reduc-
es runoff relative to infiltration, and thus provides a
greater opportunity for loss via degradation and sorption
in the subsurface. For example, Bengtson et al. (1990)
concluded that drainage on a clay-loam soil significant-
ly reduced pesticide losses to surface water, as summa-
rized in Table 3. P leaching through undrained soils is
typically an order of magnitude less than P losses in
runoff, with intermediate losses in drained soils (Scott et
al. 1998).

Tile drains help to prevent recharge to groundwater
below the drains, but they facilitate the transport of
chemicals to surface water (Eidem et al. 1999). Hatfield
et al. (1999) determined that tile drains capture 95% of
potential recharge in the Walnut Creek Watershed.
Martin et al. (1996) observed that although intertill aqui-
fersin Indiana had low-nitrate, tile-drain effluent caused
streams draining areas underlain by stratified-drift aqui-
fers to have higher nitrate concentrations than other ar-
eas. Subsurface drainage may partially explain why ni-
trate levelsin shallow groundwater under drained sitesin
Sweden and lowa were much lower than those measured
at an undrained site in southern Alberta, even though fer-
tilizer application rates and levels in the soil zone were
similar, as shown in Table 4.

Although tile drainage is common in Quaternary aqui-
tards, solutes reach shallow groundwater in many areas.
For example, Steinheimer et al. (1998) studied continu-
ous corn on loess in southwestern lowa, where nitrogen
fertilizer was applied at recommended rates for 26 years.
Nitrate in natural groundwater discharge from the field
increased gradually from 0.7 mg/L as N in year 1, to
23 mg/L as N by year 25. This study illustrates that in
Quaternary aquitards contamination may take a long
time to emerge and may then supply solute-rich ground-
water discharge for long periods of time.
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Table4 Nitrate concentrationsin glacial aquitards at three locations

Study Fertilizer NO;~N in soil NO;~N in piezometers NO;~N in subsurface drainage2
rate (kg/ha) [% exceeding 10 mg/L NO5~-N;
(kg N/ha) average and max. conc. (mg/L)] Lossasa Av. conc.
% of applied (mg/L)
02m 24m 2m 4m
Rodvang et al. 0 67 98 67%, 26, 51 100%, 20, 22 Not subsurface drained
(1998) 0 95 75 100%, 63, 88 0%, 5,6
(Alberta) 100 237 107 100%, 71, 134 67%, 22, 44
200 483 96 100%, 48, 69 100%, 29, 37
Bergstrom and 0 45 - 6 3.3 - 1.3
Brink (1986) 50 - - 5 12 8-24% 2.7
(Sweden) 100 70 - 7 13 8-12% 33
150 - - 7 13 17-23% 9
200 348 - 8 4.1 31-45% 16
Cambardellaet al. 90-140 - - 44%, 10, 52 16%, 4, 32 17-27% 8.8

(1999) (lowa)

aRange indicates difference between losses in low-precipitation vs. high-precipitation years

Occurrence and Fate of Nitrogen

Occurrence

Nitrate in drinking water has been linked to blue-baby
syndrome (methemoglobinemia), certain types of cancer,
and negative reproductive outcomes (Weisenburger
1990; Drury et al. 1993; Morales-Suarez et al. 1993;
Levallois and Phaneuf 1994). Discharge of nitrate-rich
groundwater to surface water may also reduce surface-
water quality for drinking and aquatic life (Smith et al.
1999). Inorganic fertilizer and manure applied to crop-
land are the most common sources of nitrate to ground-
water (Keeney 1986; Hallberg 1989). Nitrate is highly
soluble and readily leaches to groundwater or drainage
tiles when fertilizer or manure application rates are
greater than plant nutrient needs. Manure is often applied
at greater than agronomic rates in areas with high live-
stock densities, because transportation costs limit the
amount of exported manure (Greatz and Nair 1995).
Mineralization of organic N in fertilizer and manure oc-
curs at all times of the year, and the highest rates of ni-
trate leaching tend to occur when plants are not available
to use the nitrate (e.g., Milburn and Richards 1994;
Cambardellaet a. 1999).

