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Management Perspective

During the past 15 years, there has been a growing concern about the potential for pesticides
to contaminate gro‘u'ndWate‘rr This contamination may lead to associated health risks because of both -

the inherent toxicity of pesticides at very low conc‘entrations and high dependence of rural residents

on groundwater for their drmkmg water needs (over 90% of rural residents in Canada rely on

groundwater). The potent1a1 link between groundwater contammatlon from pesticides and human

health has prornpted federal and provincial govemment agencies to assess the fate of pesticides in
the subsurface and to enact regulations designed to protect Canada's groundwater from pesticide
contamination. | ; | |

It is generally thought that the meteorological“ and hydrogeological conditions found in the
“southern and central Saskatchewan are not conducive to pesticide transport to the water table
because the low amount of precipitation combined w1th hngh evaporat:on rates limit the potentral
for recharge, the water table is often very deep, and the matrix hydrauhc conductivity of the
dominant surﬁciai deposits of the region (tills and lacustrine sediments) is very low. However, | the
~ results of this study indicated that the use of pestncrdes at three agricultural sites in the Outlook
Irrigation District of Saskatchewan has resulted in traces amount of pesticides bemg detected in
' _ some samples collected from piezometers mstalled in the shallow groundwater regime. It is
suspected that the pesticides were able to migrate to the water table through vertical fractures which
are commonly found in the underlymg tills and silts. When combined with i irrigation that is applied
at these site, these two factors create a mechamsm‘for the considerable more rapid movement of
pesticide and to greater depths of leaching than would occur in unfractured sediments (i.e.

intergranular flow) and under typical precrp:tatxon condmons

Y
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ABSTRACT

'During 1987 and 1988, the peStic‘ides 2,4-D, diclofop-methyl, dicamba, MCPA, triallate, and
bromoxynil were detected in shallow groundwaters beneath three irrigated tesearch sites in the
Outlook Irrigation District of Saskatchewan. All of the pesticide detections were below the limits .
set by the Canadian Drinking Water Quality Guidelines. Meterological and hydrogeological
conditions are generally not conducive to peéticide‘ leaching to the water table in this region.
However, it is suspected that the pesticides applied at the surface were able to migrate to the water
table through the numerous vertical fractures that exist in the tills and silts underlying the fields.
When combined with irrigation that is applied at these sité, these two factors create 2 mechanism
for the rapid movement of pesticide to a greater depth of leaching than would occur in unfr'actufed
soils and with typical precipitation. Further, it fs suspected that storage of pesticide in the soil matrix
and subsequent desorption during later intense recharge or irrigation events is responsible for

observed pesticide detections weeks or months after a pesticide was applied.



INTRODUCTION

Numerous studies have documented the ' widespread occurrence of gr‘oundwatér
contamination by pesticides in agricultural areas th}oughOut Canada, even when used within
recommended épplication guidelines (Gilles and Walker 1986; Frank et al. 1987a, 1987b, 1990;-
Jackson et al. 1990; Waite et al. 1992; Liebscher et al 1992; WCGR et al. 1992)§ Unlike many
regions of ’Canada, reported incidences of the contamination of groundwate__r by pesticideé are rare
in Saskatchewan. Still, given the extensive use of :hgﬁc’ultural pesticides‘ in the province, the
inadvertent contamination of gfoundwater ‘su_pplies Fmay be a potential threat to human health
because of the inherent toxiéity of pesticides at low cohcen,tra_tions, compounded by the importance
of groundwater as the source of drinking water for most rural residents and municipalities (90% of

rural residents and 81% of municipalities in Saskatchewan (Hess 1986)). |
* Studies have shown fhat meteorological and h‘yjdrogeological conditions found in the prairies
are not conducive to pesticide transport to the wate:r table (Crowe and Mutch 1992; Pujpp'e.t al.
1991). Speciﬁcally, the low amount of precipitation combined with high evaporation rates limit the
‘potential for recharge, the water table ié often very deep, and the matrix hydraulic conductivity of
‘the dominant surficial deposits of the region (tills and lacustrine sediments) is very low. However,
it is recognized that fractures are common in man§ of these deposits (Grisak and Cherry 1975;
Schwartz 1975; Hendry 1982; Keller et al. 1986), and the presénc‘e of fractures, occupying a very
small percentage of the total volume of the soil proﬁl‘é, can account for the majoﬁty of vertidal_ flow
(Blake et al. 1973; Beven and Germann 1982; Ewing and Jaynes 1995). The presence of fractures

‘may increase the potential for pest1c1des to migrate to the water table in Saskatchewan.

The purpose of this paper is to present the results of a study designed to detenmne if

pesticides which are commonly used in agncultura} regions of central Saskatchewan will leach to

the water table. In addition, possible mechanisms that contribute to pesticidé leaching will be -

discussed. The pesticides evaluated in this study are Ediclofop-methyl, dicamba, MCPA, bromoxynil,

- 2,4-D amine, trifluralin, and triallate. “ |
Three irrigated sites, in central Saskatché‘%»van (Figure 1) were selected. These sites are
knovs}n as (1) the Pederson site, (2) the Saskatchcwaé Irrigation Development Centre (S.LD.C.), and
3) thé Konst site. The study areas are within the ;“Outlook Irrigation District, which is part of the

South Saskatchewan River Irrigation Project.
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Regional Setting , | :
The three study sites are situated on the Outlook Plain (Ellis et al. 1968). The topography is

nearly level, to gently undulating. The Plain has limited drainage to the South Saskatchewan River

and there are no natural year-round drainage courses on or 'near any of the three study sites.

The Outlook area falls within the arid to semi-arid climatvic zone. The mean annual
precipitation, over the period 1951-1980, was less than 300 mm (Enviroﬁment’ Canada 1986). On
average, there are fewer than 100 days per year with measurable pr‘ecipita‘tiqn. The mean annual July

daily temperature is approximately 18°C; for January is -17.5°C. Evapotranspiration is very high,

v with of mean annual lake evaporation of 800 mm to 900 mm (Ferguson et al. 1970). The number of

érowing season degree-days with temperature above 5°C is from 1250 to 1500.° A
Most agricultural sites in the region are irrigated because of the net annual water deficit. The

water used for irrigation at the three sites is pumped from Lake Diefenbaker (Figure 1). The

distribution system is operated by the Saskatchewan Water Corporation.

