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Miller, J. J., Hill, B. D., Chang, C. and Lindwall, C. W. 1995. Residue detections in soil and shallow groundwater after long-

term herbicide applications in southern Alberta. Can. J. Soil Sci. 75: 349-356. After herbicide applications fot l-24 yr, there

were no detectabli residues of glyphosate, dicamba, 2,4-D,bromoxynil or methylchlorophenoxyacetic acid (MCPA) in soil at

two long-term tillage sites and one long-term manured site. The only detectable residues in soil were of diclofop and triallate.

Residue-s of bromoiynil, diclofop and MCPR but not dicamba, 2,4-D or triallate, were detected in the groundwater at the manured

site. Diclofop was detected in 6% and bromoxynil and MCP Ain2Vo of 84 water samples collected at the.manured site. Maximum

concentratioris of bromoxynil (6.5 pg L l) anddiclofop (47 ltgLr) in the groundwater at the manured site exceeded levels set by

the Canadian drinking wa-ter guiOeiines. Long-term application ofherbicides has not caused accumulation ofharmful residues in

southem Alberta soiis, but thJpresence of certain herbiiides in the groundwater at concentrations above the level set by the drink-

ing water guidelines is cause for concern.
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Miller, J. J., Hill, B. D., Chang, C. et Lindwall, C. W. 1995. D6tection des r6sidus dans le sol et dans la nappe superficielle i
la suite de traitements herbiiides de longue dur6e dans le sud de I'Alberta. Can. J. Soil Sci. 75: 349-356. Au terme d'ann6es

de traitements herbicides allant de 1 d 24 ins, on n'a observ6 aucun r6sidus d6celables de glyphosate, de dicamba, de 2,1-D, de

bromoxynil et de MCpA dans le sol d deux emplacements d'essais de longue dur6e de m6thodes de travail du sol ainsi qu'd un

emplacement d'essai de fumure organique. Les seuls r6sidus d6tectables dans le sol 6taient ceux du dicloflop et du triallate. En

outie, des r6sidus de bromoxynil, Ae Aictofop et de MCPA 6taient detect6s dans la nappe phr6atique ir f emplacement d'essai de

fumure organique. Les concentrations maximales de bromoxynil (6,5 pg L-1) et de diclofop (47 TtgLr) dans la nappe d cet

emplacem6nt d6passaient les doses maximales fix6es au Canada pour l'eau potable. On peut dire en conclusion que si les traite-

ments herbicidei de longue dur6e n'ont pas provoqu6 d'accumulition de r6sidus dangereux dans les sols du sud de I'Alberta, Ia

pr6sence de certains herbicides dans la trappi tlOre-a des concentrations d6passant les doses admises dans l'eau potable demeure

un sujet de pr6occupation.

Mots cl6s: R6sidus d'herbicides, m6thode de travail du sol, fumier, sol, nappe

Repeated annual applications of commonly used herbicides

to Canadian soils, under typical agronomic practices, have

raised concerns about possible accumulation of residues in
soils (Smith 1982) and leaching of these residues into the
groundwater (Logan et al. 1991). Previous studies at long-
term agricultural sites in Canada where different chemicals

were repeatedly applied for 4-35 yr, found no significant
accumulation of herbicides in soils (Smith 1982; Smith et al.

1991). These studies, however, did not examine possible

residue accumulation of commonly used herbicides, such as

bromoxynil, dicamba, diclofop, glyphosate and triallate, or
the persistence of these herbicides under agricultural prac-

tices such as long-term conventional and conservation
tillage, and long-term manure application.

Successful weed control during summerfallow periods or
between crops in continuous cropped systems in North
America requires three to five applications of paraquat or
glyphosate, alone or in combination with 2,4-D, dicamba or
bromoxynil (Brandt and Kirkland 1980; Lindwall and

Anderson 1 98 1 ). In-crop weed control (e.9., 2,4-D, diclofop-
methyl, MCPA) is similar for crops seeded under conven-

tional and conservation tillage, with the exception of soil-

incorporated herbicides (e.g. triallate), which are generally not

used under conservation tillage systems (Moyer et al. 1994).

Manure from cattle feedlots in southern Alberta is often

applied to agricultural land, particularly to irrigated soils.