Groundwater nitrate concentrations tend to be lower
in areas of the United States that are underlain by fine-
textured Quaternary aguitards. Higher concentrations
typically occur where sand and bedrock aquifers occur at
the surface, and where aquifers are overlain by coarse-
textured materials (Kross et al. 1990; Mueller et al.
1995; Nolan et a. 1997; Tesoriero and Voss 1997). Only
7% of rural wellsin clayey aguitards throughout Ontario
are contaminated with nitrate, in contrast to 27% of
wellsin sand and gravel (Goss et a. 1998).

Despite lower nitrate impacts relative to aquifer stud-
ies, agricultural contamination is common in weathered
Quaternary aguitards. About 20-50% of samples taken
from Quaternary aquitard systems in intensive agricul-
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tural areas contain nitrate concentrations above the maxi-
mum contaminant level (MCL) of 10 mg/L NO;-N
(Kross et al. 1990; Spalding and Exner 1993; Ray and
Schock 1996; Zhang et al. 1996; Goss et al. 1998; Eidem
et a. 1999). Spalding and Kitchen (1988) and Geyer et
al. (1992) observed significant nitrate contamination to
depths of 16 m in oxidized loess. Shallow, large-diame-
ter wells in loess and glacia till in eastern Nebraska
exhibit a higher percentage of nitrate contamination
above the MCL (27%) than in other areas of the state,
where wells are deeper and in coarse-textured sediments
(Gosselin et a. 1997).

Denitrification

Processes

Denitrification occurs when bacteria obtain energy by
catalyzing a redox reaction in which an electron donor is
oxidized while nitrate is reduced to nitrogen (N,) or ni-
trous oxide (N,O) gas. Denitrification requires: (1) the
presence of denitrifying bacteria; (2) the near absence of
oxygen; and (3) an electron donor. Studies in till and
loess have shown that denitrifiers are present at al depths,
and that they become active under the appropriate condi-
tions (e.g., Hendry et al. 1984; Lind and Eiland 1989;
Geyer et d. 1992).

Denitrification processes are as follows:

CH,O + 4sNO3=2/gN, + HCO; + YgH*+ 2/;H,0 (1)
SFeS; + 14NO5~+ 4H* = 7N, + 10SO 4%~

+ 5Fe2t+ 2H,0 2
2HNO, + 6Fe2* + 6H* = N, + 6Fe3* + 4H,0 (3

Heterotrophic denitrification, which uses organic carbon
as an electron donor [Eg. (1)], was historically thought to
be thermodynamically favored over autotrophic denitrifi-
cation, which uses reduced sulfur [Eq. (2)] or reduced iron
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Table5 Organic-carbon content and laboratory denitrification rates measured in Quaternary aquitards

Parameter Geology Cambardella  Johnson  Fujikawa Lind
et a. (1999) (1995) and Hendry ~ (1985)
(1991)

Organic carbon Weathered Wisc. till 0.06-0.2% 0.3% 0.4% -
Unweathered Wisc. till 0.15-0.55% 0.6% 0.5% -
Unweathered Peoria Fm loess 0.5-2% 0.68% - -

Denitrification rate (ng N,O-N/g per day) Weathered Wisc. till 52 0.0 19,200 4.1
Unweathered Wisc. till 8 5.8 44,880 61.2
Unweathered Peoria Fm loess 258 6.7 - -

Table 6 Changes in groundwater chemistry across the redoxcline in till at three locations. Concentrations in mg/L, except for tritium in

TU. Above, Below position of samplein relation to redoxcline

Parameter Robertson et al. (1996), Simpkins and Parkin (1993) Rodvang et al. (1998), Alberta.

Ontario Nest 3, central lowa Geologic nitrate, average

of four sitesin two watersheds

Sample depth Above (3m) Below (5.6 m) Above (25m) Below (4.3 m) Above (9-19m) Below (12-23 m)
NO;~-N 8.3 <0.05 174 <0.1 221 0.06
N,O-N - - - - 34 0.07
NH,*N <0.05 <0.05 2.2 19 1.15 7.47
Diss. O, - — 41 <0.1 - -
SO,2%- 20 52 45 2.2 3544 2545
Tritium 27 32 20 9 0 0
HCO4- 146 171 437 492 648 1326
Fe2t 0.03 0.25 0.02 8 0.003 1.63
Mnz2* 0.01 0.08 0.003 0.329 1.35 3.95
As3* - - - - 0.73 9.47
DOC <0.5 <0.5 4.6 18.6 42.2 47.4
Caz 85 86 130 97 533 457
Mg2* 26 31 36 33 307 198
Cl- 17 13 9 3 309 24
Na+ 3.8 5 6 17 1030 746

