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EXECUTIVE SUMMARY

The results of the Carrington ground-water contamination experiment conducted
from the fall of 1987 through the spring of 1993 can be summarized as follows.

1.0 For a semi-confined aquifer, underlying a loamy glacial till at a depth of about 6.8 m
(22 ft) , and with a water level in the overlying glacial till at about 2.7 to 4.0 m (9 to 13
ft.) below land surface, recharge is a highly complex process.

1.1 Spatial variability of recharge, even on apparently level terrain, is large and
is governed principally by microtopographic features and climate. Variability of soil
hydraulic properties on a coarse loamy glacial till did not affect local recharge as much as
surface topography.

1.2  Surface positions can be characterized as "primary active", "intermediate
active”, and "inactive" recharge sites. Primary active sites are those through which all
water reaching or cycling through the soil and vadose profile to the water table passes
vertically from the surface through the root zone. Inactive sites are those through which all
water draining to the water table, or cycling through the soil and vadose profile to the water
table, has an initial source in ground water that moves upward under capillary force as the
water table adjusts to drainage on other more active recharge sites. Intermediate active
sites are those through which water moving to the water table has a source in both surface
water draining vertically through the root zone; and ground water cycling upward and
redraining, in response to external sources and sinks.

1.3  Water moves from inactive surface sites to sites of larger surface
infiltration activity as runoff. Concentrated waters then move through the soil- and
subsoil-vadose zone to the water table where they form a mound. The mound then
redistributes laterally to water-table positions underlying less active sites, where
capillary adjustment of rising ground water causes upfiux into the vadose zone. Upflux may
reach as high as the soil profile. Later, in response to pumping of the aquifer (or other
sinks), capillary waters redrain in response to the receding water table.



1.4  Following a recharge event each site, or pedon, is characterized by a pattern
of drainage and upflux resulting from the specific configuration of localized ground-water
recharge mounds with which it interacts hydrologically.

1.5 Total cycling of water through each site profile can be quantified using
appropriate water budget procedures. Such procedures must account for direct
measurement of water movement through the soil zone, changes in water storage to the
water table, upflux of water from the water table during redistribution events, and direct
recharge to the aquifer at each site during recharge events.

1.6. There is evidence that the saturated ground water serves as a site integrator
between inactive and active sites. Despite large differences in local recharge from the
surface and through the soil, it appears that the total amount of water cycling through each
soil and vadose profile is frequently similar for all measurement sites.

1.6. The spatial variability, and the process of surface redistribution of water
described in 1.2 provides, a "non-macropore” mechanism for preferential flow to the water
table, and a means for increasing solute movement from the surface. Solute movement is
enhanced by (1) movement of water across the soil surface to the recharge site; (2)
concentrated movement of water through the recharge site; (3) redistribution to a position
underlying other surface sites; and (4) ground-water movement upward into the soil and
vadose zone under capillary influence, which can enhance either deposition in non solute-
laden areas or dissolution of more solute through contact in the soil zone entered. Finally,
(5) solute can be "pulled" to the water table and to the aquifer through drainage of saturated
till water and capillary drawdown of water in the soil and vadose zone in response to
pumping, or other sinks in the area of the site.

1.7  Active pumping of the aquifer was an important influence in moving water to
the aquifer. Pumping of the Carrington aquifer increased the hydraulic gradient between the
saturated till and the surface of the aquifer seasonally by a factor as large as four. This, in
turn, caused drawdown of the saturated till, and capillary drawdown of unsaturated capillary
water in the vadose and soil zones. The result was mixing of waters in all three layers.

1.8  Upflux of water from the lower vadose profile into the upper vadose and soil
zone occurs during the winter in response to freezing. Usually, the depth of frost-water



accumulation was between 1.0 and 1.5 m (3.3 and 5 ft.). The average amount of water
accumulation due to frost was approximately 3 to 4 cm (1.2 to 1.8 inches). Usually, frost
water fully redrained as the ice thawed from the soil profile in late April. Usually, there
was no infiltration beneath the soil zone during the winter. However, during one
unseasonable thaw event (February of 1992) substantial winter recharge occurred.