‘ DESCRIPTIONS OF THE THREE STUDY AREAS
The Pederson Site | |

The Pederson site is irrigated using the flood corrugation method, by which water applied
to a sloped parcel of land flows from high to low elevation under graw)ity, directed by numerous

closely spaced shallow furrows cut into the land parallel to the direction of maximum slope. This

site has also been investigated for pesticide runoff in irrigation return flow (Nicholaichuk et al. 1986,

1988). The Pederson site is drained artificially, by means of a north-south ditch which cuts across
the site (Figure 2). This ditch was placed to intercept excess iﬁigation water (return flow) flowing
either over the surface or through the shallow subsurface from the irrigated field during and
following irrigation. 'I‘he ditch contains water only during irrigation, spring runoff, and heavy
precipitation events.

The location of test holes and piezometers used to investigate the stratigraphy 6f the site,

hydrogeological conditions, and monitor for pesticides are shown in Figure 2. Two test holes, 87-01

and 87-02, were drilled to a depth of 18 metres to investigate site stratigraphy.

The site is underlain by poorly permeable glaciolacustrine silts and clayey silts, with some

interfayered sands. These are the most widespread surficial deposits in the Outlook area
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(Saskatchewan Research Council 1986) A thick glacroﬂuwal sand unit, encountered by plezometer

87-13 (cross section B-B' in Frgure 3), rests unconformably on a silt or silty clay which is found at -

surface in the other auger holes drilled on the site. This glaciofluvial sand is not evident a short
distance to the north (see cross section A-A' in Figure 3) Two till units are encountered beneath the
silts, silty clays, and sands. The uppermost unit is a"‘j soft, sandy, calcarecus brown till which is
generally oxidized. This unit is laced with small sand layers of unknown areal extent. In cross
section B-B', the similarity of stratigraphy between holes 87-02 and 87-10 indicates that some of
these intertill sands may be continuous over the western half of the site. The lower till is harder than
the above, olive grey in colour, cxidized,_;and fractured with gypsum foujnd lining the f'ra’ct_ur‘es. :
The soil at this site is a chernozemic dark hrown soil which developed on medium to

fine-textured silty glaciolacustrine deposits belonging to the Elstow Association (Ellis et al. 1968).

The S.ID.C. Site

The Saskatchewan Irrigation Development Centre (8.LD.C))is an irrigation development

farm administered by the Saskatchewan Water Corporatlon (S.W.C) and the Prairie Farm
Rehabllltatlon Admmlstratlon (Figure 4). The S. LD. C is irrigated using both s1de roll and centre
pivot sprinklers. The S.I.D.C. was ongmally established in 1949 as the Outlook Predevelopment
Farm, to demonstrate the benefits of irrigation in a dryiand agricultural environment (Jones and
Lebedin 1986). The use of irfigation on the site has been the cause of a progressively worsening soil
water logging and salinization problem, which by 1987 had rendered approximately 20 hectares of
the land unsuitable for demonstration purposes. As a part ofa plan to reduce soil salinity on the site
- and reclaim the area which has been lost to sahmzanon, a subsurface drainage network was installed
in 1986 under Field 11, in the southwe_st corner of t_he‘jsite (Figure 4). Ten piezometers were installed
on the S.I.D.C. site, using a cable tool rig. Their locations are shown in Figure 4.

The stratigraphy of the S.I.D.C. site is ‘illuét’rated by Figure 5. Jones and Lebedin (1986)
descnbe two main hydrostratigraphic units, Kl and K2, at the S ID.C. site which were easily
delineated in the auger holes drilled for this study. The uppermost (Kl) zone consists of silt and srlty
sand. The underlying K2 zone is a clayey till. The hydrauhc conductivities of the K1 and K2 units

are about 10 m/s and 107 m/s, respectively. Tlll is encountered beneath the K2 unit. From an

interpretation of data available from the present study, it is apparent that the K1 unit is an




unconfined, possibly perched aquifer. This is in agreement with Jones and Lebedin (1986).
Observation ' well hydrographs indicate that irrigation is responsible for the upward

movement of the water table observed since 1981 when monitoring began. The amount of recharge

provided by irrigation exceeds the amount of groundwéter discharged from the flow system.

According to Jones and Lebedin (1986), the primary cause of this is the comparaﬁ_ve]y low hydraulic -

- conductivity in unit K1, and the lower petineability K2 unit beneath it restricts drainage. A rise in

the water table throughout the summer (June to August) was clearly observed in several of the site's

-piezometers during the summer of 1987.

The soils of the S.I.D.C. area are classified within the Bradwell Association (Ellis et al.
1968), which is a dominantly cheriozemic dark brown soil developed on glaciolacustrine parent
materials. The lacustrine sediments underlying the soil zone are very fine-grained, cohsequently the

soils have been classified as very fine- to fine-grained sandy loams.

The Konst Site

The Konst site (Figure 6) is irrigated by centre pivot. At the Konst site, apprommate]y 53 ha
have undergone increased soil salinization since irrigation began in the late 1960's. A subsurface
land drainage system has been'installed'bgneath the salinized area in order to reduce waterlogging

and to accelerate the leaching of accumﬁlated salts downward through the unsaturated zone. An

vaddi'tional set of drains was installed in 1987 by the S.W.C. in order to accelerate the movement of

groundwater through the soil profile. Ten piezometers were drilled on the Konst site by the S.W.C.
in 1985 as part of a soil salinization study. Piezometer locations are shown on Figure 6.

The Konst site is underlain bby sandy sediments of* glaciofluvial deltaic origin. The deltaic
sands form an aquifer, which approaches a thickness of4m béneath sections 2 and 3. The sand thins
or pinches out completely to the west near SWC-02 (Figure 7). TH_e deltaic sand aquifer receives
large amounts of leached irrigation water and conducts this water down—gradierit to the west. The
thinning of aquifer adjacent to the South Saskatchewan River valley causes an increased gradient
between the aduifer and the land surface so that the groundwater essential'lyﬂows upward through
the overlying silts and gives rise to the development of w‘aterlogging and soil salinity (Figure 6).

The Konst site is underlain by soxls of the Asquith and Bradwell Assoc1atlons (Ellis et al.

1968) The Asquith Association soils are orthic to calcareous dark brown soils developed on
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hummocky disintegration moraine, with limited extenial drainage. The Bradwell Association soils
are chemozemlc or orthic dark brown fine to very ﬁne sandy loams developed on a gently slopmg

glacxolacustrme plain.

