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Abstract

Deep drainage in semi-arid environments such as the Canadian prairies may have
significant implications for the subsurface movement of non-point source agricultural chemicals.
Surface applied conservative tracers such as chloride can be used as indicators of long term
water fluxes in semi-arid environments. In 1966, potassium chloride was applied to an Elstow
soil approximately 50 km west of Saskatoon near the town of Laura. Chloride concentration
profiles indicate quick movement of the majority of the applied chloride to depths of 150 to 200
cm in the first four years after application with very little movement occurring 4 to 28 years after
application. Concentration profiles, however, reveal that small amounts of chloride have been
leached below depths of 150 to 200 cm, and deep drainage fluxes below 150 to 200 cm are less
than 0.1 cm/year. Deep drainage fluxes in concave lower slope positions are approximately 70%
greater than the upper slope positions. Although small, deep drainage fluxes may be
environmentally significant. The effects of topography have significant implications for the
placement of manure and other agricultural chemicals.

Introduction

The fate of non-point source agricultural chemicals (fertilizers, manure and pesticides)
has significant environmental and agricultural implications. In the Canadian prairies such as,
pedogenic salts and carbonates are indicators of long term deep drainage potential in upland
areas (St. Arnaud, 1979). There is, however, considerable evidence that deep drainage fluxes in
semi-arid environments, although small, are significant (Gee et al., 1994). Climatic conditions
on the Canadian prairies are such that relatively high amounts of precipitation fall when plants
are dormant and do not immediately use infiltrating water. Nitrate profiles under crop-fallow
systems on the prairies also suggest significant amounts of deep drainage (Campbell et al, 1975).
Unfortunately, estimates of deep drainage in semi-arid areas are prone to errors. Recently,
Allison et al. (1994), and Gee and Hillel (1988) reviewed techniques for estimating deep
drainage fluxes in semi-arid environments. Small errors associated with indirect or direct
measurements of deep drainage cause large amounts of uncertainty because the fluxes being
measured are small. For example soil water balance measurements of evapotranspiration,
precipitation, and changes in soil water storage each have errors associated with them which are
additive when estimating deep drainage fluxes. Similarly, direct measurement of fluxes with
hydraulic gradients, and unsaturated hydraulic conductivities can have extremely large errors, as
both hydraulic gradients and hydraulic conductivities vary in both space and time. Surface
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applied conservative tracers such as chloride are therefore better indicators of long-term water
fluxes on the Canadian prairies.

Materials and Methods

The field site was established in the fall of 1966 (Ballantyne, 1974; 1980) approximately
50 km west of Saskatoon near the town of Laura (NW 25-33-10 W3). The site is mapped as an
Elstow association consisting of Orthic Dark Brown Chemozems developed on loamy glacio-
lacustrine parent material (Ellis et al., 1968). The water table is approximately 15 meters below
the surface (Meneley, 1975). The site has been under a crop fallow rotation since the plot was
established (Gordon Carr, landowner).

The site was originally established to test the affects of potassium chloride on crop
growth. As such potassium chloride (KC1) was applied in strips as shown in Figure 1. From
1967 to 1977, two samples from three locations were bulked for all treatments (15 cm increments
down to 60 cm; 30 cm increments to at least 120 cm). It should be noted that the 17.9 and 33.6 t
KC1 ha“ plots were originally 6.7 and 11.2 t KC1 ha-‘, respectively. Additional KC1 was applied
to these two treatments in the fall of 1971. Additional samples were taken from the 33.6 t KC1
ha-’ plot in the falls of 1993 (30 cm increments down to 300 cm) and 1994 (30 cm increments
down to 600 cm).

Lognormal probability distributions were fitted to chloride concentration profiles for the
above samples to determine the depth containing the center of the chloride mass. Results will be
reported for the 33.6 t KC1 ha-’ plot.

Results and Discussion

Movement of chloride over time

Figures 2,3 and 4 summarize chloride concentration profiles after 1, 4 and 28 years after
application respectively. The concentration profiles in these figures are from level or slightly
convex, upper slope positions. General observation indicates that water fluxes resulted in the net
downward transport of the majority chloride to at least 130 cm in 28 years. It is interesting to
note, however, that even after only 1 year of leaching (Figure 2), small amounts of chloride were
transported to a depth of 120 cm (the bottom of the root zone). After four years of leaching, the
majority of the original chloride was at approximately 100 cm (Figure 3). Between 4 and 28
years of leaching, however, the bulk of the chloride has not moved much more than 30 cm
(Figure 4). Nevertheless, the samples would indicate that some chloride has been transported
past 200 cm (Figure 4).