1.9 Hydrologic evidence indicates that the experiment site is a recharge source
site for the Carrington aquifer. The experiment site lies in the transit zone for surface
water moving to a tributary of Scotts slough. The overlying till is locally less less thick
than for most of the aquifer, which means that impedance to recharge is locally less. In
addition, the piezometric gradients of the till are orthogonal to the gradients of the
underlying aquifer. Direction of flow lines in the glacial till is northeast to southwest
(toward the zone of thinner till, and also toward the irrigation pump located on section 31).
And finally, vertical hydraulic gradients from the till to the aquifer are increased
substantially by the pressure drawdown of an irrigation well field. All of these factors
likely contribute to the amount of local recharge.

2.0  Tracers applied to the field were detectable at all levels (vadose samplers at 1.5 m
and 2.1 m [5 ft. to 7 ft. ], saturated till samples at 3.4 and 4.5 m [11 and 15 ft.], and
Carrington aquifer samples at 6.8 m [22 ft.]).

2.1 During the year of application, tracers were usually detected at virtually all
levels of the measured hydrologic system, including the surface of the Carrington aquifer at
6.8 m (22 ft.). Usually, first year detections were of lower concentrations, indicating that
preferential flow paths were most influential in expediting movement.

2.2 During the year of application, slightly elevated concentrations of fluoride
were detected in the deep-vadose zone and in the saturated till. Because mixing in the
calcium-bicarbonatic soil solution and slow movement through the unsaturated soil would be
expected to cause immediate precipitation, some early fluoride movement through large
pores from the soil surface to below the root zone during large storms is thought to occur.
This is consistent with bromide evidence.

2.2 During years following application tracers tended to concentrate just below
the root zone. After two years, concentrations similar to those in the shallow vadose zone



would appear briefly during recharge periods in the saturated till. However, deep detections
were ephemeral and did not remain at relatively constant levels as in the shallow vadose
zone. The movement of larger concentrations of tracers at later times may indicate greater
influence of intermittent slhgs of bulk flow, compared with earlier influence of preferential
flow paths. This is reasonable because most of the solute is no longer at or near the surface
to be washed into large pores and cracks.

2.3 Three or more years after application, appearances of tracer in the
Carrington aquifer were spatially sporadic and most frequently not repeated on other site
replicates.

2.4 Tracer and nitrate concentrations at all levels corresponded approximately
with topographical zones of maximum surface-water concentration mapped during a storm
in 1991. These observations support the conclusions of hydrologic analysis indicating the
importance of microtopographic redistribution and concentration of water in determining
the activity of surface sources of recharge.

2.5 Tracer and nitrate peaks were distinct and of short duration in the vadose
zone, and corresponded to periods of rising water in the saturated till. However, tracer and
nitrate levels in the saturated till, and particularly in the Carrington aquifer, were
prolonged and corresponded as well to a slightly later period of pressure drawdown in the
Carrington aquifer, which was caused by pumping the aquifer for irrigation use. Bromide
movement to the aquifer was not observed during a year in which pressure drawdown was
small. Tracer and nitrate data support the hydrologic analysis which indicates that pressure
drawdown from pumping is an important component influencing water movement to the
Carrington aquifer.

2.6  During the period from spring 1990 through spring 1993 there were only
two brief periods of nitrate movement to the Carrington aquifer. There were more frequent
periodic flushes of nitrate to the saturated till.

2.7  During the period from spring 1990 through spring 1993 nitrate-N never
exceeded 1 mg/L on any sample from the Carrington aquifer. In the saturated till nitrate-N
reached the 10 mg/L EPA-MCL level on only one site replicate for a brief period in July of
1990.



2.8 There was no indication of an upward trend of nitrate-N in either the
saturated till or in the Carrington aquifer during the period from fall 1987 to spring 1993.
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INTRODUCTION

In the fall of 1987 an experiment was initiated on the lands of the Carrington Research
Extension Center Station, in‘Foster County North Dakota (Figure 1), to investigate the relationship
between ground-water recharge and the movement of contaminants on a level agricultural field, using
common cropping practices for East Central North Dakota. Five years of monitoring were undertaken
between the spring of 1988 and the spring of 1993. Components of the experiment included (1) year
round water level monitoring of the Carrington aquifer and of the overlying saturated till; (2) root- and
vadose-zone water balance measurements during the frozen period of the year; (3) local root-zone
and vadose-zone water balance and drainage determinations during the non frozen portion of the
year; (4) monitoring for changes in basic water quality constituents; (5) tracking the movement of
surtace applied tracers in relation to movement of recharge waters; and (6) tracking the movement of
applied pesticides. The purpose of this report is to present local recharge determinations measured
on the experiment site; to discuss the mechanisms by which that recharge occurs as determined
through hydrologic and tracer analyses; and to evaluate the relationship between local site recharge
and recharge for the Carrington aquifer as a whole. Movement of pesticides will be described in
another report.
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LOCATION AND NUMBERING SYSTEM