GROUNDWATER SAMPLIN G METHODOLOGY
Upon completlon of drilling and installation, a penstaltlc pump was used to remove several
casing volumes of groundwater from each plezometer in order to develop the intake zone and to
remove any traces of contamination which may have been present from the dnllmg operations. In
low yield piezomeiers this was done by repeatedly pumping the pieiometer dry and allowing the
water level to rise again in the interim. '

Pesticide samples were collected using a p,eristaltic pump and dedicated Teflon hose placed

in each piezometer to avoid cross-contamination between piezometers. Before sampling, each

 piezometer was pumped to remove several Gasing volumes of watert Because of slight turbidity, all
samples were filtered through 0.45 micron Millipore filter paper in the field. Samples consisted of
approximately 0.6 L of groundwater collected in 1-litre glass bottles which had been washed and
rinsed with pesticide grade acetone and hexane and autoclaved for 8 hours at 300°C. The bottle caps

were lined with solvent-nnsed and autoclaved alunisiumn foil. Samples were placed in a cooler and

kept at approximately 4°C in the field until they could be brought back to the National Hydrology |

Research Institute, where they were put into a cbl_d room at -50°C. The bottles were not filled

completely making it possible to freeze the samples without breakage. Samples were stored for up -

to four months before analysis.

The samples were submitted to the Saskatchewan Research Council laboratory for analyses
of 'ma]or ions, nutrients (mtrogen_ and phosphorus species), hardness, alkalinity, pH, iron,
' manganese, and organic carbon. During the 1987 sampling period, samples were also submitted to

Environment Canada's Water Quality Branch Laboratory for analysis of nutrients.

I i ! i )



RESULTS
The Pederson Site

‘Table 1 presents the crop management and water sampling séhe,dule at the P‘edei‘son site over
the course of the 1987 and 1988 field seasons. Two irrigations were performed in 1987 and four
during 1988. The 1987 application of thé herbicide diclofop~rhethyl (Hoe-grass) occurred on June
8, 1987. A mixture of dicamba and MCPA (Dyvel) was applied on June 17, 1987. A mixture of
diclofopfméthyl and bromoxynil (Hoegrass-II) was applied on June 9, 1988, followed by 2,4-D
amine about 5 days later. The application rate of each pesticide is given in Table 1.

Samples éol_lecfed during the 1987 field season were analyzed for dicamba, MCPA, and
diclofop-methyl. The 1988 samples were analyzed for bromoxynil, 2,4-D, and diclofop-methyl.
Analytical results from the samples collected are presented in Tables 2. All of ‘thé pesticide
concentrations were well below the maximum acceptable concentrations (MAC's) established by
the Canadian Drinking Water Guidelines (Health and Welfare Canada 1993) for pesticides.

During 1987, tfaces of diclofop-methyl were detected in piezorheters adjacent to the drainage
ditch (87-04, 87-05), at the eastem edge of the site (87-08, 87-09), and é,t the western end of the site
(87-11). Traces of diclofop-niethyl were not detected in the piezometers located in the centre of the
fields (87-12, 87-07, 87-13), in some of the piezometers near the drainage ditch (87-06, 87-03,

| SIDC), or at one of the piezometers at the western edge of the site (87-10). The méximum

concentration detected during 1987 was 0.54 jug/L, on June 11 at piezometer 87-05. .

During 1988, diclofop-methyl residues were detected in five piezometers, as was the case

. during 1987. However, of the five piezometers exhibiting trace amounts of diclofop-methyl during:

1988 (87-03, 87-05, 87-06, 87-07, 87-12), only one piezometer, 87-05, had detections during both
1987 and 1988. In piezometer 87-03, a detection of diclofop-méthyl occurred on the date of
application and another during the first irrigation of the summer (June 9, 19{88). Early detection of
diclofop-methyl was not observed in 87-05, but samples collected later in the summer contained
detectable amounts, and these may be related to the four irrigations during the cdurse of the summer.
The only detection of diclofop-methyl from 87-07 was in a sample taken on Méy 19, 1988, and this
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~occurred before the application of Hoegrass-1I and the first irrigation on June 9, 1988. There were
multiple detections of diclofop-methyl in piezometers 87-03, 87-05, 87-06, and 87-12, and in éach
case the concentration of diclofop-methyl increased during the sampling period.

The spatial distribution of piezometers exhibiting diclofop-methyl detections does not show

a definite pattern in either 1987 6r 1988 that could (f;orrelate. surface features (e.g., the drainage h

ditch) or piezometer location. Diclofop-methyl also was detected in a sample of irrigation water
collected on June 10, 1988.

Dicamba o

Dicamba was é‘p‘plied on June 17, 1987. Dicamba was detected in the S.1.D.C. piezometer |

in the sample collected on July 7, 1987. It was not ciétected in any subsequent sample in 1987 or
1988. The only other detection of dicamba during 1987 ‘and 1988 was 0.44 pg/L in piezometer 87-04
on June 11, 1987; 6 days before it application on the field. It was not detected in any other sample
in 1987 or 1988, or at any piezdmcter other than 87-04. It is hot possible that the application of
irrigation water containing trace amounts of dicamba on this field infiltrated to the water table
bécause ihe first irrigétion did not oc‘cuf until Ju_nfé 23, 1987, or 12 days after its detection in
piezometer 87-04. Although both ;;iezometers 87-04 aﬁd S.ID.C. are adjacent to the drainage ditch,
it is unlikely that water from the drainage ditch is the source of this dicamba because traces of
dicamba were not found in other the piezometers near ihe drainage ditch (Figure 2) even though

these other piezometers respond rapidly to irrigation. It is suspected that dicamba was carried over
| from a previous year's application. Dicamba was not applied to the site nor analyzed during 1988,

and hence this can not be confirimed.

MCPA was applié’d at the site only on June 17, 1987, and was not applied during 1988. Of
the twelve piezometers sampled at the Pederson Site, only three piezometers 87-03, 87-10, 87-12,
did not exhibit tfac.eé of MCPA. The maximum concentration found was 0.53 pg/L in piezometer
87-09 oh July 9, 1987. Piezometers 87-07, 87-08, and 87-09 i1ad dgtectable leveis of MCPA in both
the June and July samples. Detections in piezometei's 87-05, 87-06, 87-08 and 87-11 from the June
10 and 11, 1987 szimpling episodes predate the June 17, 1987 application of MCPA on the field.
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" Infiltration of water containing dissolved MCPA prior to this date is not suspected because none of

-~ the other piézometers adjacent to the irrigation ditch exhibited pesticide detections. It is suspected

that there is some carry-over from p'revious years. However, there were no detections of MCPA

* during the 1988 sampling program. Detections in piczometers 87-()7, 87-08, and 87-09 oCcur’red)-in
. the both the July 7, 1987, and July 17, 1987 samples, with concentrations decreasing from the first

sampling to the second. The S.1D.C. piezometer and 87-13 showed detectable MCPA on July 7,
1987, but no further detections over the summer. There were no detections of MCPA in 87-03 or 87-
10 even thoughfthgse piezometers are within a few metres of tﬁe S.LD.C. piezometer and 87-11,
respectively (both of which exhibited detections of MCPA), and were drilled to similar depths.