Min rre increases the organic matter content of soils, partic-

ularly the surface 30 cm (Sommerfeldt et al. 1988). The

higher the organic matter content in soils, the greater is the

adsorption of most pesticides (Yaron et al. 1985). The tra-

ditional concept of pesticide-organic matter interaction is
that pesticide adsorption by organic matter concentrates pes-

ticides near the soil surface, thereby decreasing the opportu-

nity for leaching (Wagenet 1987). Few studies have exam-

ined field persistence of commonly used herbicides after

repeated application to manured land'
The objective of this study was to determine whether there

was residue accumulation and subsequent leaching into the

groundwater after long-term herbicide application under

agricultural practices in southern Alberta. We focussed our

monitoring on two sites under conventional and conserva-

tion tillage and one site under long-term manure application.
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MATERIALS AND METHODS
One site at Lethbridge and another at Carmangay, 60 km
northwest of Lethbridge, Alberta, were used to investigate
herbicide persistence in soil under long-term tillage prac-
tices. A third site at Lethbridge was used to examine herbi-
cide persistence under long-term manure application. The
topography of the Lethbridge site is uniform, and the slope
of the land is < l7o, whereas the Carmangay site is undulat-
ing to inclined with slopes ranging from 2 to 3Eo. The
Lethbridge plots (randomized complete block) are in a cere-
al-summerfallow rotation as part of a tillage experiment
established in 1967 (Lindwall and Anderson 1981). A com-
parison of tillage and no tillage under continuous cropping
and a crop-fallow rotation (randomized complete block) was
initiated at Carmangay in 1979.

Soil textures at the Lethbridge site (0-120 cm depth) are
clay loam (Chang and Lindwall 1989), and organic C values
of surface (0-30 cm) soils are l.l , I.6 and l.4Vo in the no-
till, minimum tillage and conventional tillage plots, respec-
tively (Dormaar and Lindwall 1989). Soil textures (hydrbm-
eter method) at the Carmangay site range from silty clay to
clay (0-40 cm depth), and clay to heavy clay (40-80 cm
depth). Organic C values, as determined by the difference
of total C (automated combustion technique usins Carlo
Erba@ Analyzer method) minus inorganii C lAm"undson
et al. 1988) of surface soils (0-20 cm), are 1.3, 1.3, 1.5 and
L6Vo in the tilled fallow, no-till fallow, tilled continuous
cropped, and no-till continuous cropped plots at Carmangay,
respectively.

The tillage plots at Lethbridge were in summerfallow dur-
ing 1991 and were subject to three tillage treatments:
(1) conventional tillage or blade-only weed control and
seedbed preparation by three to four passes yr-l with a wide-
blade (150-cm sweeps) cultivator at a depth of 90 mm or
less; (2) minimum tillage or herbicide/fall blade weed con-
trol using herbicides and a single wide-blade cultivation in
the fall; and (3) no-till weed control by herbicide only. The
fallow plots at Carmangay were subjected to two tillage
treatments: (1) conventional tillage using three or four
passes yr-r with either a heavy-duty cultivator and rod-
weeder, or a wide-blade cultivator; and (2) no-till weed con-
trol using only herbicides. Since 1967 (Lethbridge) and
1979 (Carmatgay) bromoxynil, diclofop-methyl and 2,4-D
have been used when required for in-crop weed control, and
glyphosate, dicamba and,2,4-D have been used for chemical
summerfallow during non-crop periods (Table 1). Triallate,
applied only at Carmangay, was broadcast on but not incor-
porated in the no-till plots.

In September 199I, soil cores were collected in 20-cm
depth increments to 80 cm from three locations within each
of the nine plots (three tillage treatments x three replicates)
at Lethbridge, and the 12 plots (two tillage treatments x two
crop rotations x three replicates) at Carmangay. The dimen-
sions of the Lethbridge plots were 6.1 x 19.8 m; the
Carmangay plots were 12 x 55 m (crop-fallow) and
6 x 45 (continuous cropped). Soil samples were collected
using a truck-mounted Giddings drill, and composited into
one sample for each depth increment in each plot. The
stainless-steel core tubes (M5 mm i.d.) were cleaned with

Herbicide
Rate

(g a.i. ha-l)

Table 1. History of long-term herbicide applications at three sites in
southern Alberta

Years appliedz

Total number
of yearly

applications

Lethbridge tillage plots
338-639 1967-1990
398 1967-1984
404-781 t976,1980,1986,1990
104-915 1976-1989
61-890 1977,t979,1980, 1987,

t989, l99l
124-t56 1974, t981, 1986

Carmangay tillage plots
338-596 1979-1988
398-596 t979-t983
795-1069 1982-1988
320-5t7 1980-1989
267-15t7 1980-1987
120-168 1983-1989
910 1989