The location and numbering system used in this report is based on the public land
classification system used by the U.S. Bureau of Land Management. The system is illustrated in
Figure 2. The first number denotes the township north of a base line, the second number denotes the
range west of the fifth principal meridian, and the third number denotes the section in which the well
or test hole is located. The letters A, B, C, and D designate, respectively, the northeast, northwest,
southwest, and southeast quarter section, quarter-quarter section, and quarter-quarter-quarter section
(10-acre tract). For example, well 147-067-4ADD is located in the SE 1/4 SE 1/4 NE 1/4 sec. 4T
147 N., R. 67 W. Consecutive terminal numerals are added if more than one well or test hole is
located within a 10 acre tract.

CLIMATE

The climate of Foster County North Dakota is continental, having cold winters and hot
summers. The onset of cold weather usually begins in early November. The frost usually leaves the
soil in mid April. The moisture regime is borderline between semi-arid and sub-humid, with a long-
term average annual pfecipitation of about 48 cm (19 inches).

GEOLOGY AND SURFACE DRAINAGE FEATURES

The landscape near Carrington ND was formed by the deposition of approximately 30 m (100
ft.) of glacial drift in late Wisconsonian time, on top of bedrock shale of the Cretacious Pierre
formation (Bluemle 1965, Wanek and Meyer 1989). The Carrington aquifer (Figure 3) was formed by
the deposition and elutriation of sand and gravel between a bedrock ridge oriented northwest to
southeast near Carrington and a glacial boundary of similar orientation north of Carrington. The
Carrington aquifer was later covered with about 12.3 m (40 ft.) of glacial till in a later (Grace City
Phase) ice advance. Overall till particle-size distribution (excluding fractions coarser than sand) is
about 33-percent sand, 45-percent silt, and 22-percent clay. However, the till is extremely
heterogeneous, and frequently includes sand and gravel varves and lenses imbedded within masses
of predominantly finer materials.

Land surface in Foster County near Carrington is a low relief type, having semi-integrated
drainage, and formed in glacial ground moraine along a corridor between the Missouri coteau and an
older relic coteau to the east. It is thus somewhat atypical of the prairie pothole topography common
to the region. Surface topography generally slopes east at 3 m (10 ft.) per mile. Scotts Slough, a
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glacial-marginal surface drainage feature cuts a channel about 7.6-m (25-#t. ) deep and 213-m (700-
ft.) wide through glacial till overlying the aquifer. Despite its name designation as a slough, it is
actually an underfit stream valley, and functions hydrologically as both a creek and a slough. Rocky
Run, a similar feature, cuts across the northwest end of the aquifer. Kelly Creek, a broad channel
located about two miles northeast of the Carrington aquifer, is a third surface drainage feature related
to both Scotts Slough and Rocky Run (Figure 3.)

HYDROLOGY

The Carrington aquifer is a buried sand and gravel deposit approximately 19.3-km (12-miles)
long, 6.4-km (4-miles) wide, and 9- to 18-m (30- to 60-ft.) thick. Its long axis is oriented northwest to
southeast. The aquifer is unconfined along its southwest flank, but otherwise confined with an
artesian head of up to 9-m (30-ft. ) above the top of the aquifer. Although confined, pumping can
draw down the aquifer water level creating an unconfined zone around the well. An irregular
til’aquifer interface results in localized confined/unconfined areas. A 97-h aquifer test performed
using an irrigation well one half mile southwest of the Carrington experiment site indicates an aquifer
transmissivity of 4,800 m (16,000 ft.) per day and a storativity of 0.03. The sand and gravel is 12-m
(40-t.) thick at the aquifer test site, so the hydraulic conductivity is 120-m (400-ft.) per day.

In addition to domestic and livestock use, permitted water use from the Carrington aquifer is
approximately 2570 cubic decameters (2090 acre-ft.) per year, including 400 cubic decameters (325
acre ft.) used as the municipal supply by the City of Carrington, and the remainder used for irrigation
on 19 quarter sections in 1992.