[Eq. (3)], but some studies have concluded that pyrite is
more labile for denitrification than organic carbon (Kolle
et a. 1985; Boettcher et al. 1991; Postmaet a. 1991).
Heterotrophic denitrification is part of a redox se-
guence in which organic carbon is oxidized by oxygen,
then nitrate, followed by manganese, iron, and sulfate.
Reduced iron and sulfide can in turn reduce nitrate
[Egs. (2) and (3)]. Conversion of organic carbon to meth-
ane (CH,) does not occur until SO,2- concentrations have
been reduced to <1 mmol/L (Simpkins and Parkin 1993).
Denitrification rates are usually greater in topographi-
cally low areas than in higher landscape positions
(Gambrell et al. 1975; Geyer et a. 1992; Farrell et al.
1996). Shallow water tables are more common in low ar-
eas, and, in addition to the more anaerobic conditions,
modern organic carbon is more likely to reach shallow
water tables (Starr and Gillham 1989). Clay-rich sedi-
ments allow for reduced oxygen and more stabilized or-
ganic matter, thus promoting increased denitrification
(Lund et al. 1974; Vinten et al. 1994). However, denitri-
fication rates in the vadose zone of fine-textured soils are
highly dependent on moisture content. For example,
Tindall et a. (1995) concluded that denitrification is un-
likely to occur along preferential flow paths in a struc-
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tured clay soil except when the macropores are filled
with water. Water-saturated zones are more likely to de-
velop in unfractured soils, even those with a relatively
high K.

Laboratory studies of Quaternary aquitard material in-
dicate that denitrification is an active process (Lind
1985; Fujikawa and Hendry 1991; Cambardella et al.
1999). As shown in Table 5, short- and long-term rates
measured for late Wisconsinan till and loess in central
lowa and in Denmark are similar to each other and with-
in the range given in Korom (1992). Denitrification rates
cited by Fujikawa and Hendry (1991) are anomalously
high.

In the unweathered zone

Consistent with laboratory studies showing that denitrifi-
cation rates are higher in unweathered till than in weath-
ered till (Table 5), field studies show that nitrate consis-
tently decreases to non-detectable levels at the redox-
cline in Quaternary aquitards. Evidence indicates that the
loss of nitrate at the redoxcline is the result of denitrifi-
cation. As shown in Table 6, the disappearance of nitrate
is accompanied by decreased dissolved oxygen, in-
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creased Fe2*, and other indications of decreasing redox
potential that are discussed in more detail below. Hy-
draulic barriers alone cannot explain the decrease of ni-
trate concentration across the redoxcline. For example,
tritium does not decrease with nitrate across the redox-
cline in southern Ontario (Table 6). Where multiple se-
guences of weathered and unweathered material occur,
the disappearance of nitrate in an unweathered aquitard
can occur even when it overlies weathered till (Klinck et
al. 1996; Rodvang et al. 1998).

Role of electron donors

The loss of nitrate at the redoxcline coincides with an in-
crease in pyrite and/or organic carbon (Table 1), both of
which are potentia electron donors. DOC and SOC from
Quaternary sources appear to be labile for denitrifica-
tion. Simpkins and Parkin (1993) concluded that the oxi-
dation of DOC from wood in late Wisconsinan till in
central lowa catalyzes the reduction of nitrate, manga-
nese, iron, sulfate, and finaly methane. Fe2*, Mn2+, H,S,
and CH, all increase across the redoxcline in central 1o-
watill (Table 6), indicating nitrate would not be stable in
unweathered till, because reduced iron, sulfur, and meth-
ane act as electron donors for denitrification (Mechsner
and Hamer 1985; Korom 1992; Parkin and Simpkins
1995). Laboratory studies on the same till showed deni-
trifying activity was correlated with DOC and SOC,
even though most of the DOC appears to consist of high
molecular weight humic and fulvic acids that are notori-
oudly difficult for microorganisms to utilize (Table 5;
Johnson 1995). In contrast, the underlying pre-lllinoian
till, which is older than 500,000 years, showed no deni-
trification activity, despite an average SOC content of
1.16%. This suggests that the older SOC is not labile for
denitrification. Consistent with this hypothesis, late
Wisconsinan Quaternary deposits in central lowa exhibit
a lower percentage of nitrate contamination (7.4%) than
do older Quaternary deposits in other parts of the state
(Kross et a. 1990).