- Bromoxynil, which with diclofop-methyl is an active ingredient of Hoegrass-II, was applied -

~ onJune 9, 1988 as the N-octznoic ester. Bromoxynil was detected in piezometers 87-05, and 87-03

on June 22 and July 4, 1988, respectively. These are both shallow piezometers (less than 5 t depth),
located at the low end of the irrigated field, where considerable ponding of water is observed during
each flood irrigation event. Bromoxynil was not detectéd in piezometer 87-06, situated only about
10 m from 87-05, during the summer of 1988, but was detected several months later during the '_
December 7, 1988, sampling. Piezometer 87-06 is 7-8_ m deeper than 87-05, and hence it may have
taken longer for the pesticide to leach to fhis depth. It is suspected that tHe bromoxynil detected in
‘piezometers 87-03, 87-05 and 87-06 originates from water in the drainage ditch because these three
piezometers are located adjacent to the drainage ditch and bromoxynil was ot detected in any of

the piezometers located aWay from the drainage ditch.

24D amine was applie’ii to the study area on June 1-4., 1988, or about five days after the first .
irrigation. It was not detected in any of the groundwater samples collected during the 1988 summer
field season, but was found in two samples from piezometers 87-03 and 87-05 during December,
1988. The 2,4-D may have originated from éontaminated water in the drainage ditch infiltrating to

the water table, because the only two piezometers in which 2,4-D was detected are adjacent to the

drainage ditch.



The S LD.C. Site ,

During the summer of 1987, samples were collected from plezometers SIDC-02, SIDC-06,
SIDC-07, SIDC-09, and SIDC-10. In addition to the groundwater samples, a sample was collected
from each of the two outlets from the drains installed m the southwest corner of the site (field 11).
Samples were not collected in 1988. - ' | |

Because the S.ID.C. site is used by many dlﬁ‘erent researchers, is broken into many small
~ plots, and is used for different.crop experiments, a.d_etalled land use schedule for 1987 is not

available, nor are the precise irrigation dates known for the S.LD.C. site. However, Figure 4 shows

the location and types of pesticides used on each pldt. They include: Buctril M (Bromoxynil and

MCPA), Hoegrass II (diclofop-methyl and bromoxynil), Treflan (trifluralin), Fusilade
(fluazifop-butyl), Round-up (glyphosate), Sencor (metribuzin), and Tilt (propiconazole). From
~ Figure 4, it is evi"dent t"hat the most common pesticides used are diclofop-methyl, bromoxynil, and
trifluralin. The fungicide ;lropiconazole, metribuzin, and triallate were only used over a very small
portion of ﬁe‘ld 7. Thirt_een g'rOUndwater samples were analyzed for triﬂuralin, triallate, dicamlda,
bromoxynil, 2,4-D, and diclofop-rnethyl (Table 3). Groundwater semples were not analyzed for
glyphosate. Only triallate, 2, 4;D and diclofop-methyl were detected during the sampling program

_and only these three pesticides will be discussed below. None of the pestrcrde concentrations

exceeded the MAC's of the Canadian Drmkmg Water Gundelmes (Health and Welfare Canada 1993)

Diclofop-methyl was detected only in piezometers SIDC-01 on July 28, 1987, and SIDC-02
on June 25, 1987. These detections probably occurred after a spring application of diclofop-methyl
and irrigation, although land use data are not available to verify this. The absence of diclofop-methyl
in subsequent. sarﬁples indicates that it either ﬂushed through the groundwater system or degraded

rapidly enough to prevent detectable amounts from reaching the water table later ifi the summer.

24D | | |
' ~ 2,4-D was detected in one sample each from piezometers SIDC-01 and SIDC-09. Because
2,4-D was not used on fields 2 or 3 during 1987, these detections are attributed to carry over of

leached‘ chemical from previous years or from 2,4-D dissolved in the irrigation supply water. No
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analysis of the supply water is available from the S.LD.C. site, although it is notable that supply -

water at the Konst site contained detectable concentrations of 2,4-D (see below).

Triallate was detected in piezometer SIDC-10 which is screened from 3 to 4 m below ground
surface (Figure 4). The source of triallate detected in this piezometer may be a small expenmental

plot in ﬁeld 7 where a number of broadleaf and grassy herbicides were used. Tnallate was also

- detected in SIDC-01. The detection of triallate i in SIDC-01 is problematical because it was neither
used on the field in which SIDC-01 is located, nor used on any nearby fields. It may be possible that

the detection originated from contaminated irrigation water applied to the field.

The Konst Site |

.The Konst site was sampled only during 1987. Samples were collected from piezometers
SWC-01, and SWC-04 through SWC-09. Samples wefe also collected from the tile drain outlet A
located on the west edge of the site and from the irrigation supply canal near piezometers SWC-06
and SWC-07 (Figure 6). Pesticides used on sections 2 and 3 include Buctril M (bromoxynil and
MCPA), Hoegrass (diélofop-methyl), Poast (s,efhoxydim), Fusilade (fluazifop-butyl), and MCPA.
Fifteen groundwater samples and four irrigation supply samples from the Konst site were analyzed
for trifluralin, triallate, dicamba, bromoxynil, 2,4-D, and diclofop-methyl. The analytical results are
shown in Table 4. The only pesticide residues detected were for diclofop-methyl, 2,4-D and triallate.
All pesticide concentrations of groundwater the sémples are well below t_hé MAC's stated in the
Canadian Drinking Water Guidelines (Health and Welfare Canada 1993).

Diclofop-methyl was detected in three out of four of the irrigation supply water samples
collected from the canal and in four groundwater samples from SWC-04, SWC-08, and SWC-09
(two samples). Diclofop-methyl was not used on the Konst site during 1986 or 1987. Therefore, it

is suspected that diclofop-methyl in the grOUndWaters is due to its presence in the irrigation supply.
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- Triallate was detected in low concentrations in piezometers SWC-01, SWC-06, SWC-07, and
SWC-08 (all located next to the irrigation water éu‘pply canal), as well as in two samples from the
irrigation supply canal funning past the site. Triallate was not detected in any groundwater sample
obtained from piezometers located away from the irrigation canal. Triallate is not used on the Konst
site and therefore, it is suspected that the triallate detections originated during infiltration of the
irrigation water from the irrigation supply canal. It is possible that the saridy glaciofluvial sediments
beneath the site are conducive to the rapid movement of triallate through the saturated zone from
land to the east of the Konst site. However, if triallate is persistent enough to remain in the
groundwater as it flows under the sité from the east, then it should appear in more than'only one of

two samples each collectéd during the summer of 1987 in each of the three piezometers. It did not.