Lethbridge manure plots
338 1980-1991 (except 1981)
336 t99I
710-781 1980-1991 (except 1981,
1350 1990

Bromoxynil
MCPA
Diclofop-methyl
2,4-D
Glyphosate

Dicamba

Bromoxynil
MCPA
Diclofop-methyl
2,4-D
Glyphosate
Dicamba
Triallate

Bromoxynil
MCPA
Diclofop-methyl
Tnailate

9
4
7

10

8

7

1

l1
I

r987) 10

1

24
t7
4

l-)

6

3

zSoil and groundwater samples for the present study were taken in 1991,
after any herbrcide applications made in 1991.

brushes, rinsed in distilled water, and air-dried after each
sample. Seventy-two soil samples from the two tillage sites
(36 samples from each site) were collected in plastic bags,
transported to the Lethbridge Research Centre in a portable
cooler (4"C), and stored at -40"C.

A long-term (since 1973) manured site at the Lethbridge
Research Centre was used for investigation of herbicide per-
sistence in soil and possible leaching of residues into the
groundwater. Details of the experimental layout (Fig. 1)
and the manure used in this study were previously described
(Sommerfeldt and Chang 1985). Manure was applied ar 0,
30, 60 and 90 Mg ha-r and 0,60,120 and 180 Mg ha-l (wet
wt.) to the nonirrigated and irrigated soils, respectively. The
amounts were equal to one, two and three times the recom-
mended rates (Alberta Agriculture 1980) for this soil type,
under nonirrigated and inigated conditions. Barley
(Hordeum vulgare L. 'Galt') was grown annually on the
plots under conventional tillage practices. Soil textures
(hydrometer method) at the manure site (15-180 cm depth)
range from sandy clay loam to clay loam. Organic C values
of surface (0-15 cm) soil, estimated from percentage organ-
ic matter values (Chang et al. l99l), are I.2, 1.7,2.1 and
2.6Vo fot the 0, 30, 60 and 90 Mg ha-l treatments under dry-
land; and I.3, 2.3, 3.6 and 4.67o for the 0, 60, I2O and
180 Mg ha-t treatments under irrigation. Approximately
33 mm of water was applied to the irrigated plots on 16 July,
and 51 mm on 19 July. Bromoxynil and diclofop-methyl
have been used for weed control since 1980, and MCPA and
triallate have been used only recently (Table l).

Instmmentation installed as part of other ongoing studies
at the manured plots was used for this investigation.
Twenty-two water-table wells (2.54-5.08 cm i.d.) of perfo-
rated (to within 1 m of soil surface) polyvinyl-chloride
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(PVC) pipe were installed in 1913,1978, 1989 and 1990

within or adjacent to the plot area, and 3.81 cm (i.d.) perfo-
rated stainless-steel pipes were installed within 1 m of three
of the PVC wells (Wells #5,13 and21) in the spring of 1991

(Fig. 1). All wells were installed using a solid-stem, contin-
uous-flight auger to a depth of approximately 6.1 m below
the ground surface. The annulus was backfilled with soil,
and a cement or bentonite plug was inserted near the ground
surface to prevent infiltration of surface water.

On 28 May, 11 June, 3 and 15 Jluly,7,19,20 and23
August and24 September L991,84 groundwater samples in
total were collected from the manured plots in l-L polyeth-
ylene (high density) bottles with aluminum-lined caps or in
l-L amber-glass bottles with teflon-lined caps. All bottles
had been washed with soap and hot water, and rinsed with
deionized water and acetone (pesticide grade). All wells
were pumped dry the day before or on the day of sampling
with a WaTerra@ hand pump (Rice Engineering, Edmonton)
or a copper or stainless-steel bailer, and samples were col-
lected using a bailer. All groundwater sampling equipment
was cleaned with water, and rinsed with distilled water
before the next well was sampled. Groundwater samples

collected in polyethylene bottles were stored at -40'C.
Soil from three replicates of the four manure treatments

on irrigation and two replicates of each of the four manure

treatments on dryland were sampled on 23 and 24

September 1991. Two sites in each plot were sampled and

soil samples for each 20-cm depth increments were com-
posited to a depth of 80 cm for each plot. Soil was sampled
as described previously. Eighty soil samples were collected
in plastic bags and stored at -40"C.

trEtrtr
Wdls:
o1e73 o rese

I rrza n leeo

Fig. 1. Experimental design of manure
plots at Lethbridge and location of moni-
toring wells. Shaded plots are those used

in this study. Irrigated plots are on east

half and dryland plots on west half of study

slte.