The potentiometric surface of the Carrington aquifer indicates an overall flow direction toward
the east. However, within the aquifer there are also localized flow gradients toward what appear to be
discharge points along Rocky Run and Scotts Slough. Wanek and Meyer (1989) have hypothesized
that most recharge to the Carrington aquifer is from precipitation. For most of the aquifer, waters
have to pass through about 8 m (30 ft.) of till after infiltration before reaching the aquifer. However, in
some cases Scotts Slough cuts through the till and provides a direct hydraulic connection from the
surface to the aquifer. There are also areas of lesser till thickness where recharge from surface
infiltration may be enhanced. Fractures in the till filled with sand and gravel may help to enhance the
rate of recharge in some areas. According to Wanek and Meyer (1989) only a small amount of water
in the Carrington aquifer is lost to evapotranspiration, and this likely occurs in the area occupied by
Scotts Slough.



WATER QUALITY

Water from the Carrington aquifer is of the calcium-magnesium bicarbonate type. Total
dissolved solids concentratioh (TDS) varies between 400 and 800 mg/L, and the sodium adsorption
ratio (SAR) is generally less than 2. The water is hard (7.0 to 10.5 grains per gallon) and high in iron
(0.3 to 5 mg/L, usually around 1 mg/L) for domestic use. Organic compounds are rarely detected.
Waters near the periphery of the aquifer are sometimes higher in TDS (up to 1,200 mg/L), and some
waters in proximity to the Pierre Formation have high sodium and chloride concentrations and TDS
concentrations as high as 2,420 mg/L (Wanek and Meyer 1989).



LITERATURE REVIEW

Aquifer recharge through glacial tills, and the consequent movement of dissolved constituents
to underlying aquifers, is a cbmplex process. The hydraulic conductivity of till materials can vary
widely, depending on composition. Fine unweathered till materials have been reported to have
hydraulic conductivities as low as 10-1° m/s (Hendry, 1982). However, in the weathered zone
fractures frequently occur which increase bulk hydraulic conductivities by one to several orders of
magnitude. On one till site in south Dakota Cravens and Ruedisili (1 987) reported median hydraulic
conductivities of 10”7 m/s for an unweathered till, compared with 10-¢ m/s for the weathered till.

In a study and literature review of recharge measurements through tills in North Dakota and
on the Great Plains of Canada Rehm et al. (1982) estimated that recharge is generally between 2 and
9 percent of annual precipitation. However, there is likely to be much local variance in recharge
between individual sites. Surface infiltration rates on tills are frequently much less than for sands, and
much recharge has attributed to concentration in macro- and meso-depressional features (Freeze
and Banner 1970). Schuh et al. (1993a, 1993b) have demonstrated that large variance in local
recharge can be caused by surface micro topography of magnitude indiscernible to the eye. Other
factors that may affect the amount and pathways of water movement on tills include macropores
formed by climatic, floral, and faunal forces, finger flow (in cases where there is lithologic
discontinuity), solute chemistry and interaction with the soil and vadose zone matrix, and winter frost
cycling of water. These factors strongly influence the speed and quantity with which solute moves
from the surface to ground water.

CONVECTION/DISPERSION/DIFFUSION MOVEMENT OF SOLUTE

Most movement of contaminants from the soil surface to ground water is through the bulk
flow of water infiltrating at the surface. For homogeneous soil, the bulk flow of solute has been
described using the convection/diffusion/ dispersion equation presented by Bresler (1973)

J=-[Dn(V)+Dy8)]9C +voc ()

where J is total flux of solute, ¢ is solute concentration in the soil solution, x is the flow direction
coordinate, Dp, is the mechanical dispersion coefficient, Dp(e) is the diffusion coefficient, V is the
convective velocity of water and 0 is the volumetric soil water content. V@is calculated as flux @
using Darcy's Law
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for hydraulic head H. The diffusion and dispersion terms account for the deviation of solution
concentrations over time from mean bulk flow. Dispersion results from numerous factors, including
tortuosity of large pores, the distribution of velocities in pores of different sizes, and the differences of
flow velocities within pores caused by drag on boundary surfaces. Nielsen et al. (1961) described the
trend of increasing concentrations of solute from initial breakthrough to full solute concentration, for
experiments in which miscible displacement of soil water solutions were displaced by tracer solutions.
Movement of organic contaminants through soil columns is more complex than the movement
of conservative tracers. Limitations in water solubility, and multiphase solubility and adsorption are
important factors in the movement of organic compounds. The organic carbon partition coefficient
(Hamaker and Thompson 1972) is one parameter used to evaluate the rate of movement of
pesticides in soils. Rates and means of pesticide degradation are also important in determining the
amount of a pesticide reaching the water table (Jury et al. 1987). The LEACHM model (Wagonet and
Hutson 1987) for assessment of pesticide movement in the unsaturated zone requires input of water
solubility, saturated vapor density, organic-carbon partition coefficient (Koc), compound haif-life, and
soil organic carbon, in addition to basic soil hydrologic property data and root proliferation and
evapotranspiration data. LEACHM was used by Knighton et al. (1990) to evaluate the relative
leachability of nitrate and 18 pesticides on a sandy outwash plain in southeastern North Dakota.