2,4-D was detected in all four irrigation supply samples from the canal and in six of the

seven piezometers (not detected in SWC-09). Bécaq‘se 2,4-D was not 'applied to the site, there are

two possible mechanisms to explain the detections of 2,4-D; leakage from the irrigation supply canal -

.or from groundwater entéﬁﬁng the site from the topographically higher farmihg areas to the east of
the site. Because 2,4-D was detected in all four irrigation water samples, it is suspected that this is
the source of the 2,4-D in the groundwater. Alternatively, if 2,4-D did oﬁginat'e to the east of the site
then it should appear in most of the piezometers and “ samples collected during the summer of 1987.
Because 6 of the 7 piezometers and 1.2 of 19 samples exhibifed 2.4-D detections, this could also be
a possible source of the 2,4-D in the groundwater.; There is insufficient evidence to conclusively

-support either alternative.

POSSIBLE MECHANISMS CONTRIBUTING TO PESTICIDE LEACHING

It is suspected that the principal factor contributing to the detection of pesticides in the
groundwater is the presenc\e of thé numerous vertical fractures which exist in the silts and tills. As
~ noted previously, vertical fractures are commonly reported in fine grained sediments. Detailed water
level méasurements were taken at the Pederson site during the summers of 1987 and 1988 to

determine if fractures are an important feature of these sediments. Based on an analyses of the
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hydrographs from the piezometers at the Pederson site, infiltration through the unsaturated zone to

the water t_ablé occurs as both intergranular flow and fracture flow. In permeable soils, such as the

sands and gravels, infiltration occurs as intergranular flow. Intergranular flow is much slower than

fracture dominated flow, and the nature of a porous media will cause the water to disperse over a-
larger area. Hence, an observed water level response in a piezometer would exhibit a very gradual,

or negligible, rise and fall in the water level in response to i‘rrigation (Figure 8). This response is

seen in piezometers 87-07, 87-10, and 87-13.

In ﬁll, clay or silt, infiltration is preferential channelled through vertical fractures éausing
a rapid downward movement o_f water. As water rﬁoves downward through, or is stored within, the
fractures, water will slowly move into the adjacent pordus media. A typical response of the water
level observed in piezometers intersecting vertical fractures is a very rapid increase in the watef |
level occurring a few hours after each irrigation event, du_e to saturation of these fracture_s, followed -
by a subsequent gradual drop in water levels over the following weeks as the water stored in the
fractures is drained into intergranular storage adjacent to the fractures (Figure 8). This type of
response is'seejn at piezometers 87-03, 87-05, _and 87-12. | '

In soils where the density and the connectivity of vertical fractures is much lowér, and where
the hydraulic conductivity of the intergranular méterial has a sufficiently high speciﬁé storage to
characteristics of both fracture flow and intergranular flow. Water levels rise rapidly aﬁér irrigation,
due to infilling of, and flow through, vertical fractures, then ‘declj,r_le very gradual or negligible
during the following weeks due to the slow release of water from matrix storage into the fracture
(Fig'ure 8). These water level responses were observed in piezometers 87-04, 87-06, and 87-09.

| Water level measurements in the piezometers at the S.1.D.C. ‘and Konst sites were not
measured at a sufficiently small time interval (measurements taken daily to monthly) to clearly show
the response of the water tablé to irrigation events. However, these data-do show that the water table
rises in response to irrigation and it is suspected that fine-grained sediments (silts, tills, clays)
contain vertical fractures which control flow through the unsaturated zone.

The vertical fractures enable the water to infiltrate to the water table from both water that has
accumulated in the irrigation drainage ditches and directly from water applied to the field. Because

of the rapid and essentially direct downward movement of the pesticide, the pesticide will pass fuch



13

of the upper portion of the soil horizon which is the most biologically active zone and region
containing the highest amounts of organic carbon. Thys,- the amount of pesticide that would have
~ been degraded or absorbed by passing through the soil matrix as intergranular flow will be much
lower, and hence concentrations at the water table will be relatively higher. In addition, the
seemingly erratic pattern of pesticide detections in the fields could be due to the variation in fracture
density, depth of penetration of the vertical fractures and the number of fractures intersecting each
of the piezometers.

At the Pederson site, groundwater analyses froi piezometers 87-07, 87-10, and 87-13, which

were completed in sand (unfractured media) appear to show fewer detections of pesticides (except

for 87-07) than the piezometers exhibiting fracture dominated flow. For example, dicamba, 2,4-D

and bromoxynil were not detected in these piezornéters, but were detected in at least one

groundwater sample from all the piezometers exhibiting fracture-flow characteristics. Also,

diclofop-methyl, which was detected in only one sample from piezometers exhibiting intergranular ‘

flow, was detected in all eight of the piezometers at which ﬁactdre flow dominates.

It was quite common for pesticide to' be detected either several days before the pesticide was
applied, or during a year in which the pesticide was not applied to the field. The suspected
mechanisms that may account ‘fOr this at the three:sites include the infiltration of contaminated.
ungatlon water, and carry over of pesticide from a previous years apphcatlon through storage in the
unsaturated- zone and subsequent release. The probability of contammated surface runoff or
groundwater flow from an adjacent field to whrch the pesticide was applled is very low.
Nicholaichuk et al. (1986) reported that only 0. 18% of applred drclofop methyl was lost to surf‘ace

drainage at the Pederson site.

There is a strong correlation between pesticide detections in the irrigation water and the

groundwater at the Konst site; triallate, 2,4-D and diclofop-methyl were detected in both irrigation
water and groundwater, and there were no detections of trifluralin, dicamba and bromoxynil in either
the irrigation water or groundwater. However, ‘it is unlikely to be ‘the principal source of
contamination at the Pederson Site because of not only the lack of a correlation between p.estic’idé
detectioﬂs' in the irrigation water and groundwater, and but theré was only one detection of a
pesticide, diclofop-methyl, in the irrigation water. - _ ,

Itis suspected that the carry over of a pesticide from a previous year's application ‘is the most

/
/

1
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feasible mechanism to account for most of the observed detections. The infiltration of water from
the fractures into the surrounding soil matrix or into dead-end fractures, causes the pesticide to also
move into these areas where is retained (sorption) long after the fractures have drained. Subsequent

major infiltration or irrigation events will cause the pesticide to be desorbed .and flushed from

| ~ storage in the matrix material or dead-end fractures, hence resulting in detections from the original

pesticide application weeks to years after the original application and detection. This process,
leading to the contamination of groundwater from pesticides, has been observed- at other sites in
which flow through the unsatirated zone is dominafed by the vertical fractures (Jackson et al. 1990,
Ewing and Jaynes 1995). o -

Carry over or long-term retention of pesticide appeafs to be more frequent in samples

obtained from piezor‘néte’rs exhibiting fracture flow charactcfistics than intergému‘lar flow

characteristics. For example, dicamba and MCPA were found in groundwater samples collected on
June 11, 1987 in piezometers 87-04 (dicamba), and 87-05, 87-06, 87-11 (MCPA) which ~was. several
days prioi’ to the application of these pesticides on June 17, 1987. Bromoxynil and 2,4-D were
detected in groundwater samples on December 7, 1988 in piezometers 87-03, and 87-05 which was
several months after the pesticide was applied on June 9, and June 14, 1988, respectively.