Figure 5 shows the average depth of the chloride center of mass versus time. In essence,
the graph summarizes the distance the chloride has travelled over time (i.e. the velocity of the
solute). The concentration profiles along with Figure 5 indicate that there is some barrier to
water movement at 100 to 150 cm. However, if one considers the ephemeral nature of
precipitation in Saskatchewan, the movement of the chloride may be best explained as a series of
downward water fluxes that are essentially isolated in time. With each downward flux, a
proportion of the chloride is transported to the depth of the wetting front (i.e. some long-term
effective depth of leaching). Water that has penetrated to this depth is subsequently removed
laterally by plants, or is held by the soil matrix. Water and solute movement below the effective
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depth of leaching, is not non-existent, however. Figure 4 indicates a slow, but steady leaching of
small amounts of chloride below the root zone (deep drainage). If the average velocity of the
solute (Figure 5) is assumed to be the same as the average water velocity, with a volumetric
water content of 30% (based on measurements below 120 cm for the site), then the deep drainage
flux below 150 cm is less than 0.1 cm/year.

Pedogenic indicators further corroborate the concept of some effective leaching depth.
Figure 6 shows a carbonate and average EC profile for one of the plots that did not receive any
chloride in relation to the chloride profile after 28 years of leaching. After at least 10 000 years
of soil formation, salts originally in the parent material have leached to a depth of approximately
200 cm. The chloride, however, has been transported past the Cca horizon.

Topography

Research in semi-arid landscapes has indicated that concave, lower slope positions
generally have higher water contents and deeper soils (Zebarth and de Jong, 1988; Miller et al.,
1985). Even small changes in surface curvature can have a marked effect on soil formation, and
the movement of solutes (Kachanoski et al., 1985; Keller and van der Kamp, 1988). Thus
concave portions of the landscape have a greater leaching potential than other areas.

The movement of chloride at this site also indicates that small changes in topography
have marked effects on water movement and leaching potential. Figure 7 compares the chloride
concentration profiles of an upper slope and lower slope position 28 years after chloride
application. The peak concentration in the lower slope profile is 100 cm lower than the upper
slope position. Further observation reveals that the peak concentration in the lower slope is
smaller than the upper slope and the chloride is more spread out with significant concentrations
occurring below 300 cm. It should be noted that the maximum difference in elevation in the
33.6 t KC1 ha-l plot is only on the order of 50 cm. This small change in topography has resulted
in deep drainage fluxes approximately 70% higher than the upper slope positions.

Conclusions

The changes in chloride concentrations with depth indicate that there is a net downward
water flux at the Laura site. Chloride movement over time suggests that there is some effective
depth of leaching (1 to 1.5 meters) to which the majority of the chloride mass was transported in
the first 4 years after application. This effective depth of leaching is reflected by the EC profiles
in the plots that which did not receive any chloride. Deep concentration profiles, however,
indicate that deep drainage below 150 to 200 cm depths is less than 0.1 cm year. Concave lower
slope positions of the landscape concentrate water resulting in greater depths of leaching and
higher deep drainage fluxes

Although deep drainage fluxes are small on the Canadian prairies, it does not necessarily
mean that they are insignificant. Any amount of deep drainage indicates potential migration of
contaminants such as fertilizers and persistent herbicides that may eventually enter the ground
water. The influence of topography also has significant implications for land management.
Convex, upper slope areas would be preferential locations when considering the application of
agricultural chemicals or manure.
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Figure 2: Chloride concentration profile 1 year
after application
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Figure 3: Chloride concentration rofile 4 years after
application. The dotted curve represents the
concentration profile 1 year after application.
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Figure 4: Chloride concentration profile 28 years after
application. The dashed curves represent
concentration profiles 1 and 4 years after
application.
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Figure 6: Chloride concentration profile with respect to
carbonate and average EC profiles (from treatment
with no chloride). The curve represents the chloride
profile (26 years after application), the dark bars
represent carbonates, and the light bars represent EC.
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Figure 7: Chloride concentration profiles for upper and lower
slope positions.
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