DOC and SOC derived from Devonian shale clasts in
southern Ontario till (Allan-King et a. 1997) do not ap-
pear to be labile for denitrification. Robertson et al.
(1996) observed that the attenuation of nitrate at the re-
doxcline in a till in southern Ontario corresponded to an
increase in sedimentary sulfur and pore water SO,2-,
whereas SOC and HCO;~ changed only slightly across
the redox boundary (Tables 1 and 6). This suggests that
pyrite is the dominant electron donor for denitrification,
and that the bulk of the SOC constitutes compounds of
higher molecular weight, such as humic substances, that
are not readily labile for denitrification (Robertson et al.
1996). Evidence of sulfate reduction or methane produc-
tion in unweathered till in Saskatchewan is lacking
(Hendry and Wassenaar 2000). In contrast, H,S and
methane are often detected below the redoxcline in cen-
tral lowa (Simpkins and Parkin 1993), reinforcing the hy-
pothesis that organic carbon of Quaternary age in lowais
much more |abile than the shale clasts in Saskatchewan.

Hydrogeology Journal (2001) 9:44-59

In late Wisconsinan till in southern Alberta, DOC is
high in both weathered and unweathered tills (Table 1),
suggesting that it is not highly labile for denitrification.
Both SOC and pyrite increased at the redoxcline in
southern Alberta till (Table 1), and the disappearance of
nitrate coincided with an increase in HCO4~ (Rodvang et
al. 1998; Table 6), suggesting that SOC from coal clasts
may be the dominant electron donor. The disappearance
of nitrate below the redoxcline was also accompanied by
increasesin As3*, Fe2*, and Mn2* (Table 6). Thisis prob-
ably the result of denitrification via oxidation of either
SOC or pyrite, because arsenic is strongly sorbed to iron
and manganese oxides and also substitutes for Fe in py-
rite (Hem 1989). Simultaneous nitrate attenuation using
both carbon and pyrite has been documented in aquifers
in Ontario (Aravena and Robertson 1998) and Denmark
(Postma et al. 1991). Concentrations of NH,* increased
with HCO;~ across the redoxcline in southern Alberta
(Table 6; Rodvang et a. 1998). The source of NH,*
could be the breakdown of organic matter or dissimilato-
ry nitrate reduction to ammonium (DNRA). The lack of
detectable NH,* across the redoxcline in southern Ontario
(Table 6) is consistent with the lower organic carbon at
that site (Table 1), because DNRA does not occur when
carbon supplies are limited (Tiedje et al. 1982).

Mass-balance calculations indicate that reserves of
pyrite and organic carbon in Quaternary aquitards have
the potential to denitrify agricultural nitrate for a very
long time. Robertson et al. (1996) showed that denitrifi-
cation of nitrate from manure and fertilizer increases the
rate of pyrite oxidation in southern Ontario, and this in-
creases the vertical migration rate of the redoxcline from
the pre-anthropogenic rate of about 0.4 mm/year to about
1 mm/year. Cambardella et al. (1999) determined that or-
ganic carbon in till and loess in central lowa had a life-
time capacity to denitrify 20,340 kg N/ha.

In the weathered zone

Studies have also demonstrated indirect evidence of de-
nitrification in weathered zones of Quaternary aquitards.
In southern Alberta, groundwater with geologic and agri-
cultural nitrate contained &N(NOj) ranging from
13-74%0 (30 samples) (Rodvang et al. 1998; Table 2).
N,:Ar ratios were 71 and 77 (two samples), suggesting
that N, was produced by denitrification (Wilson et al.
1990). Similar N,:Ar ratios, ranging from 34.7—71.7, oc-
curred due to denitrification in till groundwater in
the UK (Feast et a. 1998). Denitrification is aso indica-
ted by above-ambient concentrations of dissolved N,O in
groundwater containing nitrate in  weathered till
(Rodvang et al. 1998; Table 2).

In all cases, weathered till containing high 15N(NO,),
N,:Ar ratios, and N,O also contained nitrate, and as much
as 5 mg/L dissolved oxygen (Rodvang et al. 1998;
Table 2), even though Spalding and Parrott (1994) sug-
gest that denitrification does not occur above oxygen con-
centrations of 0.2 mg/L. This contradiction suggests that
denitrification in weathered zones is “patchy”. Parkin
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(1987) concluded that spatialy variable denitrification
under mostly oxidizing conditions is the result of parti-
cles of SOC dispersed in the matrix, which serve as loci
for denitrification.