The impact of irrigation runoff, containing traces of pesticide, ponding in the drainage ditch

~and. subsequently infiltrating to the water table through vertical fractures is uncertain. At the

Pederson site, the only detections of 2,4-D, dicamba and bromoxynil were in piezometers located
adjacent to the drainage ditch. MCPA and diclofop-methyl were also found in all piezometers

located along the drainage ditch, as well as most of the other piezometers at the Pederson site.

‘However, not all piezometers along the drainage ditch exhibited the same frequency of pesticide

detections. For example, diclofop-methyl was found in piezometers 87-04 and 87-05, but not in 87-

06, 87-03 and S.LD.C. during 1987, arid during 1988, it was detected in 87-03, 87-05, and 87-06,

but not 87-04 and S.I.D.C. : )

~ The results of this sfudy indicates that these cbmmonly used pesticides can migrate to the
water table under typical agriculturai conditions found in central Saskatchewan. It is suspected that
the primary factors cohtributing to contamination of the shallow groundwater regime are the.
presenée of vertical fractures in the overburden which provide a path for rapid downward migration,

and the application of irrigation which increases the infiltration rate through the unsaturated zone.
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However, the precise mechanism controllinig pesticide migration, retention and subsequent
desorption are poorly understood, and further research is: requxred to quantify the importance of these

two factors

CONCLUSIONS
It is generally thought that the meteorologxcal and hydrogeological condltlons found in the
‘southern and central Saskatchewan are not conducive to pesticide transport to the water table
because the low amount of precipitation combined with high evaporation rates limit the potential
for recharge, the water table is often very deep, and the matrix hydraulic conductivity of the

dominant surficial deposits of the region (tills and lacustrine sediments) is very low. However, the

‘use of pesticides at three agricultural sites in the Outlook Irrigation District of Saskatchewan has

resulted in traces amourit of peStiéides being detected in some samples collected from piezometers

installed in the shallow groundwater reglme

The herbicides diclofop-methyl, MCPA, bromoxyml dicamba and 2,4-D were detected in

the groundwater at the Pederson site. At the S.I.D.C. site, a few detections of the pesticides triallate,
2,4-D and diclofop-methyl were found. Triallate, 2,4-D and diclofop-methyl were detected in

groundwz{tér samples at the Konst site. In all cases, the concentrations of pesticides detected are
below the maximum acceptable concentrations as established by the Canadian Drinking Water
Guidelines (Health and Welfare Canada 1993). |

It is suspected that the pesticides were able to migrate to. the water table through vertical
fractures which are commonly found in the underlying tills and ‘silts. When coribined with irrigation

that is applied at these site, these two factors creat_“e a mechanism for the considerable more rapid

" movement of pesticide and to greater depths of leaching than would occur in unfractured sediments

(ie. iﬁtergrénular flow) and under typical precipitation conditions. All the piezometers which
exhibited detections of pesticides were located in o‘f adjacent to fields that were irrigated.

Ponding of irrigation runoff in drainage ditches may also contributed to ability of pesticides
to migrate to the water table at these sites. At the Pederson site, the piezometers exhibiting the
greatest number of defect_ions and the largest number of pesticide detections were located adjacent

to the irrigation drainage ditches were ponding of irrigation runoff was observed.

[
. . E . IR [ . |
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It is also suspected that contaminated irrigation water may also cause contamination of the

shallow groundwater. At the Konst site, the irrigation supply water that was used here had detectable

concentrations of 2,4-D, diclofop-methyl, and triallate, and these same pesticides (and only these

pesticides) were found in the groundwater samples. However,this pattern was not observed at the -

Pederson site.

Not all the pesticide detections occurred immediately following. thg applicafion of the
pesticide and a subsequerit irrigation. It is suspected that the pesticide detéction that occurred several
weeks or months after its application could be attributed to storage of the pesticide in the unsaturated
zone due to diffusion from a saturated fracture into the soil matrix; and later desorption through »
flushing of the soil matrix into a fracture during subsequent major infiltration events.

The.v results of this study indicates that pesticides which -are commonly used in typical
agricultural regions of central Saskatchewan can migrate to the water table. Although it is suspected .

that the primary factors contributing to contamination of the shallow groundwater regime are the

presence of vertical fractures in the overburden and the application of irrigation, futher research is
required toverify the suspected mechanisms described here and to quantify the precise mechanism

controlling pesticide migration, retention and subsequent desorption.
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Table 1. Event summary at the Pederson site during the 1987-1988 field seasons.

1987: (from Nicholaichuk et al. 1988)

May 1 fertilizer applied v
May 11 seeding (wheat) and fertilization

May 22-29  piezometers installed

June 8 Hoegrass (diclofop-methyl) applied
June 10 groundwater sampling

June 17 Dyvel (dicamba + bromoxynil) applied

. June 23-26 first itrigation

July7 groundwater sampling
July 26 groundwater sampling
August 5-7 second irrigation

August 14 groundwater sampling
Sept. 30 groundwater sampling

1988

May 18-19 sampled groundwater from piezometers 87-09, 87-08, 87-12

May 20 sampled piezometers 87-03, 87-06, 87-05

May 24 sampled piezometer 87-06 and 87-04, water foul and anoxic in 87-04
June 3 installation of suction lysimeters

June 9 Hoegrass I (diclofop-methyl + bromoxynil) applied, start of first ungatlon at 10:00; sampled 87-03

June 10 sampled piezometers 87-07, 87-05, 87-03 and irrigation pipe; collected field blank

June 12 sampled piczometers 87-12, 87-13

June 14 2,4-D applied (approximate date)

June 17 . site reseeded

June 18 site recorrugated

June 22 start of second irrigation; sampled 87-12 and 87-13

June 23 sampled piezometers 87-12, 87-13, 87-05, 87-06, 87-03; collected demin. blank;
sampled lysimeters at site of 87-13; lysnneters at site of 87-12 were dry