Water samples collected in glass bottles were stored at

4"C, and shipped to Edmonton in a portable cooler within
24 h of collection. Soil and water samples frozen at -40'C
were stored for a maximum of 6 mo in Lethbridge. All soil
and groundwater samples were transported to Edmonton,
Alberta, in portable coolers (4'C) for analysis by Enviro-
Test Laboratories. Storage stability studies indicated no sig-

nificant degradation of the herbicides under the conditions
of this study (Hill 1992). In Edmonton, ftozen soil and

water samples were stored at20"C until extraction.
Herbicide residues (2,4-D, bromoxynil, dicamba, diclo-

fop, MCPA and triallate) in soil were extracted using a dou-

ble extraction procedure and analyzed by capillary column
gas chromatography (GC) and mass spectrometry (MS)
using selected ion monitoring (SIM) as described by Bruns
et al. (1991).

Glyphosate and its metabolite, aminomethylphosphonic
acid (AMPA), were extracted and analyzed using chelation
ion exchange, with subsequent quantitation by high pres'
sure liquid chromatography (HPLC) with postcolumn
reaction detection (Cowell et al. 1986). Approximately 50 g

of soil was shaken with 150 mL of 0.3 M KOH at 60"C.
After centrifuging, a 130-mL aliquot was placed in a

250-nL separatory funnel, the pH was adjusted to approxi-
mately 3 and the aliquot was partitioned into 50-mL of
dichloromethane (DCM). The DCM was discarded, and

the aqueous layer was adjusted to pH 2.0 t 0.4 and eluted

throuth a Chelex 100 column. The eluent was discarded,

and the adsorbed material was washed with 50 mL water
and 100 mL HCI (0.2 M). After 27 mL HCI (6 N) was

added to the column, 7 mL of eluent was discarded. The
remainins eluent was mixed with 12 rnl- of concentrated
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HCl, and added to an AG1-X8 column and the column was
eluted with 10 mL HCI (6 M). All eluent batches were col-
lected and concentrated to 2 mL with 5Eo MeOtVwater. All
samples were analyzed by HPlCifluorescence using post-
column derivatization and column switchine. The HpLC
operating conditions consisted of two AminEx A-9K (Bio-
Rad Labs., Richmond, CA) ion exchange columns, a mobile
phase of 47o MeOH and 0.005 M KH2PO4 (pH 2.1) ar a flow
rate of 0.6 ml min-l, a detector sensiti"vltybf 0.010 absorben-
cy units, and an excitation wavelength of 230 nm.

Herbicide residues (2,4-D, bromoxynil, dicamba, diclofop,
MCPA and triallate) in groundwater were determined using
the following method adapted from Bruns et al. (1991). Each
water sample was thawed and approximately 800-900 mL
transferred to a 1-L separatory funnel. The pH was adjusted
to 3 with H2SO4 (3 M), and the sample was extracted twice
with dichloromethane and dried through acidified NqSOo.
The sample was concentrated to I mL using a rotary evapo-
rator. After esterification with diazomethane, the extract was
analyzed on a Hewlett-Packard 5971 mass-selective ion
detector using a DB 1701 J & W column.

About 50 g of untreated soil from the study sites and
800-900 mL of tap water were fortified with 25-150 trrL her-
bicide mix standard and allowed to equilibrate for I h. Soil
was analyzed by the double extraction procedure (Bruns
et al. 1991) and groundwater by the method described
above. Recoveries on fortified (5-1000 Fg kg-l) soil sam-
ples ranged from 80.4 to l0l7o (SE = 2.1-12.57a, n = 9).
The minimum quantifiable Iimit (MQL) based on fortified
soil samples was 5 trtg kg-1, except for glyphosate and
AMPA, where the MQL was 10 pg kg-l. Recoveries on for-
tified (0.25-2.0 pg L-I) water samples ranged from 86.8 to
97.9Vo (SE = 3.4-4;7Vo, n = I0). The MQL based on forti-
fied water samples was 0.25 pg L-1. The soil extraction
method was considered appropriate for our weathered field
samples because it had been previously validated and good
recoveries have been mobtained using other aged soil sam-
ples (G. Bruns 1995, pers. commun.). The exhaustive dou-
ble-extraction [overnight shaking in an acid medium fol-
lowed by an ultrasonic extraction in KOFI/H'O as per Bruns
et al. (1991)l ensured maximum recoveries for aged samples.