PREFERENTIAL FLOW

Estimates of water and solute flux calculated using bulk-soil models based on laminar flow
are frequently inadequate to fully describe field phenomena. Thomas and Phillips (1979) observed
that rates of aquifer recharge often exceeded those expected from piston flow predictions. Under
field conditions, the movement of solute frequently surpasses rates predicted using models
accounting for convection, diffusion, and dispersion alone (Rice et al. 1986, Jaynes et al. 1988).
Movement of water and solute through paths which bypass the bulk flow of water, and which exceed
rates predicted by piston-flow models is called "preferential flow". Preferential flow can be caused by
many mechanisms, including macropores formed under floral and faunal influence and fractures
caused by contraction of the soil during drying; wicking of water on a plant and enhanced movement
along the root-soil interface; and finger flow induced by flow instabilities resulting from water
movement through certain specified soil material boundaries.



Macropore Flow

Considerable work has been published concerning the influence of large pores on solute
transport. Bouma and Anderson (1977) described soil water as consisting of mobile and immobile
water. Mobile water is water that moves in large pores, and immobile water is that which moves
slowly in small pores. Because the laminar velocity of water in pores ideally varies according to the
square of the pore radius, laminar flow through large pores would theoretically be expected to
dominate the flow process. However, large pores with turbulent flow can also have a large affect in
many field situations.

Macropore phenomena caused by floral (root), faunal, and climatic (shrink/swell) agents
strongly effect the movement of soil water. Blake et al. (1973) demonstrated that drainage exceeded
piston flow estimates beneath a soil having large shrinkage cracks. Important faunal effects include
earthworms (Ehlers 1975), gophers (Hakonson 1986), harvester ants (Cline et al. 1980), and pocket
mice (Cline et al., 1980). Hakonson (1986) observed that permanent surface channels formed
drainage channels to gopher holes, and dominated the surface hydrology of a research site.

Floral effects are primarily caused by roots. Chaabra and Abrol (1977) demonstrated that rice
roots enhanced the drainage of water through sodic soils, but that little of the water touched the soil
matrix because of the predominance of macropore flow. Generally, fibrous roots are limited to the top
0.9 to 3 m (3 to 10 ft.) from the soil surface. However, various forbs, shrubs and trees can root as
deeply as 360 to 570 m (1,200 to 1,900 ft.) (Foxx et al. 1984). For cropped fields, almost all of the
roots are in the top 1.2 m (4 ft.). About 80% of the roots are in the top 0.6 m (2 ft. ). Most
macropores created by floral and faunal influence do not penetrate to depths greater than one meter.

Finger Flow

Research has shown that under conditions where fine soil overlies coarse soil, water may
coalesce into saturated fingers beneath the soil boundary, resulting in direct piping of water and
solute to the water table (Glass et al. 1988, Hill and Parlange 1972). Hill and Parlange (1972)
attributed finger flow to "Taylor instability”. Conditions under which it is most likely to occur include
small upper-boundary pressure (very shallow or intermittent ponding at the surface). Hill and
Parlange (1972) also observed that the number of fingers per unit area increases with the velocity of
flow. Fingers would be most likely to coalesce under conditions of large surface-ponded head. Glass
et al. (1988) also observed that once fingers developed, they have a tendency to be maintained in the
same positions under successive regimes of water application.
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Depression Focused Recharge

Topographic influence in concentrating infiltration water can also be interpreted as a form of
preferential flow. Before infiltration into the soil, runoff redistributes water to final infiltration locations.
In the rolling pothole prairieé of the northern great plains, much recharge has been found to be
depression focused (Freeze and Banner 1970). However, it has also been found that even on a level
landscape (less then 0.4% slope) large amounts of redistribution occur due to micro-topographic
elevation differences of less than 2.5 cm (one inch), and that the initial redistribution of water can be
the primary factor in separating a primary recharge position from a position having no recharge at all
(Schuh et al. 1993a). The dominance of microtopography as an element of preferential flow was
described by Schuh et al. (1993a, 1993b) for the Carrington experiment of this repont, and will be
discussed in greater detail later in the repont.