June 28 evacuated lysimeters -

July 4 sampled lysimeters 1,2, and 3 (site of pxezometer 87-13); lysimeters at site of 87-12 dry, but
still under vacuum; sampled piezometers 87-04, 87-05, 87-06

July 13 third irrigation started; re-evacuated lysimeters 4, 5, 6; sampled piezometers 87-13, 87-06, 87-03

July 15 re-evacuated lysimeters; sampled piezometer 87-12, 87-13, 87-05, 87-03

July 18 sampled lysimeters 4, 5, and 6 (near site of piezometer 87-13)

July 26 sampled piezometers 87-12, 87-13, 87-03, 87-06, 87-05

July 27 fourth irrigation begun at 12:45; lysimeters re-evacuated

July 28 sampled lysimeters 4, and 5; re-evacuated remainder

July 29 lysimeters dry; could not sample '

August 3 sampled piezometers 87-06, 87-05, 87-03 (one sample spxked with dxclofop-methy]) 87-12, 87-13;

. sampled lysimeters 4 and 5 (near piezorrieter 87-13)

Sept. 13 conducted response tests in all piezometers

Sept. 23 conducted response tests in all piezometers

Dec. 7 sampled piezometers 87-12, 87-13, 87-05, 87-03, 87-06.




Table 2. Pesticide analyses from the Pederson site during the 1987 and 1988 field seasons.

\

Piezometer

D;mg mSaix_nplre No. Dicamba

MCPA _ Diclofop-metiyl

1 7 2,4-D Bromoxynil
e . . (ug/l) (ug/L) (ug/l) (ug/L) (ug/L)
87-03  26-June-87 113 <0.1 <0.1 <0.1 NA NA
87-03  20-May-88 I v <01 <0.1 ND ND <0.1
87-03  9-June-88 2 NA NA 0.299° ND <0.1
87-03  10-June-88 3 NA NA 0.313" ‘ND <0,1
87-03  22-June-88 4 NA NA ND ND <0.1
87-03  23-June-88 5 CNA NA 0.134° <0.1 <0.1
87-03 4-July-88 6 NA NA <0.1 ND 0.105°
87-03  13-July-88 7 NA . NA <0.1 ND <0.1
87-03  15-July-88 8 NA NA ND ND <01
87-03  26-July-88 9 NA NA ND ND <0.1
87-03  3-Aug-88 10 NA NA 0.439" <0.1 <0.1
.87-03 7-Dec-88 57 NA NA - <0.1 0.188" <0,1
87-04  11-June-87 102 0.44 <0.1 0.42 NA NA
87-04 ~ 7-July87 118 <0.1 <01 <0.1 NA NA
87-04  17-July-87 - 129 <0.1 0.12 <0.1 NA. NA
87-04 24-May-88 -/ 11 NA NA ND <0.1 <0.1
87-05  1l1-June87 103 <0.1 0.23 0.54 NA NA -
87-05  26-June-87 - 114 <0.1 <0.1 <0.1 NA NA
87-05 7-July-87 119 <0.1 <0.1 <0.1 NA - NA
87-05  17-July-87 130 <0.1 <0.1 <0.1 NA NA
_ 87-05  20-May-88 12 NA NA ND ND <0.1
87-05" ° 9-June-88 13 NA NA <0.1 ND <0.1
87-05  10-Junc-88 14 NA NA <0.1 ND <0.1
87-05  22-June-88 15 NA NA <0.1 <0.1 0.167°
87-05  23-June-88 16 NA NA <0.1 ND <0.1
87-05 4-July-88 17 , NA NA 0.134 ND <0.1
87:05  15-July-88 18 NA NA 0.129 ND <0.1
87-05  26-July-88 19 NA NA 0.135 <0.1 <0,1
87-05  3-Aug-88 20 NA NA 0.i70" <0.1 <0.1
87-05 7-Dec-88 58 NA NA <0.044 0.141" <0.1
87-06  10-June-87 104 <0.1 031 <0.1 NA NA.
87-06 7-July-87 120 <0.1 <0.1 <0.1 " NA NA
87-06  16-July-87 ‘131 <01 - <0.1 <0.1 NA NA
87-06  24-May-88 21 NA NA ND ND <0.1
87-06  9-June-88 22 NA NA ND ND <0.1
87-06  10-June-88 23 NA NA ND ND <0.1
87-06 . 22-June-88 24 NA NA ND ND <0.1
87-06  23-June-88 = 25 NA NA <0.1 <0.1 <0.1
87-06  4-July-88 26 NA NA 0.163" <0.1 <0.1
87-06  13-July-88 27 NA ‘NA 0177 <0.1 <0.1.
87-06  15-July-88 28 NA NA <0.1 <0.1 <0.1
87-06  26-July-88 . 29 NA NA <0.1 <0.1 <0.1
87-06  3-Aug-88 30 NA NA <0.1 . <0.1 <0.1
87-06  7-Dec-88 59 NA “NA . <0.1 <0.1 0.200°
8707  11-June-87 105 <0.1 <0.1 <0.1 NA NA
87-07  7-Nuly-87 121 <0.1 0.38 <0.1 NA NA
87:07  17-July-87 132 <0.1 0.15 <0.1 NA NA
87-07  19-May-88 31 ~NA NA 0.147° ND <0.1



Table 2. continued ...