RESULTS AND DISCUSSION
Despite their use for I-24 yr, residues of dicamba, 2,4-D,
bromoxynil, MCPA and glyphosate were not detected in any
soil samples at the three study sites (Tables 2, 3 and 4). This
finding agrees with previous reports of low persistence of
dicamba (Stewart and Gaul 1917),2,4-D and MCPA (Smith
et al. 1991) and bromoxynil (Smith 1980). Glyphosate had
been recently applied (4 July 1991) to minimum till plots at
Lethbridge, but was not detected in our samples, which is
consistent with an average halflife in soil of < 30-40 d
(Smith and Aubin 1993). The glyphosate metabolite,
AMPA, was not detected at either tillage site.

After application of diclofop for 4-10 yr, its residues were
detected in soil samples from all three sites (Tables 2,3 and
4). Diclofop residues were detected in 3Vo (Lethbridge
tillage site), 6Vo (Carmangay tillage site) and 5Vo
(Lethbridge manured site) of soil samples. The greater per-
sistence of diclofop is consistent with the finding of Smith
et al. (1986). Although they reported rapid and complete
hydrolysis of diclofop-methyl ester to diclofop acid within
9 d of application, diclofop acid underwent slow breakdown
in the field soil, with l97o remaining after 726 d after appli-
cation. Except for one sample detection at depth (60-80 cm)
at the Lethbridge tillage plot, diclofop residues were restrict-
ed to the 0-20 cm or 20-40 cm depth at the other two sites.
Residues in the soil, particularly at shallow depths, are likely
indicative of solute ffansport through small soil pores (matrix
flow) rather than preferential flow through macropores.

Triallate residues were detected in 74Vo of soil samples
from the Carmangay plots 2 yr after a single granular applica-
tion in the fall of 1989 (Table 3), as well as in IlVo of soil
samples from the manured plots 1 yr after a single granular
application in the fall of 1990 (Table 4). Residues oftriallare
are carried over in freld soils to the next crop year, particular-
ly when granular formulations are applied (Smith 1982). Field
persistence studies on triallate in Saskatchewan found that
l2-23Vo of the initial triallate applied persisted in a surface soil
aflet 20 wk (Smith 1979). Triallate residues were found at the
Carmangay tillage plots (60-80 cm depth) and the Lethbridge
manured plots (40-60 cm depth), suggesting leaching of this

Table 2. Herbicide concentration in soil under three tillage treatments at Lethbridge

Herbicide
(pg kg-r soil)z

Treatment 2,4-D
Depth
(cm) Dicamba Bromoxynil MCPA Diclofop Glyphosate

Conventronal tillage

Minimum tillage

No tillage

0-20
20-40
40-60
60-80

0-20
20-40
40-60
60-80

<5
<5
<5
<5

<5
<5
<5
<)

<)
<5
<)
<5

<5
<5
5
<5

<5
<5
<5
<5

<5
<5
<)
<5

<)
<5
<5
<5

d
<5
<5
<5

<5
<5
<)
<5

<)
<5
<5
<5

<5
<5
<5
<5

<5
<5
<5
<5

<5
<5
<5
<5

<5
<5
<5
<)

0-20
20-40
40-60
60-80

<5
<5
<5

9.7*9.7Y

<10
<10
<10
<10

<10
<10
<10
<10

<10
<10
<10
<10

zOven-dry basis.
vMean of 3 samples t standard etor;3Va of 36 soil samples had detectable concentrations of one or more herbicides.
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Table 3. Herbicide concentration in soil under two cropping practices and two tillage treatments at Carmangay

Herbicide
(rg kg-r soil)z

Treatrnent
Depth
(cml Dicamba 2,4-D Bromoxynil Triallate Diclofop Glyphosate

Conventionai tillage

No tillage

Conventional tillage

0-20
20-40
40-60
60-80

<5
<5
<5
<5

<5
<5
<5
<5

4.8x2.4a
<5
<5
<5

<5
<5
<5
<5

<5
<5
<5
<5

<5
<5
<5
<5

<5
<5
<:)
<5

<5
<5
<5
<5

<z
<z
4
<z

<l
<L
<z
4

<5
<5
<5
<5

<5
<5
<5
<5

<5
<5
<5
<5

<5
<)
<5
<)