Fracture Flow

One well documented form of preferential flow through glacial tills is fracture flow. Bulk
movement of water and solute movement through glacial tills have been shown to be dependent on
secondary permeability, or "fractures” (Hendry 1982, Keller et al. 1986, Ruland et al. 1991). Glacial
till materials are frequently divided into weathered and unweathered groups. Weathered tills usually
lie within the top six meters or so of the surface, although in some cases they may be deeper. Itis in
the weathered tills that both horizontal and vertical fractures are frequently found. Hendry (1982)
reported that small fractures increased the hydraulic conductivity of a weathered till by about two
orders of magnitude over that of the till matrix. Large fractures increased the bulk hydraulic
conductivity by about four orders of magnitude over that of the till matrix. On fractured till soils the
fractures provide the primary path for both water and solute. Unweathered tills, found at greater
depths, seldom contain fractures.

Dynamic Factors

The effects of macropores are dependent on dynamic field hydraulic factors and on cropping
practices. One limitation of macropore flow is that the pores must be continuous with the surface.
Because of large hydraulic radius, water will not flow from overlying small pores into macropores.
Under normal conditions, agricultural field soils are seldom fully saturated at depth when wetted from
the surface because of soil layering which impedes flow and causes desaturation of the deeper
layers. Also, plow pans and compaction layers tend to create a situation wherein saturated flow to
large depths through macropores is limited (Schuh et al. 1991). Moldboard plowing can disrupt the
continuity of large pores to the surface. However, at least one researcher noted a case wherein
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moldboard plowing resulted in piping of water along the bottom of the plow layer to large pores (Tyler
and Thomas, 1977).

During a rainstorm surface infiltration usually changes in a relatively short period of time.
Soil swelling seals drying cracks during prolonged rainfall events. Also rainfall impact forms a surface
seal (Sharma et al. 1981). Surface seals cause desaturation of the underlying soil, which prevents
flow in macropores, except under conditions of deep ponding. Shainberg and Singer (1986)
examined the effect of depositional crusts under surface irrigation with turbid water, and found that
the hydraulic conductivity of the soil surface decreased by 2 to 3 orders of magnitude. Sumner et al.
(1991) found that under a thin surface crust caused by application of turbid water, soil-water suctions
were commonly about 15 to 40 cm, with an overlying ponded head of about 0.6 m (2 ft.). According
to Poiseuille’s law a circular pore flowing at 15-cm suction would have a theoretical diameter of 0.002
mm. Thus, macropore flow would not be important under such conditions.

Air entrapment can also affect flow in large pores. Under conditions of surface infiltration a
certain amount of pores are always filled with entrapped air. For this reason, laboratory procedures
for determining soil-water retention distinguish between full saturation and field saturation, which is
the degree of saturation normally achieved under natural conditions of air inclusion from the wetting of
the soil (Kiute 1986). Constantz et al. (1988) cited literature indicating that the average air retention in
wetted soil cores was 9.1%. Slack (1978) stated that on fine textured soils the volumetric water
content of the transmission zone under infiltration was approximately 90% of total soil porosity on fine
soils. Wilson et al. (1981) indicated that air-filled porosity increased with the coarseness of the soil.
We have found that a common air-filled porosity for sands measured in near Oakes in southeastern
North Dakota is 17%.