Spatially variable denitrification in weathered till is
probably also controlled by oxygen diffusion. Studiesin
thick, weathered loess in Washington State suggest that
denitrification occurs in water-saturated anaerobic mi-
crosites that are heterogeneously distributed throughout
the loess (Geyer et al. 1992). These authors suggest that
oxygen transport to the microsites is controlled by diffu-
sion. Denitrification may also occur in some areas of the
matrix of weathered till, whereas more oxygenated, ni-
trate-rich water moves through the fractures (Helmke et
al. 1999). Wolf and Russow (2000) concluded that N,O
produced in an oxygenated system is stable when it dif-
fuses out of the anaerobic microsites. A limited quantity
or quality of organic carbon during denitrification results
in a high ratio of N,O to N, (Ottow et al. 1985). N,O is
not detectable below the redoxcline in southern Alberta
(Table 6), which suggests that denitrification at the re-
doxcline occurs in anaerobic conditions and is not limit-
ed by electron donors. High concentrations of N,O may
also reflect nitrification under conditions of low oxygen
and high NH,* (Goreau et al. 1980; Ottow et al. 1985;
Ueda et al. 1991, 1993). Blackmer et al. (1980) demon-
strated significant N,O production by ammonia-oxidiz-
ing chemoautotrophic bacteriain loamy till soil.

Occurrence and Fate of Phosphorus

Phosphorus (P) is the principal limiting nutrient in fresh
waters, and in excess it is responsible for anthropogenic
eutrophication (Downing and McCauley 1992; Smith et
al. 1999). The output of P in crop and anima produce
averages only 30% of the input in fertilizer and feed, re-
sulting in an average annua P surplus of 33 kg/ha over
the total utilizable agricultural land area in the United
Sates. P surpluses tend to be greatest in areas with a high
density of livestock operations, due to the reliance on
imported feed (Sharpley et al. 1999).

P is adsorbed strongly to most sediments and is capable
of combining with various metal cations, particularly iron,
aluminum, manganese, and calcium, to form minerals that
are stable in low-temperature agueous environments
(Robertson et a. 1998). Information on P occurrence and
transport in till groundwater is limited. Robertson et al.
(1998) studied septic system plumes in nine sand aqui-
fers and a sandy till. Migration rates were significantly
retarded by sorption, with retardation factors as great as
100. Mineral precipitation resulted in c¢/co values as low
as 0.004. The highest P concentrations occurred in oxi-
dizing conditions at near-neutral pH. P concentrations
in reducing and acidic plumes are probably controlled
by precipitation of vivianite, strengite, and variscite
(Robertson et al. 1998).

Numerous studies have demonstrated significant P
leaching through macropores in fine-textured sediments,
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including calcareous clay-loam till (e.g., Stamm et al.
1998; Jensen et a. 1999). P leaching tends to increase
significantly once binding sites in soil become saturated
(e.g., Mozaffari and Sims 1994; Simard et al. 1995), but
substantial P leaching can occur even before saturation is
reached (Heckrath et al. 1995). Whalen and Chang (in
press) concluded that about 20% of applied manure P
was lost from an irrigated flat-lying calcareous clay-
loam till in southern Alberta that received annual appli-
cations of manure for 16 years. Soil tests suggested a
substantial portion of the loss was due to leaching below
150 cm. Several studies have demonstrated higher P
leaching losses from clay than from sand due to prefer-
ential flow (e.g., Culley and Bolton 1983; Beauchemin et
al. 1998). Macropore flow appears to particularly pro-
mote leaching of particulate P (bound to organic matter
and sediment) (Beauchemin et al. 1998). Scott et al.
(1998) noted that rapid leaching of particulate P through
macropores was eventually surpassed by soluble P in
drainage from the matrix.

Drainage tiles in aquitard settings often contribute
high concentrations of P to surface water, with values
ranging from 7-900 pg/L in Canada (Bolton et al. 1970)
and the midwestern United States (Baker et al. 1975;
Schwab et al. 1980; Bottcher et al. 1981). The United
States Environmental Protection Agency (USEPA) states
that P concentration should not exceed 0.05 mg/L for
streams entering lakes and reservoirs (Daniel et al.
1998). P loss in tile drainage from watersheds in clay
soils in southwestern Ontario accounted for 50-68% of
ortho-P loss from watersheds (Culley and Bolton 1983;
Gaynor and Findlay 1995).