Crop-Fallow
24.5*8.9aY

<5
<5
<5

44.4t20.4a
<5
<5

-5.615.6

Continuous cropped
<5 94.9t59.Oa
<5 <5
<5 <5
<55

<10
<10
<10
<10

<10
<10
<10
<10

<10
<10
<10
<10

<10
<10
<10
<10

0-20
20-40
40-60
60-80

0-20
20-40
40-60
60-80

14.2+3.7a
<5
<5
<5

No tillage 28.0+ll.la
<5
<5
5

zOven-dry basis.
vMean of 3 samples r standard enor; l47a of 36 soil samples had detectable concentrations of one or more herbicides.

aMeans (for each herbicide at the same depth within 
"u"h "rop 

rotation) followed by the same letter are not significantly different at P = 0.05 level

0-20
20-40
40-60
60-80

herbicide. Although the solubility of triallate is relatively low
(4 mg L-1), long persistence (210 d) affords opportunity for
this herbicide to leach to lower depths (Table 5).

The detections of diclofop and triallate but not
glyphosate, MCPA, 2,4-D, bromoxynil or dicamba in the
soil at the three sites are consistent with the relatively strong
adsorption (high Koc values) and long persistence times
(high tr,, values) of these two herbicides in soils (Table 5).
Soil organic matter is the major factor controlling adsorp-
tion of most herbicides in soils (Yaron et al. 1985). Organic
matter, however, has little effect on adsorption of glyphosate

because as an acid, glyphosate undergoes ionic rather than

hydrophobic interactions with soil and is adsorbed at posi-

tively charged sites on clay minerals (Reinert 1989) via the
phosphoric acid moiety (Torstensson 1985).

Tillage and manure treatment effects among soil samples

could not be discerned in this study because of the consid-
erable number of non-detectable residues and because of the
high standard elror or variability between replicates that was

caused by the small number (2-3) of cores sampled per plot'
Future studies investigating these treatment effects should
attempt to ensure detectable residues in the soil and should

take more samples per plot to minimize the standard error.
Residues of bromoxynil, diclofop and MCPA but not

dicamba, 2,4-D andtriallate were detected in the groundwa-

ter at the manured site (Fig. 2). Diclofop was detected in 67o

and bromoxynil and MCPA in 27o of the 84 water samples

collected. This finding is consistent with the high solubilities
of diclofop and MCPA and, to a lesser extent, bromoxynil
(Table 5). The detection of diclofop in the groundwater, but
not below the 40-cm depth in soil (Table 4), suggests the pos-

sibility of preferential flow through soil macropores and

illustrates the insights gained by sampling both soil and

groundwater. Manure treatrnent effects could not be dis-

cerned among the wells because of their location along the

borders of the plots and because of the small size of the plots'
Maximum concentration of MCPA in the groundwater

(8.9 pg L-1) was in a well (well28) adjacent to the plots on

3 July 1991 (Fig. 2). The Canadian drinking water guideline
for MCPA is currently under development; however, the

interim guideline for livestock water is 25 Stg L-l (P. Yves
Caux!994, pers. commun.). The maximum concentration of
bromoxynil (6.5 pg t-t; in a well (well 28) adjacent to the

plots on 3 July 1991 exceeded the Canadian drinking water
guideline of 5 pg L-r. The maximum concentration of diclo-
fop in groundwater (47 pg L-1) in a well (well 14) within the

irrigated plots on 15 July 1991, was above the Canadian

drinking water guideline of 9 pg L-t (Canadian Council of
Resource and Environment Ministers 1987). MCPA, bro-
moxynil and diclofop were also detected in shallow ground-
water at other irrigated sites in southern Alberta, and in
some cases diclofop exceeded the level set by the Canadian

drinking water guideline (Rodvang et al. 1992)'
MCPA and bromoxynil applied to the manure plots might

be expected to move with the groundwater toward well 28,

because the water table beneath the manure plots slopes

toward this well (data not shown). Transport of these herbi-
cides in surface runoff to this well would be unlikely
because of the level relief at this site. The detection of
MCPA and bromoxynil in wells on 3 July was likely related

to their application on 18 June 1991, followed by 110 mm
of rainfall between 19 and 30 June (Fig. 2). Water table lev-
els in the plot area rose by about 1 m from 13 to 27 June