The laws of surface tension determine that most air entrapment will be in the largest pores.
Air is displaced by water in small pores during wetting, and becomes entrapped in larger pores
(Wilson and Luthin 1963). Schuh (1991) reported that under conditions of long term ponding
(approximately 16 days) in the presence of a large amount of labile organic substrate the hydraulic
conductivity of a sandy soil can increase by as much as two orders of magnitude due to the purgation
of entrapped air from the soil caused by the respiration of oxygen to carbon dioxide and the
subsequent removal of carbon dioxide gas through dissolution. These ponding and substrate
conditions, however, are not common under normal field circumstances. Hydraulic evidence appears
to indicate that the effectiveness of large pores in conducting solute under conditions of ephemeral
ponding would be limited by air entrapment in many of the pores. Pore blockage by air, however,
would likely be limited to the smaller portion of the large-pore range in which significant capillary
attraction for water exists, and would not likely be effective in very large holes and channels such as
gopher holes or large desiccation cracks.
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Antecedent soil moisture is also an extremely important factor in determing the fate of water
flowing in large pores. Freeze and Banner (1970) reported that on the northern Great Plains
antecedent soil moisture was one of the most important determinants of aquifer recharge. Cline et al.
(1993) also found that aquifer recharge on sandy and gravely soils in southeastern North Dakota was
very much dependent on antecedent soil moisture. Soil water measurements on the Carrington site
have indicated that under normal summer dry soil conditions, even after large rainfall events which
result in substantial ponding, little increase in soil moisture occurs at more than 0.6 m (2 ft.) depth
after 24 hours. For an extremely dry soil during the cropping season, water flowing through root
channels and macropores of smaller size will tend to be adsorbed by the surrounding soil matrix
before reaching great depths. However, in such conditions some water is still advanced beyond the
level indicated by piston flow models.

Agricultural practices influence not only the use of chemicals, but the conditions of recharge
and solute transport. It is well known that continuous pasture and zero-tillage practices increase
large-pore continuity to the soil surface, and thereby enhance infiltration (Edwards 1982). Also,
cropping practices that increase surface residue, surface random roughness, and canopy distribution
during periods of heavy rainfall decrease runoff, and maintain water in positions suitable for local
infiltration.

Finally, climatic influence in the amount and intensity of precipitation, the timing and speed of
spring thaw, and the rate of evapotranpiration can strongly influence the amount of recharge, and the
movement of solute to the water table.

The Field Context

Aside from macropore flow, many other factors influence recharge and solute movement in
the field. It is well known that infiltration, and hydraulic conductivity properties have a large spatial
variability (Warrick and Nielsen 1980, Jury 1985). This, however, can be dealt with in modeling
applications through proper bracketing of the distribution of properties that affect flow. Other factors
that are difficult to model are the interactions of the soil profile with the water table with the soil and
vadose zone caused by winter frost-induced water flux, and also by the effect of vadose- and root-
zone capillary response to water table movement.

FROST ZONE INFLUENCE ON SOIL WATER CYCLING AND SOLUTE MOVEMENT

Frost cycling of water and solute in the soil and vadose zones during winter has been well
documented for northern climates. The amount and source of movement is dependent on the depth
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to the water table, on soil texture and antecedent moisture. The phases in which water moves are
dependent on soil-moisture content and aiso on depth in the soil profile.

Water moves in both liquid and vapor phases toward a freezing front, in response to both
temperature and soil-water-potential gradients. Carey (1965, 1966) investigated the effects of
combined water-potential and thermal gradients on water movement to a freezing front. Carey et al.
(1979) stated that consideration of coupled heat and water transport was essential for any
comprehensive consideration of water movement to the frost zone. However, Carey (1966)
concluded that usually thermal gradients were too small to strongly influence water flow to the frost
zone, and that soil-water potential was the largest influence. Generally, liquid phase movement in
response to water-potential gradient has been reported to be the primary mechanism of movement.
Carey and Mayland (1972) explained that the vapor pressure of ice controlled soil-water potential,
and that water movement in the underlying vadose zone could likely be accounted using Darcian
methods.

It is also known that water movement to the frost zone is almost negligible when vadose zone
moisture is near the wilting point (Gray et al. 1985). Negligible water movement under dry conditions
is consistent with extremely low hydraulic conductivity values governing unsaturated flow at low water
contents. However, Gray et al. (1985) and Gray and Granger (1986) have provide evidence that in
some instances vapor transport may be a significant portion of water movement to the freezing front,
and have proposed that a coupled liquid and vapor flow may predominate. They have also stated
(Gray and Granger 1986) that vapor transport seems to dominate in the upper 30 to 40 cm (12 to 16
inches) of the soil, while liquid flow predominates at larger depths.