Occurrence and Fate of Pesticides

Occurrence

Pesticides, including herbicides and insecticides, are in-
creasingly detected in groundwater and surface water in
agricultural areas. The European Union has adopted a
maximum admissible concentration of 0.1 pg/L for indi-
vidual pesticides and 0.5 pg/L for the sum of the concen-
trations of pesticides (Leistra and Boesten 1989). Canada
and the United States rely on guidelines for individual
pesticides; many of these guidelines have not yet been
developed. Allowable concentrations are generally much
higher than in Europe. For example, the MCLs for atra-
zine and dicamba are 3 and 10 pg/L, respectively. Guide-
lines have rarely been set for the degradates of pesticide
parent compounds, even though a 1995-1998 USGS sur-
vey of groundwater in lowa showed eight of the ten most
common herbicides occurred as degradation products
(Kolpin et a. 2000).

Contamination of groundwater by pesticides is com-
mon in agricultural areas. Kolpin et a. (1998) observed
that pesticides occurred in 54% of recently recharged
groundwater in the United States (n=1,034), but only a
small percentage of the detections exceeded USEPA
MCLs. Pesticide detections in shallow groundwater oc-
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Table 7 Range of K, values measured in Quaternary aquitards for various adsorbants

Reference Location Adsorbant  Sediment Primary source of SOC ~ Depth Koe
(m) (L/kg)
Allan-King Ontario TCE Unweathered till Upper Devonian 12and 15  7,744-15,700
et al. (1997) carbonaceous shale
Data from four studies, compiled for sand aquifers 84-284
Binger et al. Ontario PCE Surficial (weathered) till Upper Devonian 15 2,230 and 2,609
(1999) carbonaceous shale
Unweathered till 5and 6 24,000-38,810
Moormanetal. Central lowa  Atrazine Clarion and Nicollet Late Wisconsinan 0-1 117-173
(unpublished soil developed in late coniferous forest
data)a Wisconsinan till
(Dows Fm)
Weathered |ate 1-35 48-563
Wisconsinan till
(Dows Fm)
Unwesathered |ate 6 994
Wisconsinan till
(Dows Fm)
Westernlowa  Atrazine Peoria Fm. loess Late Wisconsinan 0-3 61-565
coniferous forest
NE lowa Atrazine Weathered - 0-8.7 112-492
pre-lllinoian till
(Wolf Creek Fm)
Unweathered - 8.7-12.2 535-1,468
pre-lllinoian till
(Wolf Creek Fm)
Roy and Krapac Illinois Atrazine Wedron Fm till - 3 806 and 858
(1994)

aMoorman TB, Jayachandran K, Reungsang A, unpublished data, Agricultural Research Service, US Dept. Agric, National Soil Tilth

Lab, Ames lowa

cur more often in areas with permeable soils than in ar-
eas covered by till, clays, and other low-permeability de-
posits (USGS 1999). The frequency of herbicide detec-
tion in lowa aquifers is 82.5% for aluvium, 81.8% for
bedrock/karst, 40% for glacial drift, and 25% for bed-
rock/non-karst-type (Kolpin et a. 1998). Most studies
demonstrate strong attenuation of pesticides with depth.
Kruger et a. (1996) reported that the mobility of eight
pesticides increased with decreasing soil organic matter
and increased sand content in till-derived soil in lowa.
Lampman (1995) observed significantly more attenua-
tion of herbicides to 6 m depth in silty clay soils than in
sandy soils in southwestern Ontario.

In contrast to the above studies, Hallberg (1989) cited
examples where pesticide detections were more frequent
in fine-textured till than in shallow sand and gravel aqui-
fers. Statewide surveys in lowa showed that about 18%
of rural wells covered by 15 m of aquitard material con-
tained detectable concentrations of one or more pesti-
cides (Kross et al. 1990). Hill et al. (1996) and Miller et
al. (1995) detected herbicides in 9-61% of samples col-
lected from water-table wells installed at 46 m in a
clay-loam till in southern Alberta. Atrazine and metri-
buzin were detected in 26 and 13%, respectively, of
groundwater samples collected in till to a depth of 2.6 m
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in lowa (Moorman et a. 1999). Both the Alberta and lo-
wa studies showed that athough detections tend to be
greatest following herbicide application, herbicides were
also detected in years they were not applied. In the lowa
study, herbicide detections ranged from 10-15% in the
upper 3 m of till, decreasing to 4% below 3 m (Moorman
et al. 1999).