1991, indicating significant groundwater recharge.
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Table 4. Herbicide concentrations in soil under different manure
treatments in dryland and irrigated plots at Lethbridge

Herbicide
(rg kg-l soil)z

MCPA Bromoxynil Triallate Diclofop

Dryland
97.2+6.2aY 5.6t5.6a

<5<5
5<5
<5 <5

Table 5. Solubility, adsorption to organic C Qog K*), and half-lives
(lu) of herbicides examined in this study

Solubility
(mg L-r) Log K* tu2(d)

Manure
Treatment Depth
(Mg ha1) (cm)

<5<5
<5 <5
<5 <5
<5<5
<5 <5
<5 <5
<5 <5
<5<5
<5<5
<5 <5
<5 <5
<5 <5

<5 <5
<5 <5
<5 <5
<5 <5

30 0-20
20-40
40-60
60-80

60

90

<5 <5
<5 <5
<5 <5
<5<5
<5<5
<5<5
<5<5
<5<5
<5<5
<5 <5
<5 <5
<5 <5

<5 <5
<5 <5
<5 <5
<5 <5

0-20
20-40
40-60
60-80

0-20
20-40
40-60
60-80

60

t20

180

0-20
20-40
40-60
60-80

Diclofop
Glyphosate
Dicamba
MCPA
2,4-D
Bromoxynil
Triallate

t2270V
15 700w
4 500w

800-1 600
900w
130w

2.4v 14-21 (SL); 21-28 (HvC); >70 (SiC)x
NA' <30-40u
0.5t <l4w
2.V 4-14; l4-4rP
l.3o <7-20;q7l-3lv
1.7\ l4m
3.40 21d

<5
<5
<5
<5

<5
<)
<5
<5

<5
<5
<5
<5

<5
<5
<5
<5

zOven-dry basis.
vMean of 2 (dryland) or 3 (irrigated) samples t standard enor; l37o of 80
soil samples had detectable concentrations of one or more herbicides.
a,bMeans (for each herbicide at the same depth within each dryland or irri-
gation treatment) followed by the same letter are not significantly different
atP=0.05level.

coNcLUstoNs
After repeated herbicide applications for l-24 yr, there were
no detectable residues of glyphosate, dicamba, 2,4-D,bro-
moxynil and MCPA in soil at the th_ree sites. The only
detectable residues in soil were of diclofop and triallate.
Our findings support the claim that long-term application of
commonly used herbicides under typical agricultural prac-
tices in Canada do not cause any significant residue accu-
mulation in soils (Smith 1982). As noted by Smith, only
repeated use of highly stable herbicides would lead to sig-
nificant residue accumulation in soil. However, residues of
MCPA, bromoxynil and diclofop in the shallow groundwa-
ter at the manured plots, with the concentrations of the lat-
ter two herbicides exceeding the levels set by the Canadian
drinking water guidelines in some samples, is cause for con-
cern, and may indicate that certain herbicides bypass the soil

zCessna et al. (1994); buffered at pH 7.0.
YGiirlitz and, Engrdber (1992).
xSmith (1977); SL, sandy loam; HvC, heavy clay; SiC, silty clay.
PWeed Science Society of Amenca (1994).
vNA, not applicable; glyphosate not adsorbed to organic carbon.
uSmith and Aubin (1993).
tGrover and Smith (1974).
sSirons et al. (1982).
rKenaga (1980).
qsmith et aI. (1991).
PFoster and McKercher (1973).
oWauchope et al. (1992).
nEstimated from solubility and melting point using eq. 13 of Karickhoff
(1e8 1).
mRoyal Society of Chemistry (1986).

'Estimated from field persistence data (23-75Vo remaining after 30 wk) of
Smith (1975).

May Jun Jul

1 991

Fig. 2. Daily precipitation and irrigation from 30 April to 29
September 1991, at Lethbridge in relation to maximum herbicide
concentrations in the groundwater. Vertical arrow indicates date
of herbicide application (18 June). Ten percent of 84 water sam-
ples had detectable concentrations of one or more herbicides.
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0-20
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60-80

0-20
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0-20
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60-80

8.1t 1.1a
<5
<)
<5

<5
<5
<)
<)

6.7t0.5a
7.7x7;7
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<5

65.5x39.0a
<5
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<5
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66.0+66.0a
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profile by rapid leaching in macropores. We recommend

that future monitoring studies sample both the soil and the

groundwater to account for possible macropore flow.
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