Movement of water frequently continues after it reaches the frozen zone, due to freezing point
depression affected by solute and colloidal clays. Fuchs, Campbell, and Papendick (1978) have
noted that solute in water depresses the freezing point and allows for continued movement of water.
Hoekstra (1966) theorized that water moved in thin films of unfrozen water on the surface of ice, and
noted that the thickness of the film decreased quickly as temperatures dropped below freezing.
Koopmans and Miller (1966) observed that there is significant mobility for water as low as -0.15
degrees C. Gray and Granger (1986) observed that on coarser (silty) soils water content commonly
reached 80 to 85 % porosity before further movement ceased, while on finer soils as water
accumulation caused by water movement to the frost zone commonly reached 93% porosity. The
difference was attributed to the greater mobility of water within the frozen zone on clay soils due to
the effect of clays in depressing the freezing front.

Solute movement corresponding to frozen-soil water movement has been documented.
Campbell and Fergusson (1970) measured nitrate accumulation caused by water movement to a
freezing front. Hoffman (1990) also demonstrated movement of solute to the freezing front and its
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subsequent deposition there. Panday and Corapcioglu (1991) reported that dissoived compounds in
liquid-phase water are excluded during the process of freezing, and that pockets of liquid water with
large concentrations of salt are trapped in a frozen soil at sufficiently fast freezing rates. The net
effect of soil-water movement 'to the frost zone on solute transport is likely dependent on the initial salt
content of the water, and the method of transport. While upfiuent water having low dissolved solids,
or waters moving in vapor phase which excludes salts, would likely resutt in flushing of soil salts when
redrained in spring, the deposition of salts in the soil profile from upward convective movement of
salt-laden waters would also likely occur under some conditions. Processes of solute movement in
relation to frost zone accumulation of water are thus extremely complex.

For a deep soil profile water movement to the frost zone usually consists of a redistribution of
underlying vadose water (Hofmann 1990). However, significant movement of water from the water
table to the upper soil zone has been shown to occur when the initial water table is near the surface.
Willis et al. (1964) reported that 6.6 cm (2.54 inches) of water moved under frost influence from the
water table to the soil zone on a glacial till soil having a water table within 1.2 to 1.8 m (4 to 6 ft.) of
the surface. Benz et al. (1968) reported that gains of 2 to 4 cm (0.8 to 1.6 inches) of water within the
soil and vadose profile occurred with a water table at 2 to 3 m (6.5 to 9.5 ft.) on a silt to silty-clay loam
glacial-till soil. The significance of this amount of cycling of water can be better understood when
compared with the range of ground-water recharge values of 0.2 to 12 cm (0.08 to 4.7 inch) reported
by Rehm et al. (1982) for tilis of the upper Great Plains of the United States and Canada. While frost
recycling is strictly an internal redistribution of water, it may nonetheless comprise a major portion of
the annual internal movement of water, and may have a correspondingly large effect on the
placement and distribution of solute within the soil and vadose profile.

CROP SEASON WATER TABLE INFLUENCE ON WATER AND SOLUTE MOVEMENT

The effects of water table proximity to the surface on crop use through subirrigation (Benz et
al. 1978, Benz. et al. 1981) and on evaporative discharge (Doering et al. 1967) are well known.
Evaporative effects on salt distribution in the soil profile have also been demonstrated (Sommerfeldt
and MacKay 1982, Arndt and Richardson 1988, 1989). However, Schuh et al. (1993 a,b) have also
discussed additional paths of water and solute movement caused by the combination of micro-
topographically focused recharge, localized recharge to the water table, lateral redistribution of the
recharge mound at the water table, capillary upflux of laterally redistributed water to the vadose and
soil zones, and later redrainage of upfluent capillary waters in response to the falling water table.
These processes were described using the Carrington Site data, and comprise a part of the
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Carrington experiment here reported. They will thus be discussed in greater detail in the description
of Carrington site hydrology.
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THE CARRINGTON EXPERIMENT
OBJECTIVES

The objectives of the Carrington experiment were (1) to investigate the detailed hydrologic
processes occurring on an agricultural field, farmed using rotational crops and practices common to
North Dakota; (2) to describe the manner in which these hydrologic processes contribute to ground
water recharge in both the saturated till and the underlying Carrington aquifer; and (3) to investigate
and characterize the effect of local hydrologic processes on the movement of tracers and nitrates.
Pesticides were also monitored and will be reported elsewhere.

SITE LOCATION AND CHARACTERISTICS

The experimental site (Figure 4) consists of a 30- x 30-m (100- x 100- ft.) area at 147-66-
31AAB located on the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>