Pesticide Sorption

Sorption is the primary mechanism for attenuation of
pesticides with depth. Sorption is promoted by organic
carbon, iron oxides, and clay mineras, all of which are
important constituents of Quaternary aquitards. Even in
systems dominated by preferential flow, strongly adsorb-
ing chemicals appear at lower concentrations (Bottcher
et al. 1981; Smith et al. 1985; Kladivko et al. 1991,
Southwick et a. 1995; Abu-Ashour et a. 1998).

Organic carbon in surface soils and sediments has a
consistent ability to sorb organic compounds, with or-
ganic-carbon-normalized sorption coefficients (K,. val-
ues) generally ranging from 50-500 L/kg (Allen-King et
al. 1997). However, SOC in till in southwestern Ontario
(from shale) tends to be much more sorptive than SOC in
soils (Table 7). Allen-King et al. (1997) showed that the
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high sorption capability of till is due to the lipophilic na-
ture of the SOC and not due to sorption by the mineral
fraction. Sorptive capability increases as oxygen content
decreases during diagenesis and catagenesis (Allen-King
et al. 1997; Binger et al. 1999). The increase in K, with
diagenesis explains why SOC in till from southwestern
Ontario, which is derived from Devonian shale clasts, is
much more sorptive than SOC in late Wisconsinan till in
central lowa (Table 7), which is derived mainly from
wood that is less than 14,000 years old (Simpkins and
Parkin 1993). Unweathered Pre-lllinoian till is also rela-
tively sorptive (Table 7).

Due to sorption, the amount of pesticide leached to
groundwater is generally less than the amount lost to sur-
face runoff (Table 3). Total herbicide losses in subsurface
drainage on fine-textured soils are usually less than 0.3%
of applied (e.g., Muir and Baker 1976; Bengtson et al.
1990; Milburn et al. 1991; Buhler et a. 1993; Masse et d.
1996) but are occasionally as much as 1.5% of applied
(e.g., Gaynor et al. 1992; Jayachandran et al. 1994).

Preferential Flow and Biodegradation
Preferential flow in fine-textured soils causes very rapid
transport of pesticides to subsurface drains. Concentra-
tions tend to be highest at the beginning of each new
drain-flow event, and to decrease rapidly as matrix flow
begins to dominate. Biodegradation causes some attenu-
ation of peak concentrations with each successive drain-
flow event (Kladivko et al. 1991; Moorman et al. 1999).
Binger et al. (1999) reported that sorption was much
lower along fracture faces than in the matrix of atill in
southwestern Ontario (Table 7). This was due to a weath-
ering-induced increase in the oxygen/carbon ratio of the
SOC and a resulting decrease in K. Stehouwer et a.
(1994) observed that the organic carbon lining on earth-
worm burrows significantly enhanced herbicide sorption.
Pivetz and Steenhuis (1995) and Pivetz et al. (1996)
observed that biodegradation rates were initialy slower
in macropores but eventually surpassed rates in the ma-
trix, possibly because of the increased availability of
oxygen in the vicinity of the macropore and the greater
mass of substrate delivered to this area. Pesticides tend
to degrade much more quickly in the liquid phase than in
the sorbed phase, so adsorption decreases degradation
(Guo et al. 2000). Due to diffusion between macropores
and matrix and slow release of adsorbed pesticides, pes-
ticides can persist in the environment for several years
(Buhler et a. 1993; Moorman et al. 1999).

Occurrence and Fate of Pathogens

Occurrence

Occurrence of bacteria and other pathogens in ground-
water is a relatively recent area of investigation. Live-
stock waste contains many pathogenic microorganisms
associated with serious gastrointestinal disease. These
organisms include bacteria such as Escherichia coli (E.
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coli) and Streptococcus, viruses such as Enterovirus, and
protozoa such as Cryptosporidium and Giardia. The
presence of fecal coliform bacteria indicates that other
disease-causing organisms may be present (Mawdsley et
al. 1995). Many strains of E. coli are harmless, but some
strains, such as O157:H7, are serious pathogens. Proto-
zoan pathogens are often resistant to standard water
treatment methods (Mawdsley et al. 1995).