8708

11-fune-87 106 <0.1 0.11 - <01 NA NA
87-08  7-July-87 122 <0.1 023", 027 NA NA
87-08  17-July-87 133 <0.1 0.22 <0.1 NA NA
87-08  19-May-88 32 NA ‘NA ND <0.1 <0.1
87-09  11-June-87 107 <0.1 <0.1 <0.1 NA NA
87-09  7-July-87 123 <0.1 0.53 0.12 NA NA
87-09  17-July-87 134 <0.1 0.17 <01 NA NA
87-09  19-May-88 33 " NA NA ND <0.1 . <0.1
87-10  10-June-87 108 <0.1 <0.1 <0.1 ~NA NA
87-10  6-July-87 124 <0.1 <0.1 <0.1 NA NA
87-10  16-July-87 135 <0.1 <0.1 <0.1 NA NA
87-10  18-May-88 34 NA NA ~ ND ND <0.1
87-11  11-June-87 109 <0.1 . 025 0.17 NA NA
87-11  7-July-87 125 <0.1 <0.1 <0.1 NA NA
87-11  17-July-87 136 <0.1 <0.1 <0.1 NA NA
87-11  18-May-88 35 NA. NA _ND <0.1° <0.1
87-12  11-June-87 110 <0.1 <0.1 <0.1 - NA NA
87-12 7-July-87 126 <0.] <0.1 <0,1 NA NA
- 87-12 17-July-87 137 <0.1 <0.1 <0.1 NA NA
87-12  24-May-88 36 NA NA . ND ND <0.1
87-12  11-June-88 37 NA NA 0.107° 0.1 <0.1
87-12  22-June-88 38 NA NA 0.189° ND . <0.1
87-12  23-June-88 39 NA NA . ND ND <0.1
87-12  4-July-88 40 NA NA - ND ND <0.1
87-12  13-July-88 -4l NA NA 0.167° ND <0.1
87-12  15-July-88 42 NA NA ND ND <0.1-
87-12 . 26-July-88 - 43 NA NA ND ND <01
87-12  3-Aug-88 4 NA NA ND ND <0.1
87-12 7-Dec-88 60 - NA NA <0.1 <0.1 <0.1
87-13  11-June-87 111 <0.1 - <0.1 <0.1 NA NA
87-13 7-July-87 127 <0.1 0.15 <0.1 NA NA -
87-13  17-July-87 138 <0.1 <01 <0.1 NA NA
'87-13  24-May-88 45 NA NA ND ND <0.1
87-13 . 11-June-88 46 NA NA ND ND <0.1
'87-13  22-June-88 47 NA NA ND ND <0.1
87-13  23-June-88 48 NA NA ND ND <0.1
87-13 4-July-88 49 NA NA ND ND <0.1
.87-13  13-July-88 50 NA NA ND <0.1 <0.1
87-13  15-July-88 51 NA NA ND ND <0.1
87-13  26-July-88 52 "NA NA ND ND <0.1
87-13  3-Aug-88 53 NA NA ND ND <0.1
87-13 7-Dec-88 61 NA NA <0.1 <0.1 <0.1
IRR.  24-June-87 116 <0.1 <0.1 <0.1 NA NA
"IRR.  10-June-88 56 NA NA 0.127 <0.1 <0.1
IRR.  24-June-87 115 <0.1 <01 <0.1 NA NA
SIDC  11-June-87 101 <0.1 <0.1 <0.1 NA NA
SIDC  26-June-87 112 .1 <0.1 <0.1 NA NA
SIDC 7-July-87 117 0.14 0.44 <0.1 NA " NA
SIDC . 17-July-87 128 - <0.1 <0.1 <0.1 NA _NA _

note: * confimed by GC/MS  NA - not analyzed ND - not detected



Table 3. Pesticide analYées from the S.1.D.C. site during 1987.

Piezometer Date Trifluralin ~  Triallte =~ Dicamba  Bromoxynil 24-D . Diclofop
_ (uefl)  (uell) . (ug/l) (up/L) (ug/l) (ug/l)
SIDC-01 28-July-87 <0.1 0.13 <0.1 <0.1 0.21° 010
SIDC-02  25-June-87 <0.1 <0.1 <0.1 <0.] <0.1 0.24°
SIDC-02 28-July-87 <0.1 <0.1 . <0.1 <0.1 <0.1 <0.1
SIDC-04 6-Aug-87 <0.1 <0.1 <0.1 <0.1 <0.1 . <0.1
SIDC-05 28-July-87 <0.1 <0.1 <0.1 .. <0.1 <0.1 <0.1
SIDC-06 = 26-June-87 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
SIDC-06 28-July-87 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
SIDC-07  25:June-87 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
SIDC-07 25-July-87 <0.1 <0.1 <0:1 <0.1 <0.1 <0.1
SIDC-09  25-June-87 <0.1 <0.1 - <0.1 " <0.1 066 <0.1
- SIDC-09 28-July-87 <0.1 <0.1 <0.1 <0.1 0.10 <0.1
SIDC-10  26-June-87 <0.1 0.17" <0.1 <0.1 <0.1 <0.1
SIDC-10 6-Aug-87 _<0.1 0.39 <0.1 <01 <01 <0.1

_ note: " confirmed by GS/MS




Table 4. Pesticide analyses from the Konst site during 1987.

~Dicamba  Bromoxynil

Piezometer Date " Trifluralin =~ Trillate 24-D  Diclofop
_ (ug/l) (ugfl) (o)  (ugll)  (uel) . (ugll)
SWC-01  O-july-87 <0.10 0.13 <0.10 <0.10 0.12° 022"
SWC-01 28-July-87 ©  <0.10. <0.10 <0.10 <0.10 0.10 <0.10
SWC-04 24-June-87 <0.10 <0.10 <0.10 <10  <0.10 023"
SWC-04 28-July-87 <0.10 <0.10 <0.10 <0.10 0.12" <0.10
SWC-05 25-Jane-87 <0.10 <010 <010 <0.10 oar <0.10
SWC-06 9-July-87 <0.10 0.14° <0.10 <010  <0.10 <0.10
SWC-06 27-July-87 <0.10 <0.10 <0.10 <0.10 0.14° <0.10
SWC-06 27-Aug-87 <010 <010 ° <0.10 <010 <010 <0.10
SWC-07 . 9-July-87 <010 <0.10 <0.10 <10 <010 . <010
SWC-07 14-Aug-87 <0.10 013" <0.10 <0.10  <0.10 <0.10
SWC-07 27-Aug-87 <0.10 €10 <010 <010 0.11° <0.10
SWC-08 9-July-87 <0.10 <0.10 <0.10 <0.10 012" <010
SWC-08 ~ 27-Sep-87 <0.10 0.13" <0.10 <0.10 0.15" 0.13"
SWC-09 24-June-87 <0.10 <0.10 <0.10 <010 <010 017"
SWC-09 28-July-87  <0.10 <0.10 <0.10 <0.10  <0.10 0.12"
Irr Canal SWC06®  24-June-87 <0.10 <0.10 <0.10 <0.10 05T 0.15°
Irr Canal SWCO6®  27-July-87  <0.10 0.14° <010 <010 0.18° 021"
Irr Canal SWCO7*  9-July-87 - <0.10 <0.10 . <010 <0.10 165" 0.24"
Irr Canal SWCO7* _ 27-July-87 <0.10 0.15° <0.10 <0.10 0.17" <0.10

note: * confirmed by GS/MS

® sample from the irrigation canal near piezometer SWC-On
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- Figure 1. Location of the study sites.
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Figure 2. Map of the Pederson site.
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Figure 3. Stratigraphic cross-sections through the Pederson site.
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vertical fractures, (b) intergranular flow, and (c) both fracture and intergranular flow, due to

irrigation events.
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