In Ontario, 17 and 20% of farm wells in coarse- and
fine-textured sediments were contaminated with fecal
coliform and E. coli, respectively (Goss et al. 1998).
About 5% of wells contained fecal coliform, with 80%
of those detections occurring in wells in till that are less
than 30 m deep (Kross et al. 1990). Coliform bacteria
were present in 17% of domestic water wellsin loess and
till in eastern Nebraska (Gosselin et al. 1997).

Preferential Flow and Biodegradation

Fecal coliforms have a cell diameter of 3—10 pm (Brush
1997). Due to their large size, coliforms tend to leach
most readily through very coarse-textured soils and
karst, and through fine-textured soils with macropores
and fractures. The presence of surface-connected macro-
pores in soils receiving manure during recharge events
allows bacteria to travel rapidly to subsurface drains
(Mawdsley et al. 1996; Natsch et al. 1996; McMurry et
al. 1998; Scott et al. 1998). Abu-Ashour et al. (1998) re-
ported that E. coli was only leached through soil col-
umns with macropores. Gagliardi and Karns (2000) stat-
ed that intact clay-loam cores became clogged with fecal
coliform shortly after inoculation.

Once bacteria leach to groundwater, they can survive
for months, which is considerably longer than survival
rates in open water (Burton et al. 1987; Crabill et al.
1998; Filip et al. 1988; Gagliardi and Karns 2000). Bac-
terial survival rates tend to be higher in fine-textured
soils, possibly due to their higher moisture-retention ca-
pabilities (Gerba et a. 1975; Burton et al. 1987) or high-
er content of organic matter and nutrients (Conboy and
Goss 2000). The presence of nutrients increases bacterial
survival rates, probably because coliforms are facultative
anaerobes (Gagliardi and Karns 2000).

Conclusions

The increase in agricultural intensity during the past
30 years has resulted in agricultural contaminants from
non-point sources appearing with greater frequency in
groundwater. Quaternary aquitards are the dominant
surficial material in North America, and these units often
represent the only natural protection for major aquifer
systems.

Thick, unweathered Quaternary aquitards provide
very effective protection for underlying aquifers. Frac-
tures are widely spaced or absent, resulting in slow rates
of contaminant transport. The aquitards often contain
much higher concentrations of SOC, DOC, and reduced
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sulfur than do their weathered counterparts. SOC derived
from older shale clasts probably has a much higher abili-
ty to sorb pesticides than does SOC of Quaternary age.
Denitrification consistently reduces nitrate to non-detect-
able levels in unweathered Quaternary aquitards. Organ-
ic carbon of Quaternary age is a more labile electron do-
nor than Cretaceous or Devonian shale clasts. Pyrite acts
as an electron donor when labile organic carbon is not
available. Variations in hydraulic conductivity and con-
centrations of pyrite and labile and highly sorptive or-
ganic carbon dictate that the degree of attenuation pro-
vided by unweathered Quaternary aquitards varies with
location. However, reserves of pyrite and organic carbon
at the locations cited indicate that these aquitards have
the potential to reduce nitrate and potentially sorb pesti-
cides well into the future.

In contrast to their unweathered counterparts, weath-
ered Quaternary aquitards commonly contain agricultural
contamination from non-point sources, including nitrate
concentrations greater than the MCL or drinking-water
guideline, pesticides and their degradates, fecal coliforms,
and P. Solute transport through weathered Quaternary
aquitards is increased by the presence of fractures. Weath-
ering of shale clasts reduces K ., so that pesticide sorption
is significantly lower. Dissolved O, is commonly present
and is the primary electron acceptor. Organic carbon and
pyrite have been oxidized to CO, and SO, respectively,
such that denitrification occurs only in microsites.

Weathered Quaternary aquitards generally have con-
centrations of agricultural contaminants that are lower
than those in shallow aquifers. This may be due to lower
K values, matrix diffusion, higher clay content, and the
presence of subsurface drainage, which reduces contami-
nant leaching by facilitating transport directly to surface
water. Agricultural contaminants currently present in
weathered Quaternary aquitards will probably eventually
enter aquifers and surface water. Future research should
therefore be directed toward understanding biogeochem-
istry and groundwater flow in weathered Quaternary
aquitards, where contaminants from the past 30 years of
agriculture will provide problems well into the future.
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